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Foreword

Over the past several decades, great advances have been made in the diagnosis and
treatment of malignant bone tumors in children. Improvements in imaging, chemo-
therapy, and surgical treatment have increased the 5-year survival from historical
rates of 10-20 % to current rates of 60—70 %. This has led to increasing interest in
preserving a functional limb. Limb salvage surgery in the pediatric population cre-
ates unique challenges which are addressed in this book by Cafiadell. These include
the smaller size of a young patient’s skeleton, particularly the problems associated
with the growth potential of the unaffected leg and eventual limb length
discrepancy.

Sparing of the growth plate is an early feature of diaphyseal and meta-diaphyseal
osteosarcoma. Capitalizing on this characteristic, Jose Canadell has developed an
innovative technique to preserve the epiphysis while resecting primary bone malig-
nancies lying adjacent to the growth plate of skeletally immature patients. Using
external fixation devices, controlled distraction of the epiphysis from the growth
plate permits iatrogenic separation of the epiphysis from the affected region, achiev-
ing a safe margin. Cafiadell’s local control rates attest to the success of the proce-
dure as an oncologically sound technique. The Cafiadell technique has been
developed through rigorous examination of the behavior of osteosarcoma, as well as
an interrogation of the best modalities for assessing tumor invasion of the growth
plate. Combining an innovative treatment philosophy with a sound knowledge of
the behavior of osteosarcoma and basic bone and growth plate biology, as well as an
extensive experience with ancillary investigations and adjuvant therapies, Cafiadell
has developed a robust surgical technique for the management of a challenging
tumor in selected patients.

This book is the culmination of Cafadell’s endeavors over more than three
decades. It traces the steps that he has taken to validate the safety and efficacy of the
Cafiadell technique as we know it today. Carefully grouped into rationale chapters,
this book guides those with a particular interest in musculoskeletal oncology
through a technique that they may find valuable when the goal is epiphyseal sparing
surgery. The diagrams are clear and the stepwise description of the technique is
logical. The selection of histological and anatomic imaging frames has been careful
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and clearly highlights the important elements underpinning the success of this tech-
nique. As a special feature of this book, Cafadell has even included a question and
answer section at the end which aims to test whether the educational objectives of
his book are being met.

Jose Caiiadell’s book of techniques is unique and innovative and justifies its
place on the shelves of institutions which are focused on advancing the treatment of
musculoskeletal tumors.

Rochester, MN, USA Franklin H. Sim, MD



Foreword to the First Edition

Sparing of the growth plate is an early feature of diaphyseal and meta-diaphyseal
osteosarcoma. Capitalising on this characteristic, Jose Cafiadell has developed an
innovative technique to preserve the epiphysis while resecting primary bone malig-
nancies lying adjacent to the growth plate of skeletally immature patients. Using
external fixation devices, controlled distraction of the epiphysis from the growth
plate permits iatrogenic separation of the epiphysis from the affected region.
Subsequent resection is enhanced by a safe distal margin and Cafadell’s local con-
trol rates attest to the success of the procedure as an oncologically sound technique.
The Cafadell technique has been developed through rigorous examination of the
behaviour of osteosarcoma, as well as an interrogation of the best modalities for
assessing tumour invasion of the growth plate. Combining an innovative treatment
philosophy with a sound knowledge of the behaviour of osteosarcoma and basic
bone and growth plate biology, as well as an extensive experience with ancillary
investigations and adjuvant therapies, Canadell has developed a robust surgical
technique for the management of a challenging tumour in selected patients.

This book is the culmination of Cafiadell’s endeavours over the last two decades.
It traces the steps that he has taken to validate the safety and efficacy of the Cafiadell
technique as we know it today. Carefully grouped into rationale chapters, this book
guides those with a particular interest in musculoskeletal oncology through a tech-
nique that they may find valuable when the goal is epiphyseal sparing surgery. The
diagrams are clear and the stepwise description of the technique is logical. The
selection of histological and anatomic imaging frames has been careful and clearly
highlights the important elements underpinning the success of this technique. As a
special feature of this book, Cafiadell has even included a question and answer sec-
tion at the end which aims to test whether the educational objectives of his book are
being met.

Jose Caiiadell’s book of techniques is unique and innovative and justifies its
place on the shelves of institutions which are focused on advancing the treatment of
musculoskeletal tumours.

Rochester, MN, USA Franklin H. Sim
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Preface

In the last 40 years, the outcome for patients affected by malignant bone tumors has
improved dramatically. Better knowledge of the disease, improvement of imaging
methods, new surgical techniques and particularly the advent of chemotherapy have
brought about an unsuspected success in this kind of patient.

Forty years ago, preserving the life of these patients was the only aim of physi-
cians, while nowadays preserving the limb and its function and avoiding complica-
tions are the challenges for the orthopedic surgeon, because the survival rates
continue to improve. Forty years ago, anybody who tried to preserve a joint near a
bone tumor would have been considered a fool. Nowadays, this is a desire common
to everybody who treats these patients.

Since 1984, we have used a technique in our Department which has become
increasingly popular among orthopedic surgeons interested in bone tumors: physeal
distraction (epiphysiolysis) before excision in order to preserve the joint in metaph-
yseal bone tumors in children. This little book is a concise summary of why we use
this technique in selected cases.

The review of histopathological pieces for this second edition indicates that
Cafiadell’s technique is of broader application than the authors realized at the time
of writing the first edition of the book. As times goes on, the indications for the
technique have been enlarged, since the results continued being so good. Recently
published results from many other experienced centers confirm the positive results
achieved at the authors’ center.

In the time since the publication of the first edition of this book, Dr Cafiadell has
died; his remarkable contributions in the treatment of pediatric bone sarcomas and
the value of this legacy are presented in this book.

Mikel San-Julian






Preface to the First Edition

In the last 30 years, the outcomes achieved with patients affected by malignant bone
tumours have improved dramatically. Better knowledge of the disease, improve-
ment of imaging methods, new surgical techniques and particularly the advent of
chemotherapy have brought about unanticipated therapeutic successes in this kind
of patient.

Thirty years ago, physicians were content if they could preserve the life of these
patients; nowadays, however, survival rates continue to improve and the challenge
for the orthopaedic surgeon is to preserve the limb and its function and to avoid
complications. Thirty years ago, anybody who tried to preserve a joint near a bone
tumour would have been considered a fool. Nowadays, this is a realistic goal for
everybody who treats these patients.

Since 1984, we have been using in our orthopaedics department a technique
which has become increasingly popular among surgeons specialized in bone
tumours: physeal distraction (epiphysiolysis) before excision to preserve the joint in
metaphyseal bone tumours in children.

This little book describes the technique and provides a synopsis of why we use it
and how we select which patients to use it with.

Pamplona, Spain José Canadell

Pamplona, Navarra, Spain Mikel San-Julian
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Chapter 1
History of Surgery for Limb Bone Tumors

Francisco Forriol

Abstract In this chapter, we take a look at the long history of developments in the
treatments of bone tumors. Early in the twentieth century, only certain small, local-
ized cancers that could be removed by surgery were curable. Then came radiation,
which was used after surgery to control the growth of small tumors that could not be
widely removed. The introduction of neoadjuvant and preoperative (induction) che-
motherapy was the next big step forward. For some patients it was possible to com-
bine treatments: adjuvant multi-agent chemotherapy, limb-salvage surgery and
radiotherapy. Meanwhile, the development of new imaging techniques permitted
better diagnosis and assessment of disease. As diagnostic and therapeutic tech-
niques improve, patients with musculoskeletal sarcomas can expect increased sur-
vival, decreased complications and side effects, and an improved quality of life.

Keywords Bone tumors * Chemotherapy ¢ Radiotherapy * Limb salvage — surgery

1.1 Introduction

The history of tumor treatment is a long story. Tumors were recognized back in the
times of Hippocrates, who adopted the terms “carcinos” and “carcinoma”, based on
the Greek word for a crab. Later, the Roman physician Celsus translated the term
into “cancer”, and Galen used the word “oncos” (swelling, in Greek) to describe
tumors. We can distinguish different phases of this history on the basis of discover-
ies and the introduction of new technologies. Early in the twentieth century, only
small, localized cancers that could be removed by surgery were curable. At a second
stage, radiation was used after surgery to control small tumor growths that could not
be surgically removed. A big step then came with the introduction of chemotherapy

In memoriam of José Cafiadell (1923-2014), a master and pioneer in the treatment of malignant
bone tumors.
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agents; standard current treatment consists of multiagent therapy, with both neoad-
juvant, preoperative or induction chemotherapy, and adjuvant chemotherapies asso-
ciated with surgery and radiotherapy in some cases. The parallel development of
new imaging techniques permitted better diagnosis and assessment of the disease.

The overall incidence of osteosarcoma is 1.5-2.5 per million persons per year,
while for chondrosarcoma it is 1-1.2 per million per year, and for Ewing sarcoma
0.5-1 per million per year. For this reason, centers have been established that spe-
cialize in the interdisciplinary treatment of bone tumors, and research often involves
multidisciplinary and multicenter studies. Large cooperative groups have success-
fully completed international clinical trials. The Vienna Bone Tumor Registry was
founded in 1962 [167], while randomized protocols have been developed on the
basis of the Cooperative Osteosarcoma Study COSS [6, 210] and the Cooperative
Ewing Sarcoma Study CESS [102], or the Scandinavian Sarcoma Group (SSG), the
European Osteosarcoma Intergroup (EOI) and the Children’s Oncology Group
(COG) in the USA [195].

1.1.1 Histological Classification

The nineteenth century saw the birth of scientific oncology, with the advent of the
modern microscope and new histological techniques. Rudolf Virchow, the founder
of cellular pathology, provided the scientific basis for modern cancer study, correlat-
ing microscopic pathology with disease. He analyzed the tissues that were resected
during surgery and laid the foundations for modern practice, in which the patholo-
gist has an essential role in determining both the diagnosis and the prognosis of
cancerous disease. The first screening test for diagnosing tumors was that developed
by George Papanicolau in 1923 for the early diagnosis of cervical cancer.

James Ewing (1866—1943) was the first person to describe the sarcoma which
bears his name, a primary malignant bone tumor. He initially reported the sarcoma
as a “bone endothelioma”, in the belief that it derived from the blood vessels in the
bone, but he later reclassified it as an “endothelial myeloma”. He also described
Ewing sarcoma of the soft tissues. He was the first professor of pathologic anatomy
at Cornell University. In 1906, Ewing and his team published their findings about
lymph sarcoma in dogs, showing how the disease could be transmitted from one
animal to another during coitus. He was a co-founder, in 1907, of the American
Association for the Control of Cancer. In 1913, he began to work in collaboration
with James Douglas, an engineer interested in the therapeutic potential of radium.
Ewing was the first Director of Research and President of the Medical Board of the
General Memorial Hospital which would later become known as the Memorial
Sloan Kettering Cancer Center, in New York. Under his leadership this center devel-
oped a new approach to treating cancer. His photograph was featured on the front
cover of Time magazine in 1931, with the caption “Cancer Man Ewing” [93].

Another leading figure in the history of treatment for bone tumors was William
Fischer Enneking (1926-2014) to whose team we owe much of our knowledge
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about the natural history of orthopedic tumors. Whilst a doctor at the University of
Florida, he started work with Howard Hatcher, a specialist interested in diagnosing
and treating musculo-skeletal tumors and diseases. In the surgical field, he per-
formed one of the first limb salvage operations and developed a course in musculo-
skeletal pathology. Enneking studied many whole-mount surgical specimens and
was thereby able to determine the natural progression of bone tumors, which led to
improved surgical procedures with better oncologic outcomes. High-grade sarco-
mas progress in a centripetal fashion. Bone sarcomas start either within the medul-
lary space or near the surface of the bone. Surface tumors can be either periosteal or
parosteal, originating from either the periosteum or the bone surface.

As malignant tumors progress, they do not respect natural barriers. They have a
tendency to destroy the medullary cancellous bone and may extend up the medul-
lary space involving marrow and generating apparent skip lesions [64]. During the
process of tumor progression, the tumor outgrows its blood supply and spontaneous
necrosis occurs. Such necrosis reflects aggressive tumor behavior, and it is impor-
tant to note that it should not be confused with the necrosis that occurs as a chemo-
therapeutic response. The American Joint Committee on Staging End Results
Classification System and their tumor Grades I, II or III are based on the number of
mitoses per high-powered field [63, 66, 166]. The extent of necrosis is graded to the
percentage of residual viable tumor [93, 94]. Wunden et al. [213] found that
chemotherapy-induced tumor necrosis is also the most important indicator of event-
free survival for patients who have had operative treatment of Ewing sarcoma.
Spontaneous necrosis is slight in untreated bone tumors and rarely exceeds 25 % in
osteosarcomas [167] and 20 % in Ewing sarcomas [51].

Progressively a malignant tumor grows within the medullary space, and the cor-
tex is ultimately destroyed, frequently leading to soft tissue extension. An osteosar-
coma or Ewing sarcoma involving the distal part of the long bones will initially
respect the cartilaginous barriers, growth plate or articular cartilage; later, however,
penetration through these structures occurs [184].

Enneking et al. [62, 63, 66] defined surgical margins by developing staging sys-
tems for both benign and malignant tumors. When the host is unable to contain a
bone sarcoma, an inflammatory and vascular zone — typically an infiltrative margin
and a pseudocapsule, that is, a zone that is contaminated by microscopic islands of
tumor — develops in the margin between the normal tissue and tumor. Margins
should be wide according to Enneking’s definition, meaning that both the tumor and
the biopsy scar surrounded by an unviolated cuff of healthy tissue must be removed
en bloc [34, 62, 125, 148], marginal resections should be avoided, and intralesional
or piecemeal surgery is clearly not sufficient. In addition, Enneking et al. [62-64,
66] formulated a means of classifying surgical procedures on the basis of the surgi-
cal plane of dissection in relation to the tumor and the method of accomplishing the
removal, and gave surgeons a common language to distinguish between intrale-
sional, marginal, intracompartmental or radical (extracompartmental) procedures.

In most cases where the osteosarcoma appears to be localized, tumor cells have
already been disseminated without clinical or radiological manifestations [128, 153,
187, 193, 197]. Bone sarcomas can metastasize, and 80 % of osteosarcomas have
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either micrometastatic or macrometastatic disease at the time of presentation [120],
while about 20 % of patients with Ewing sarcoma present with clinically apparent
primary metastases [147] and the bone itself is a potential metastatic site. This
explains the high local failure rate: between 5 and 25 % [50, 59, 132, 180], when
there is known microscopic tumor spread. Metastases confined to the lungs and or
pleural space have been associated with a fair outcome, while involvement of bone
or bone marrow is reported to imply an intermediate prognosis.

Until nearly the end of the twentieth century, diagnosing cancer often required
exploratory surgery and pathological analysis of the resected tissue. Biopsy of mus-
culoskeletal lesions should be carefully planned and performed after radiographic
staging studies are completed [164]. Bone and soft tissue biopsy is challenging;
core needle biopsy appears to be more accurate than fine needle aspiration, and
incisional biopsy appears to be more accurate than either of these techniques. The
advantages of a percutaneous technique compared with an incisional one are the
low risk of contamination and the minimally invasive nature. However, if the result
of a percutaneous biopsy is nondiagnostic, a small incisional biopsy should be per-
formed. Incorporation of ultrasonography or computed tomography for guidance is
easy and safe and can be useful for increasing the accuracy of the biopsy [196].

1.1.2  The Support of the Image Diagnosis

During the late 1970s and the 1980s, limb salvage surgery became a very popular
technique. This was the result of several advances, one of the most important being
that the imaging of bone and soft-tissue tumors improved as a result of the use of
computed tomography (CT) scans, radioisotope scans, and magnetic resonance
imaging (MRI). Tumors could be visualized precisely, and this allowed for adequate
removal. Imaging tests such as ultrasound (sonography), computed tomography
(CT scans), magnetic resonance imaging (MRI scans), and positron emission
tomography (PET scans) have replaced many exploratory surgical procedures. CT
scans and ultrasound can also be used to guide biopsy needles into tumors. With the
use of CT and MR, it is possible to evaluate the bone tumor size more precisely.
The surgeon can then plan the resection preoperatively and decrease the need for
removal of extensive amounts of normal tissue. In this way, by reducing the amount
of normal tissue resected, functional outcomes are improving without sacrificing
acceptable oncologic results.

Ernest Amory Codman (1869-1940) described, originally in the context of
osteosarcoma, the eponymous triangular area that appears on radiographic images
at the point where the periosteum, raised by a bone tumor, joins the bone cortex. A
graduate of Harvard Medical School, Codman was a close friend of the neurosur-
geon Harvey Cushing. After traveling around Europe and working in Vienna with
Eduard Albert, he devoted his final year of training at the Massachusetts General
Hospital, in Boston, to the use of the recently described Rontgen rays. He worked
as a radiologist (“skiagrapher”) at the Boston Children’s Hospital, and in 1911 he
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opened his own hospital, the Codman Hospital. He collected 148 cases of bone
sarcoma which enabled him to establish 25 clinical, radiographic and histological
criteria to define this kind of tumor. He was a pioneer in many areas of medicine,
wrote the first atlas of normal skeletal radiography, the first articles on repair of the
rotator cuff in the shoulder and the first book on shoulder pathology, but he is per-
haps best remembered for his studies on the clinical and radiographic diagnosis of
osteosarcoma and his pioneering evidence-based medical work. He created the first
cancer register in the USA and was the first to describe the chondroblastoma: a
primary tumor of cartilaginous origin which is known as Codman’s tumor [22, 42].

Of imaging techniques, computed tomography (CT) has an important role in the
local and extraskeletal staging of a bone tumor and in detecting pulmonary metasta-
ses. Magnetic resonance imaging (MRI) precisely outlines both the extra- and intra-
osseous extension of a tumor and reveals possible skip metastases. MRI has been
proposed and tried as a non-invasive method for assessing the response of Ewing
sarcoma to preoperative chemotherapy, but the changes identified by static imaging,
with or without gadolinium enhancement, are not useful for determining the tumor
response [70, 80, 90, 213]. MRI has been found to overestimate the extent of resid-
ual disease [213]. Later dynamic and angiographic MRI techniques may provide a
more accurate estimate of the extent of tumor necrosis following chemotherapy [68,
113, 202]. Scintigraphy and dynamic contrast-enhanced MR images are useful in
objective presurgical prediction of tumor response and regression to preoperative
chemotherapy. Early detection of local recurrences and metastases is a further
advantage of MRI and also of dynamic positron emission tomography (PET) with
its high sensitivity.

1.2 The Hard Way of Radiotherapy

In 1896, the German physicist Wilhelm Conrad Rontgen presented his historic lec-
ture entitled “On a New Kind of Rays”. Rontgen named the ray the “X-ray”, with
“x” being the algebraic symbol for an unknown quantity. In 1901, his work was to
earn him the first Nobel Prize ever awarded in physics. Within months, systems
were being devised to use X-rays for diagnosis, and within 3 years radiation was
being applied to treat cancer. Like X-rays, radium emits ionizing radiation, but of a
shorter wavelength. Marie Curie, through the Curie Institute in Paris, publicized the
potential of radium for treating and curing cancer. The public confused the two
sources of radioactivity for a long time, since both are used medically. Radiation
therapy began with radium and with relatively low-voltage diagnostic machines. A
major breakthrough took place when it was discovered that daily doses of radiation
over several weeks greatly improved the patient’s chance of being cured. But at the
same time it was discovered that radiation could cause cancer as well as cure it.
Radium’s reputation as a quasi-miracle elixir was promoted in the 1920s with an
enthusiasm that is hard to recapture in the knowledge of the damage it inflicted on
so many who worked with it, including Marie Curie herself. Many early radiologists
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used the skin of their arms to test the strength of radiation from their radiotherapy
machines, looking for a dose that would produce a “pink reaction” — an erythema —
which looked like sunburn. They called this the “erythema dose,” and this was con-
sidered an estimate of the proper daily fraction of radiation. It is no surprise that
many of them developed leukemia from regularly exposing themselves to
radiation.

The more rapid cell turnover is, the greater the effect of radiation is [38]. This is
what enables postoperative radiation therapy to reduce the incidence of local recur-
rences of soft tissue sarcomas [138]. One of the main problems with radiotherapy is
that ionizing radiation cannot differentiate between normal and pathologic tissue.
With regard to bone, the growth plate has relatively high cell turnover, and radiation
can decrease or stop bone growth [165].

Radiation therapy is generally used for patients who have refused definitive
surgery, require palliation, or have lesions in axial locations. Radiotherapy takes
on greater importance in the treatment of tumors of the axial skeleton and facial
bones, and is more frequently used in Ewing sarcoma and peripheral primitive
neuroectodermal tumors of the bone. In comparison with these, osteosarcoma is
not a particularly radiosensitive tumor, although there was a time when the recom-
mended management of this tumor was local radiotherapy to the primary tumor
followed by amputation 6 months later, provided that the chest remained clear of
metastasis and that the primary tumor remained under control. However, this
approach made no difference to survival, though some patients who had devel-
oped lung metastases and in whom the primary tumor had remained under control
were spared the loss of a limb. Sweetham et al. [193, 194] performed a retrospec-
tive survey of the cases of tibial and femoral osteosarcoma treated at major centers
in the United Kingdom between 1952 and 1959 to assess the outcome of treatment
by surgery and radiotherapy. Radiotherapy followed by amputation produced
better results, in terms of survival, than amputation alone. For the largest age
group, patients under 20 years, only 22 % survived 5 years. The survival rate of
the group treated by radiotherapy alone was lower than that of the group treated
by amputation or that of the group treated by a combination of radiotherapy and
amputation.

The results of postoperative radiation therapy, described by Suit et al. [189, 190]
and Lindberg [119], indicate that it effectively lowers the risk of local recurrence of
sarcomas in the distal limb, but as Morton et al. [138] described, such treatment has
not been as successful for more proximal lesions of the arm and thigh. Patients
treated by operation and radiation therapy alone develop systemic metastases, par-
ticularly in the lungs [138]. Eilber et al. [60] reported than pre- and post- operative
radiotherapy was highly effective at reducing the high recurrence rate in patients
who did not undergo amputation surgery [189]: in patients who were treated with
nonamputative excision of all gross tumor and postoperative radiation therapy, the
expected local recurrence rate of 30-50 % was reduced to approximately 17 % [76,
189, 190]. A pilot study in 1976 of preoperative chemotherapy and radiation fol-
lowed by surgical resection indicated that in most patients local tumor control and
limb salvage could be accomplished with little morbidity and an even lower local
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recurrence rate than 17 % [138]. Definitive local radiation for Ewing sarcoma is
recognized as necessary, and such treatment has involved high doses of radiation
[25, 67, 88, 104, 213]. Because of problems with high doses, operative treatment
has been investigated as an alternative that could allow a reduction in the dose of, or
obviate the need for, local radiation therapy.

Intra-operative radiation therapy (IORT) was first established as a treatment
modality for locally advanced tumors, and its use in the treatment of osteosarcoma
was described by Abe and Yamamuro [1]. IORT minimizes the amount of tissue
that is exposed to radiation because normal tissues can be moved out of the way
during surgery and shielded, allowing a higher dose of radiation to the tumor.
Osteosarcoma is one of the most radioresistant tumors, but IORT uses high-dose
single irradiation, and total necrosis of irradiated bone has been confirmed histo-
logically [105, 145, 198]. The radiation can be given directly to the tumor or to the
nearby tissues after tumor resection. IORT and brachytherapy are more commonly
used in abdominal or pelvic cancers and in cancers that tend to recur, or to treat
microscopic residual disease [28, 52].

Advances in radiation physics and computer technology during the last quarter
of the twentieth century made it possible to focus radiation more precisely with the
techniques of conformal radiation therapy (CRT) and intensity modulated radiation
therapy (IMRT), both of which use CT images and computers to establish the loca-
tion of a tumor on a very precise 3-D map [52]. Other approaches to improvement
include the use of chemical modifiers or radiosensitizers, which are substances that
make cancer more sensitive to radiation, and the search for substances that may help
protect normal cells from radiation.

1.2.1 Immunotherapy

Von Haberer [18] began the quest for “nature’s solutions” for cancer, but it was
William Coley as a young surgeon at New York Memorial Hospital who, disillu-
sioned with conventional approaches, first tried to stimulate the patient’s own
immune system as a cancer treatment. Serendipitously, he came across the case of
an immigrant patient who presented on his left cheek a sarcoma that had been oper-
ated on twice, and which recurred below his left ear. The wound after surgery could
not be closed, and the tumor progressed until a final operation was only partially
able to remove the tumor. After the last operation the wound became severely
infected with Streptococcus pyogenes and the patient developed a high fever.
Surprisingly after each attack of fever the ulcer improved, the tumor shrank, and
finally disappeared completely. Coley found the patient 7 years later in excellent
health without any trace of cancer [91]. Coley suspected that the infection was
responsable for the cure. He resolved to infect his next ten patients [43, 44].
Bloodgood [18] agreed that Coley’s serum with the toxins of Strepfococcus and
Bacillus prodigiosus should be employed in all inoperable cases and also before and
after the operation in operable sarcoma cases.
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Coley’s toxins [44] inspired researchers to start experimental immunological
studies [157]. The dendritic cell therapy devised by Steinmann in 1973 yielded
clinical applications in 1995 [55, 188]. Research continued into ways of treating
tumors by boosting the immune system using biological agents, particularly mono-
clonal antibodies. The first agents of this kind were rituximab (Rituxan) and trastu-
zumab (Herceptin) for treating lymphomas and breast cancer, but growth factors
like gefitinib (Iressa), imatinib (Gleevec) and cetuximab (Erbitux) and angiogenic
factors like bevacizumab (Avastin) have also come into use. In the nineteenth cen-
tury, before hormones were discovered, Thomas Beatson found that rabbit breasts
stopped producing milk after ophrectomy and studied the use of this principle for
treating breast cancer. His research laid the foundations for the hormone therapy
currently used with breast cancer patients, such as tamoxifen and aromatase
inhibitors.

1.2.2 The Big Change: Chemotherapy

During World War II, naval personnel who had been exposed to mustard gas were
found to have undergone toxic changes in their bone marrow cells. During that same
period, the US Army was studying a number of chemicals related to mustard gas to
develop more effective agents for war and also develop protective measures. A com-
pound called nitrogen mustard was studied and found to work against lymphoma.
This agent was the first of a list of more effective agents, called alkylating agents,
which killed rapidly growing cancer cells by damaging their DNA. Sidney Farber,
in Boston, demonstrated that aminopterin, which blocked a critical chemical reac-
tion needed for DNA replication, produced remissions in children with acute leuke-
mia. Aminopterin was the predecessor of methotrexate, which heralded the era of
chemotherapy.

Another major step forward was the discovery of the advantage of using mul-
tiple chemotherapy drugs. Doxorubicin, cisplatin, high-dose methotrexate and
ifosfamide are considered the most active agents against osteosarcoma, and most
successful protocols have been built around combinations of several of these
drugs [15].

Metastatic cancer was first cured in 1956 when methotrexate was used to treat a
rare tumor called choriocarcinoma. In the 1960s, chemotherapy drugs cured many
patients with Hodgkin disease, childhood acute lymphoblastic leukemia and testicu-
lar cancer.

Chemotherapy was first introduced for malignant bone tumor treatment on a
large scale in the 1970s, and now is the cornerstone treatment for this disease.
Adriamycin (doxorubicin) was shown to have some activity [19], but the response
rate varied greatly between studies. Gottlieb et al. combined Adriamycin with
dacarbazine (DTIC) (ADIC), with DTIC and vincristine (VADIC), and with DTIC
and vincristine and cyclophosphamide (CYVADIC), which resulted in a 59 %
response rate if bone sarcomas were excluded [150, 151]. The 5-year survival rate
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in the historical series presented before 1970 [50, 153, 193] was about 20-25 %;
there was little difference between the survival rate of patients treated by immediate
primary amputation and those treated by radiotherapy with amputation or those in
whom radiotherapy was abandoned when early metastases occurred [27].

In 1976, in an attempt to increase the duration of response and to reduce toxicity,
the EORTC Soft Tissue and Bone Sarcoma Group embarked on a randomized study
comparing the efficacy of the four-drug CYVADIC combination [150]. Jaffe and
Rosen with their co-workers [96, 99, 112, 158, 162], were the first to report satisfac-
tory results in osteosarcomas that responded well to high-dose methotrexate and
Adriamycin. With this treatment, the 5-year survival rate increased to 60 % in
Ewing sarcoma and to 70-75 % in non-metastatic osteosarcoma, in contrast to 15 %
and 20 % respectively, observed in the historical control groups. The first results
combining chemotherapy showed an increase in the numbers of patients who
remained free from metastases after surgery [45-47, 96, 152, 192]. Postoperative
adjuvant therapy with high dose methotrexate and citrovorum rescue and/or
Adriamycin reduced the incidence of pulmonary metastases from osteosarcomas
[45-47,96-99, 159-163].

The current standard consists of neoadjuvant and adjuvant chemotherapy.
Neoadjuvant chemotherapy was introduced by Rosen et al. [163], and was found to
induce necrosis in the primary tumor, facilitate surgical resection and eradicate
micrometastases [5, 7, 15]. It has contributed to an improved prognosis in osteo-
genic sarcoma [44, 45, 96, 97, 99, 152, 159-163, 192] and also in Ewing tumors
[12, 48]. Skeletal sarcomas seem to respond to preoperative continuous intra-arterial
infusion of Adriamycin [54, 87]. In 1976, Morton et al. [138] showed that the effec-
tiveness of intra-arterial Adriamycin was confirmed by the histologic evidence of
tumor necrosis present in post-Adriamycin biopsies. Moreover, intra-arterial
Adriamycin, followed by radiation therapy, resulted in dramatic tumor regression.
Histologically, the degree of tumor necrosis was up to 88 %, and almost 40 % of the
specimens contained no viable tumor cells.

The response to neoadjuvant chemotherapy is an important prognostic factor,
and the drugs for adjuvant chemotherapy should be selected on the basis of the
degree of tumor necrosis induced by neoadjuvant chemotherapy [10, 16, 102, 133,
148, 149, 160].

Eilber et al. [60] describe preoperative therapy before contamination of tissue
planes by any type of surgery. They chose Adriamycin because of the high response
rate obtained in bone tumors and also because of its known potential to sensitize the
tissues to subsequent radiation therapy. Radiation of a tumor with an intact blood
supply before surgical excision could possibly improve the radiation effect at the
tumor margins and, therefore, improve the overall local recurrence rate. Campanacci
and Laus [30] treated 248 high-grade central bone osteosarcomas by amputation or
disarticulation; in 5.2 % the tumor recurred at the amputation site. In the view of
Campanacci et al. [29], adjuvant chemotherapy does not have a significant effect on
local recurrences, which should be treated by radical operation or, if this is not pos-
sible, by irradiation; chemotherapy may be used as an adjuvant. Bleyer et al. [17],
in 41 consecutive patients with newly diagnosed osteogenic sarcoma between 1952
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and 1977, found that the chemotherapy group had a significant increase in both
survival and disease-free survival compared to the historical group who had not
received chemotherapy. With adjunct chemotherapy only one of the seven patients
had developed pulmonary metastases 9 months after diagnosis.

Today, research is necessary to improve the activity and reduce the side effects of
chemotherapy with new drugs and new combinations of drugs. In addition, research
is needed into new delivery techniques and novel approaches to targeting drugs
more specifically at the cancer cells. Examples include the use of colony-stimulating
factors, chemoprotective agents and approaches that reduce drug resistant clones.
However, establishing treatment protocols has not been straightforward, and many
failures have been reported, although published survival rates are now improving.
Giving cisplatin intra-arterially did not improve results [71]. A controlled trial add-
ing granulocyte colony stimulating factor (G-CSF) to doxorubicin and cisplatin, led
by the European Osteosarcoma Intergroup, failed to achieve a survival advantage
[116]. A French trial suggested that similar results may be obtained with ifosfamide
instead of doxorubicin [114], and an American trial suggested that the addition of
ifosfamide or liposomal muramyl tripeptide, an immunomodulator, to standard
three-drug chemotherapy with doxorubicin, cisplatin, and high-dose methotrexate
did not seem to confer any advantages.

1.2.3 Surgery in Malignant Tumors of the Limbs

Oncologic orthopedic surgery was long confined to amputation in order to remove
malignant tissue and to avoid recurrence and metastases. However, specialists
sought ways to preserve limbs and maintain satisfactory function, and thereby to
avoid the psychological and cosmetic problems caused by amputation [5, 79].
Advances in imaging techniques and in biomedical engineering, an understanding
of the optimal margins for resection determined by Enneking’s tumor staging [62],
and the use of chemotherapy, have led to a major shift away from amputation
towards limb-salvage surgery [7, 15]. However, it should be noted that Jaffe et al.
[97] reported that only 10 % of patients with osteosarcoma were cured exclusively
with chemotherapy, and highlighted the significance of surgery in osteosarcoma
treatment.

Billroth, in Germany, Handley, in London and Halsted, in Baltimore, were the
first tumor surgeons. William Stewart Halsted, professor of surgery in Johns
Hopkins, described radical breast amputation for breast cancer at the end of the
nineteenth century. The work of such specialists led to “cancer operations” designed
to remove the entire tumor along with the lymph nodes in the region where the
tumor was located. Stephen Paget, in England, concluded that cancer cells spread by
way of the bloodstream to all organs in the body but were able to grow only in a few
organs. This understanding of metastasis became a key element in recognizing the
limitations of cancer surgery. When anesthesia became available in 1846, surgery
advanced so fast that the next 100 years became known as “the century of the
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surgeon.” During the final decades of the twentieth century, surgeons developed
greater technical expertise in minimizing the amounts of normal tissue removed dur-
ing cancer operations. Less invasive ways of destroying tumors without removing
them are being studied, such as cryosurgery [129], which uses liquid nitrogen spray.
Lasers can be used to cut through tissue or to vaporize cancers of the cervix, larynx,
liver, rectum, skin, and other organs. Radiofrequency ablation transmits radio waves
to a small antenna placed in the tumor to kill cancer cells by heating them.

1.2.3.1 Amputation

Amputation was the main, standard therapeutic option for patients with osteosar-
coma before the 1970s, when non-amputative surgical procedures such as local
excision or even the wider en bloc resection resulted in an unacceptable 60-90 %
incidence of local tumor recurrence [21]. The 5-year survival in osteosarcoma in the
first half of the twentieth century was less than 20 % [49], and most patients died of
lung metastases [127, 128]. Extending the operative field to amputation of the limb
one joint above the tumor was adopted, and this reduced the incidence of local
recurrence to 5-25 % [50, 60, 69, 132, 146]. Amputation to achieve local tumor
control of skeletal and soft tissue sarcomas was based on clinical experience using
surgery as the primary treatment modality. Various complications are caused by
amputations: wound necrosis, infection, overgrowth of bone in children, neuroma,
stump pain and phantom limb pain [5].

Rotationplasty as a functional amputation procedure was first described in 1930
for treating shortening after tuberculous ankylosis of the knee joint [20], and was
later popularized by Van Nes [203] for congenital defects of the femur. Rotationplasty
was designed for the reconstruction of bone defects around the knee following
above-knee amputation. The distal femur with tumor is removed and the distal part
of lower leg and ankle are preserved. Then, the tibia and the foot are rotated 180°
and attached to the femoral stump. The rotated ankle, at the appropriate height of
the contralateral knee, acts as a functional knee joint, so that the patient can function
with a below-knee artificial prosthesis [108, 215]. Good long term results were
reported for survival, function and cosmetic and social acceptance [83, 89, 108], but
the situation is, of course, cosmetically challenging. The technique is also available
for tumors of the proximal femur [209] and, in the arm, for primary malignant
tumors of the elbow or shoulder [208].

A special type of lower limb tumor is that which affects the pelvis. Hemipelvectomy
is the only operation applicable in most malignant tumors of the pelvic girdle, and
this is the operation which affords the best chance of curing malignant bone and soft
tissue tumors of the upper thigh. The first attempt at hemipelvectomy was by
Billroth; according to Ravitch and Wilson [155, 156] this failed attempt was casu-
ally reported by Savariaud in 1902 [175] whilst he was reporting his own unsuccess-
ful attempt at hemipelvectomy. In 1895, Girard [77, 78] of Bern performed the first
hemipelvectomy with survival of the patient [78]. By the time of his 1902 report,
Savariaud was able to find 13 cases in all, one of them carried out by Salistcheff, of
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Tomsk, in Russia, in 1900. Only four of these patients had survived the operation.
Ransohoff [154], of Cincinnati, in 1909, performed a hemipelvectomy for tubercu-
losis of the hip, often called the first successful such operation in the USA. He lost
“not more than a few ounces of blood” and was given an infusion of salt water.
However, his patient died more than a month later of unrelieved sepsis. In the UK,
Lee and Alt [115] presented their experience of seven operations, with no deaths.
The largest individual experience was that of Sir Gordon Gordon-Taylor [81], with
102 pelvis amputations.

1.2.3.2 Limb Salvage Techniques

Limb-saving procedures in bone tumor patients involve resection of the bony lesion
with a wide margin of soft tissue and reconstruction by cadaver allogenic grafts or
prostheses [4, 23, 33, 35, 58, 111, 121, 138, 164, 170, 199, 200, 205, 216]. Some
authors report attempted reimplantation of the affected bone after extracorporeal
treatment, such as soaking in ethanol [191], autoclaving [8, 74], or irradiation [201].

Limb-sparing techniques were first devised during the early 1970s, but were
developed in the 1990s for most malignant bone tumors. The modern tools of anes-
thesiology enable safe limb-saving intervention. These procedures can be offered to
patients only when life expectancy is comparable with that of ablative surgery.
Treatment results for 925 osteosarcoma patients in a COSS study, and 975 Ewing
sarcoma patients in an EICESS study, justify limb-salvage surgery when the correct
indications are present; 5-year survival rates are similar to or better than those for
amputation [9, 130, 177]. Greenberg et al. [84] and Christ et al. [40], in separate
studies, compared the functional and psychological assessment of osteosarcoma
survivors treated by amputation and limb sparing. In general, most survivors were
in good mental and physical health and the emotional disturbance among these
patients was no different from that in the general population. On the other hand,
patients with initial amputations had substantial difficulty maintaining an optimal
level of limb function.

Early attempts, at the beginning of the twentieth century, at limb salvage in bone
tumors were developed in lower leg tumors by Ferdinand Sauerbruch, in Germany
[174]. In the same year, the inter-scapulo-thoracic resection of the shoulder girdle
was developed by Tikhov in Tomsk, Russia. A similar method was described by
Linberg (Smolensk, Russia) in 1928 [118]. Ernest Juvara (1870-1933), a Romanian
doctor, developed a technique (which bears the name of Vittorio Putti) for arthrod-
esis in the treatment of malignant bone tumors, performed by resecting the tumor
and performing arthrodesis in the affected joint.

There are two options for knee reconstruction after resection of the upper end of
the tibia and lower end of the femur: arthrodesis and arthroplasty. There are several
options for reconstruction after limb-sparing tumor resections in the limbs, and the
choice is conditioned by the patient’s age (adult or growing child) and the tumor site
and size. During the procedure, various techniques may be used, some of which are
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temporary and others definitive. Great care must be taken during surgery in order to
avoid complications. Some techniques require one operation, while others involve a
long process involving many different techniques. The development of these limb-
sparing techniques has only been possible subsequent to finding the means to cure
patients’ diseases. The options for reconstruction after limb-salvage tumor resection
include arthrodesis, endoprosthetic replacement, allografts, autografts, rotation-
plasty or physeal distraction and bone distraction.

1.2.3.3 Graft Indications in Bone Tumor Surgery

In 1908 Lexer [117] reported his first four clinical bone tumor cases in which he
used massive allografts derived from tissue procured from amputation. Methods of
bone and cartilage preservation and storage were slowly adapted [26]. Bauer [11],
in 1910, showed that bone could be preserved by refrigeration for as long as 3 weeks
and then, in dogs, could be transplanted as allografts. At the same time, Kaush [103]
established that boiled bone was far inferior to autogeneic bone. Albee and Gallie
both used stored bone [3, 72], chilled or boiled, for clinical surgery. A hospital bone
bank was organized by Inclan [95] in Havanna, Cuba, in 1942, who procured human
bone at operation and preserved it in blood or saline solution at between 2 and 5 °C
before implanting it [206]. Duthie [57] established the first bone bank in the UK, in
Edinburgh, in 1953, while at the same time Sanchis-Olmos [173] founded the first
Spanish tissue bank in Madrid. Merle d’ Aubigné established the French equivalent
in Hopital Cochin, Paris, in 1955. Three centers reported variable outcomes with the
use of allografts for limb salvage following tumor resection: Ottolenghi from
Argentina [144], Parrish [145] in the United States, and Volkov [204] in the Soviet
Union. The use of allografts increased after a series of reports by Mankin et al.
[122—-124, 126, 183], and today bone banks have been established around the world
in specialized bone tumor centers.

Autografts are performed using vascularized or nonvascularized fibula grafts to
fill diaphyseal bone defects after wide tumor resection. The fibula is more suitable
for reconstruction of the upper limbs than for that of the lower limbs. The vascular-
ized fibula can be inserted into the allograft, such as the tibia, in order to reinforce
its total bone grafting capacity [37]. A previous method for autografting was to
remove the bone tumor from the resected bone and then sterilize the bone by auto-
claving, irradiation [201] or pasteurization [136] before reimplantation.

Allografts have been used commonly since the 1970s for reconstruction of the
remaining bone after limb-sparing tumor resection. Reconstructive options for such
large defects include structural allograft transplantation [23, 36, 41, 61, 65, 92, 124,
139, 169, 214], endoprosthetic arthroplasty [14, 23, 85, 86, 134, 142, 200, 212], and
composite reconstruction using allografts and metal prostheses [13, 56].

The most important late complications are graft collapse and instability, or osteo-
arthritis of the joint. Several studies have reported high rates of fracture, non-union,
infection, and other major complications that often require removal or revision of
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the allograft [S3, 60, 61, 65, 75, 92, 126, 139, 172]. The majority of allograft
complications occur within the first 2 years of therapy. Mankin et al. [126] reported
on delayed union of the graft (32 %), a complication that can be partly explained by
long-term chemotherapy, graft fracture (12-20 %) and infection (11 %).

1.2.3.4 Prostheses in Tumor Surgery

In the context of radical excision surgery, there has been development of special
segmental bone and joint replacement systems, which are usually referred to as
tumor endoprotheses or megaprotheses [79]. The term megaprosthesis seems to
have been first used in the International Workshop on Design and Application of
Tumor Prostheses, held at the Mayo Clinic in 1981. Endoprostheses are frequently
considered to be the gold standard treatment after resection of tumors that involve a
joint, particularly the knee and hip; but, even with the most modern devices, pros-
thetic survival without re-operation is still only 60 % at 5 years.

The first noteworthy report — it included a 2-year follow up study — on a metal hip
joint was published in 1943 by Austin Moore and Harald Bohlman [135] in the
United States. Total femur reconstruction was first described by Buchman [24] in
the mid-twentieth century. The first tumor endoprostheses were mostly based on a
custom made monoblock of cast steel alloys. There followed various developments
in terms of the materials used: titanium and cobalt—-chrome—-molybdenum alloys;
various acrylic polymers were subjected to trials and found to fail as a result of wear
and were abandoned.

Prosthesis design has also evolved from a monoblock and fixed hinge model to
modular endoprostheses and rotating platforms, with improved geometry to enhance
fixation and stability [39, 178, 179]. Modular endoprostheses, which are currently
standard and have predominated in surgical practice since 1980, consist of a number
of different components in readily available sets. Various combinations of compo-
nents can be assembled in the operating room in order to best address the specific
bone defect of the patient.

In the former USSR, the first tumor prosthesis was implanted in 1967 by Sivash
and Trapeznikov. By 1972 John Scales [176], in Stanmore, England, was using
titanium endoprostheses for massive replacement after tumor surgery. Scales used
intramedullary stem fixation with PMMA, and was also the first surgeon to intro-
duce extending prostheses with a growing mechanism. The first custom-made knee
prosthesis for tumors was implanted in 1975 in Vienna, followed by a total of 15
cases between 1976 and 1982 with different types of cementless stem fixation with
two plates and a fixed hinge [106]. The design was then changed, and from this, in
1982, arose a modular system, which was published as the Kotz modular femur-
tibia reconstruction system (KMFTR) [107]. In the United States, in 1977, Ralph
Marcove used total femur and total knee replacement in osteosarcoma cases [127].
In Italy, Mario Campanacci published an account of the total resection of the distal
femur or proximal tibia for bone tumors in 1979 [33]. Modular ceramic prostheses
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for the humerus have been in use since 1972 [168]. More recently, the combination
of allograft and prosthetic components (APC) has been advocated as an optional
solution [13, 56].

Limb salvage surgery of the proximal tibia is one of the most demanding recon-
structions owing to difficulties with soft tissue coverage [100, 181, 182], a high rate
of infection (12-36 %) [13, 41, 56, 85, 100, 140], and the need to restore the knee
extensor mechanism [14, 23, 85, 124, 139, 142], all of which lead to high failure
rates (27-55 %) [41, 56, 92, 211]. As an alternative, the use of proximal tibia osteo-
articular allografts after tumor resection may restore bone stock and help recon-
struct the extensor mechanism [41, 92, 122, 139].

Relative to the use of allografts, prosthetic reconstruction offers some advan-
tages, such as, maintenance of motion and immediate functional restoration [2, 14,
23, 134, 139, 140, 142, 200, 211]. Although high survival rates have been reported
with current modular-type reconstruction [134, 140], the complication rate increases
more rapidly with time compared with conventional endoprostheses, which is of
great importance considering the young age of most osteo- and Ewing- sarcoma
patients. In the large series published by Mittelmayer [134], aseptic loosening
(27 %) and infection and fracture (54-54 %) of the implant were the most frequent
complications leading to a need for intervention. Deep infection and aseptic loosen-
ing are the most frequent causes of failure [82].

For peri-acetabular tumors, Enneking and Dunham [63], Steel [186], Zatsepin
[214] and Nilsonne et al. [143] preferred resection of the involved part of the pelvis
and a reconstructive procedure in which the femur was put in contact with the
remaining part of the pelvis [207]. The aim of the procedure was arthrodesis or
prosthesis reconstruction, so that the results would be long-lasting and full weight-
bearing would be possible. The disadvantage was, and is, the inevitable discrepancy
in leg length, with a less than satisfactory functional and cosmetic result. Johnson
[101] described a procedure in which the osseous gap was filled with cement in
combination with a total hip replacement.

1.2.3.5 Malignant Bone Tumors in Growing Patients

The metaphysis is the predominant site of malignant bone tumors in children. For
many years, when the adjacent metaphysis was involved in a malignant tumor, the
physis was resected to obtain complete tumor excision with clear margins. This
inevitably resulted in a discrepancy of limb length or dysfunction of the joint [73].
In some cases, preservation of the epiphyseal portion of the bone and the joint sur-
face may be achieved by physeal distraction. However, this applies only to patients
in whom the epiphysis is still open [31, 171]. Using Cafiadell’s technique, the
epiphysis of the tumor-bearing bone can be preserved so that the function and
growth capability of the involved joint are maintained. The indications for the
Canadell technique are that (1) the tumor should be localized in the metaphysis; (2)
the growth plate should be open; and (3) the tumor should not affect the physis,
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which should be confirmed by radiography, arteriography, CT or MRI preopera-
tively and pathological analysis of the resection after the operation [31]. MRI is
considered to be the gold standard technique for determining the invasiveness of
metaphyseal tumors [131, 171].

Skeletal reconstruction in skeletally immature children and adolescents is par-
ticularly challenging in that it must be dynamic in order to accommodate future
growth. Expandable prostheses were developed in an effort to control the limb
length discrepancy following limb-sparing surgery, but multiple surgical interven-
tions were required to carry out the lengthening procedure [86, 109, 110]. Automatic
modules were only used in distal femur locations. Noninvasive extendable length-
ening devices, for instance those driven by an electromagnetic field from outside the
body, are now available and broaden the indications for limb salvage in young
patients [2, 86]. However, a conventional prosthesis can also be applied, followed
by lengthening using an external fixator [32].

The use of osteosynthesis techniques (intermedullary pins and plates) is usual
in tumor surgery, taking into consideration the special biomechanical characteris-
tics of large bone defects and of the grafts used in limb sparing. The external fix-
ator is of particular interest, usually being used as a temporary solution before
tumor resection surgery (to prevent pathologic fractures), during resection sur-
gery (to maintain bone length or perform physeal distraction) or after surgery to
combat complications (infection, graft fracture) or correct deformities (dysmetry)
[32, 35, 170].

1.3 Conclusion

History shows us that experience is our best teacher. Despite difficulties along the
path of development, we have been able to find new ways of improving treatment
and life expectancy. As diagnostic and therapeutic techniques improve, patients
with musculoskeletal sarcomas can expect increased survival, decreased complica-
tions and side effects, and an improved quality of life. Much work remains to be
done, and bone tumor surgeons need to keep pushing to better their patients’ quality
of life and to keep working to increase the survival rate with more accurate and
convenient systems of diagnosis and treatment. We are now witnessing the intro-
duction of targeted therapies including monoclonal antibodies and small signaling
pathway inhibitors and drugs that act on specific immune checkpoints. Additionally,
the search is on for new biomaterials to deliver drugs specifically and effectively
into cancer cells. Moreover, research on expression profiling and proteomics can
increasingly help us to distinguish more aggressive cancers from less aggressive
ones, information that could also be useful for cancer screening. Further knowledge
is needed about oncogenes and tumor suppressor genes. Finally, from the technical
point of view, work is needed on systems that can remove tumors completely with-
out surgical trauma.
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Chapter 2
Non-surgical Treatment of Pediatric Bone
Sarcomas

Luis Sierrasesimaga, Isabel Martin, and Moira Garraus

Abstract The functional results of surgery are important, but only when survival of
a patient is achieved. The key to success in the overall treatment of malignant bone
tumors in children lies in multi-disciplinarity. A good response to chemotherapy
together with function-preserving surgery of quality (that assures local control of
the disease) are both fundamental to treatment success.

Keywords Chemotherapy ¢ Bone sarcomas ¢ Radiotherapy ¢ Local Control
Relapse ¢ Osteosarcoma * Ewing’s Sarcoma ¢ Limb Salvage

2.1 Introduction

Pediatric bone sarcomas are malignant tumors of the bone. The optimum treatment
of bone tumors affecting children and adolescents requires a multidisciplinary
approach combining surgery, radiotherapy and chemotherapy. Treatment success is
based on early diagnosis and on adequate experience of the medical team; for this
reason it is advisable that these cases be treated in centers highly specialized in the
management of this pathology [1, 2].

Not all bone tumors are malignant. Benign bone tumors are more common than
malignant ones [3]. There are no epidemiology data specifically comparing pseu-
dotumoral and benign bone lesions. Benign conditions are 100 times more fre-
quent than malignant primary bone tumors. Simple bone cyst and Langerhans cells
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histiocytosis represent more than 50 % of all pseudotumoral lesions; typically, they
affect children and teenagers with a median age of 12 years. With respect to benign
lesions, the most frequent are the benign chondroblastic lesions (osteochondromas
and chondromas) and osteoid osteoma. Aneurysmal bone cyst is also considered a
benign entity.

Malignant bone tumors, with average rates in Europe of the order of 6-7 cases
per million, generally represent between 5 and 7 % of childhood cancers. The two
most frequent types are osteosarcomas and Ewing’s tumors. The former constitute
a little more than half of bone tumors, the Ewing’s tumors over 40 %.
Chondrosarcomas represent about 2 % (rates of the order of 0.1 cases per million).
Bone tumors are very infrequent in babies and infants. Incidence increases with age,
peaking in the age range of 10-14 years, in which a little over 10 % of all such
tumors occur. Osteosarcomas are rare before 5 years of age. Until that age, Ewing’s
tumors are slightly more frequent than osteosarcomas. The incidence of both types
becomes practically equal in the 5-9 year-old group and, in the 10-14 year-old
group the incidence of osteosarcoma (OS) overtakes that of the Ewing’s tumors.
Ewing’s sarcomas (ES) are slightly more predominant in males [4].

2.2 Treatment of Osteosarcoma (OS)

The bad prognosis initially associated with OS treated exclusively with local ther-
apy (radical surgery) took a turn for the better when systemic chemotherapy was
introduced into the treatment schemes in the 1980s. The majority of patients with
localized disease develop metastasis within 1 year if they only receive local treat-
ment. However, at the time of diagnosis, the best available methods only detect
metastatic disease in 10-20 % of cases [5]. This means that micro metastases exist
at the moment of diagnosis in the majority of patients [6]. Currently, treatments
based on chemotherapy in conjunction with surgery achieve a 5-year event-free
survival rate of 60-70 % in extremity localized, non-metastatic disease. Two major
problems are the poor prognosis after metastatic relapse or recurrence, and the poor
prognosis for patients with unresectable axial tumors [7].

2.2.1 Surgery

The objective of surgery is to achieve en-bloc resection of the tumor and preserve as
much function as possible. Complete surgical resection, if feasible, remains essen-
tial for cure. Local control can only be achieved with complete resection margins
[8]. In accordance with the definitions of Enneking, complete resection implies the
total extirpation of the tumoral tissue (including the biopsy scar) surrounded by an
envelope of normal healthy tissue [9]. In the case of a localized OS, as opposed to
other sarcomas, achieving surgical remission is important for the overall cure, and
so the fundamental objective is to establish adequate surgical margins at the time of
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local control surgery. In the past, there was controversy over the suitability of con-
servative surgery as opposed to amputation; currently, with modern treatments for
conservation of the extremity, local relapse occurs in 4-10 % of patients, and there
do not seem to be clear differences in this respect between ablation surgery and limb
salvage surgery [8]. One study found local recurrence rates of 2-3 % after amputa-
tion and 5-7 % after conservative surgery, with no significant differences in survival
[10]. Amputation is currently reserved for those cases in which it not considered
possible to resect the primary tumor; in the great majority of cases it is possible to
use surgical techniques that conserve the extremity [11, 12]. During the last few
years, the role of conservation surgery has increased markedly. As a result of refine-
ments in neoadjuvant chemotherapy, biomechanical engineering and imaging stud-
ies, approximately 80—90 % of patients with OS are now candidates for conservation
surgery [13]. Local recurrence has been attributed to insufficient surgical margins,
with only a wide margin being considered appropriate [14], although no general
agreement exists on what constitutes an adequate margin thickness. Also, surgical
margin width in bone has been found not to correlate with the local recurrence rate
[15].

At the time of OS diagnosis, about 10-20 % of patients present macroscopic
evidence of metastatic disease, most commonly (90 %) in the lungs, but metastases
can also develop in bone (8—10 %) and rarely in lymph nodes [13]. The treatment of
pulmonary metastases is surgical resection (thoracotomy with metastasectomy)
plus effective adjuvant chemotherapy [16].

2.2.2 Radiotherapy

OS is considered a radioresistant tumor [17]. However, radiotherapy can be an adju-
vant option as local treatment of unresectable tumors, or as palliation of symptom-
atic metastases. Conventional external beam radiotherapy with systemic
chemotherapy treatment may provide a successful multimodal approach to local
control and symptom relief [18]. Proton therapy to deliver high radiotherapy doses
has been successfully used as local treatment for some patients with unresectable or
incompletely resected OS [19].

2.2.3 Chemotherapy

Before the introduction of adjuvant chemotherapy, more than 80 % of osteosarcoma
patients developed metastatic disease. The first studies using individual agents
began in the 1960s and 1970s and established, on a non-randomized basis, the role
of chemotherapy in the management of osteosarcoma. Prior to the 1960s, OS was
considered a chemo resistant tumor. The agents initially investigated yielded incon-
sistent results. They included l-phenylalanine mustard (with a response rate of
16 %), mitomycin C (response, 24 %), cyclophosphamide (response, 15 %),
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vincristine, 5-fluorouracil and nitrogen mustard [20]. A regimen comprising mito-
mycin C, phenylalanine mustard, and vincristine proved fruitless [20]. Responses to
individual chemotherapeutic agents, such as, high doses of methotrexate or doxoru-
bicin, were described in 20-40 % of patients with metastatic disease [21].

However, the demonstration of the importance of systemic treatment in the man-
agement of osteosarcoma was not established definitively until the publication of
the results of a multi-institutional study, which randomized patients with exclu-
sively surgical treatment versus surgery combined with chemotherapy [22].

Current chemotherapy protocols include combinations of the following agents:
high dose methotrexate, doxorubicin, cyclophosphamide, cisplatin, ifosfamide, eto-
poside, and carboplatin, which cure 50-75 % of patients with localized disease.
Regimens containing three active chemotherapy agents have been shown to be
superior to regimens containing two active agents; regimens with four active agents
were not superior to regimens with three active agents; the meta-analysis suggested
that three drug regimens that did not include high dose methotrexate were inferior
to three drug regimens that did include high dose methotrexate [23-32].
Chemotherapeutic agents such as bleomycin, cyclophosphamide, and dactinomycin
(actinomycin D) have been largely abandoned, as they have not proved to be as
effective as the other aforementioned drugs [33].

Preoperative, or neoadjuvant, chemotherapy is generally administered for a
period of about 8—10 weeks prior to surgery. Following surgical resection and a brief
break to allow for wound healing, postoperative adjuvant chemotherapy is continued
for a period of another 12-29 weeks [34]. The preoperative chemotherapeutic treat-
ment allows time to plan limb salvage surgery and reconstructive procedures and to
study the histological effect of preoperative chemotherapy on the primary tumor so
that adjustment of postoperative chemotherapy can be considered [35].

2.2.4 Lessons from the T-10 Protocols

For over two decades, the treatment of OS has followed the basic principles dictated
by the T-10 protocol [35]. The T-10 protocol and its variants consist in a chemo-
therapy regimen with high doses of methotrexate, doxorubicin, cisplatin and a com-
bination of bleomycin, cyclophosphamide and dactinomycin. With the T-10
protocol, the disease-free survival (DFS) at 5 years, as described by its authors,
approximates to 70 % [35]. In a study undertaken by the European Osteosarcoma
Intergroup (EOI), patients were randomized to receive the T-10 protocol or a sim-
pler protocol, with six cycles of a combination of cisplatin and doxorubicin. The
final DFS results were equal in the two branches, which suggests that a simple regi-
men, with cisplatin and doxorubicin, can cure more than half non-metastatic osteo-
sarcoma patients [36].

One of the greatest contributions of T-10 and its predecessor, T-7, has been the
finding that the histological response to the neoadjuvant chemotherapy is the most
important prognostic factor in patients with localized disease [37, 38].
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Intensification of post-operative or pre-operative therapy with doxorubicin, cis-
platin and ifosfamide (IFX) was not found to improve upon T-10 results [38—40]. In
the overall setting of intensive multidrug treatment (with high-dose methotrexate
[HDMTX], doxorubicin, cisplatin, and ifosfamide), there was no detectable correla-
tion between higher dose intensities and better outcomes [41]. This conclusion is
supported by the results of studies by the European Osteosarcoma Intergroup (EOI),
the Italian Sarcoma Group (ISG) and the Scandinavian Sarcoma Group (SSG) [7].

A delay of more than 21-24 days in the resumption of chemotherapy after sur-
gery — especially for patients with lower degrees of necrosis — was associated with
an increased risk of recurrence and death [37, 42].

2.2.5 Ifosfamide or the Ifosfamide/Etoposide Combination
in the Treatment of OS

Ifosfamide (IFX) has been incorporated in osteosarcoma treatment regimens. As a
consequence of the first studies, which indicated that IFX as sole agent achieved
response rates of 10-60 % in patients with refractory disease, some researchers
began to use the drug in the rescue of patients with a poor histological response
[43]. Originally, IFX doses of 5-8 g/m? were used although higher doses (12-18 g/
m?) may be more effective [44]. A study by the Pediatric Oncology Group (POG) in
patients with previously untreated metastatic disease demonstrated responses in
27 % of cases; the dose used was 12 g/m? [45]. More recently, IFX has been incor-
porated as a frontline therapy in the treatment of OS under many regimens [33].
However, the final impact of this incorporation is still not clear [45].

The finding that administration of an alkylating agent with etoposide has a syn-
ergistic anti-tumoral effect has led to the combined administration of IFX and eto-
poside in fractionated form over a period of 3—5 days. In patients with refractory
OS and who had previously received IFX, the IFX-etoposide combination achieved
response rates of 15-48 % [46]. Recently, for patients with metastatic OS, research-
ers at the POG incorporated the IFX-etoposide combination in the basic treatment
with cisplatin, doxorubicin and high dose methotrexate and achieved responses in
62 % of patients; the DFS at 2 years was 45 % [44]. In patients with metastatic OS,
the combination of IFX with etoposide seems to be more effective than that of IFX
alone. These results suggest that future studies should investigate this combination
in the treatment of patients with localized disease. In particular, the use of the IFX-
etoposide combination is being used more frequently for the rescue of patients
with a poor histological response; however, there is no evidence that this modifica-
tion to the treatment improves survival rates. A joint European-American
(EURAMOS-1) study found that adding ifosfamide and etoposide to MAP (high-
dose methotrexate, cisplatin, and doxorubicin) was associated with additional
morbidity and had no effect on survival outcome [47]. Evidence from EURAMOS-1
does not support adaptation of postoperative chemotherapy based on histological
response [47].
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2.2.6 The Role of Methotrexate in the Treatment of OS

Methotrexate was one of the first drugs demonstrated to be active in OS [6] and has
occupied a primordial role in the treatment of OS since then. A meta-analysis [32]
of protocols for the treatment of OS concluded that three drug regimens that did not
include high dose methotrexate were inferior to three drug regimens that did.
Furthermore, certain evidence suggests that the pharmokinetics of methotrexate can
influence the final result, although any such influence is inferior and less clear in the
context of more-intensive protocols [48, 49]. In any case, the action of methotrexate
seems to require that it be administered in high doses (normally 12 g/m?), and
administration of lower doses apparently has less impact [50].

The role of HDMTX has not yet been fully clarified [31]. The first EOI study
randomized patients to receive six cycles of cisplatin and doxorubicin or four
courses of the same combination each preceded by a cycle of HDMTX [36]. In this
study, cisplatin-doxorubicin without HDMTX gave better results: DFS at 5 years
was 57 % without HDMTX versus 41 % with. A possible reading of these results is
that high doses of methotrexate may not be necessary if other agents are intensified.
This interpretation may principally be valid when treatment protocols are followed
in countries with fewer resources: monitorization of levels is not possible. In Latin
America excellent results have been obtained using protocols without methotrexate,
protocols that intensify cisplatin, doxorubicin, IFX and etoposide [51]. Daw et al.
[31] conducted a multi-institutional trial (OS99) that evaluated the efficacy of car-
boplatin, ifosfamide, and doxorubicin without HDMTX in patients with newly diag-
nosed, localized, resectable OS. The regimen used was found to produce outcomes
comparabletothe outcomes of regimens containing cisplatinor HDMTX. Carboplatin,
ifosfamide, and doxorubicin given without HDMTX resulted in 5-year event-free
survival (EFS) estimates of 66.7 % and survival estimates of 78.9 %.

2.2.7 Cisplatin and Carboplatin

Cisplatin is one of the most effective agents against osteosarcoma. However, the
toxicity of this agent is significant; it can cause loss of hearing and renal failure,
both of which can be permanent in some cases. Toxicity can be reduced by using
prolonged infusions. The substitution of carboplatin for cisplatin has been recently
evaluated at the St. Jude Children’s Research Hospital. In the context of an intense
regimen with high doses of methotrexate, IFX and doxorubicin, the use of carbopla-
tin resulted in a DFS at 3 years of 72 %, results comparable to treatments using
cisplatin, but with much lower toxicity [45]. However, the incorporation of carbo-
platin in treatment protocols requires further careful evaluation because other recent
studies have demonstrated low anti-tumoral effect when it is used alone in patients
with metastatic disease [52]. Additionally, even in the context of a multiple agent
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regimen, carboplatin is inferior to cisplatin for patients with non-resectable or meta-
static osteosarcoma [53].

2.2.8 Pre-/Post-operative Chemotherapy and Intra-arterial
Chemotherapy

One of the greatest findings to come out of the T-10 protocol was that the grade of
histological response to pre-operative chemotherapy is the most important prognos-
tic factor in patients with localized disease [37]. To date this understanding still
holds true, with patients who achieve a good histological response (usually defined
as >90 % necrosis) having a better prognosis than those who do not [54, 55]. Studies
have consistently demonstrated 5-year EFS rates of 35—45 % for poor responders
and 70-80 % for good responders [56]. This observation has determined most cur-
rent treatments; however, some findings suggest that although intensified chemo-
therapeutic regimens increased tumor necrosis, the overall survival remained
unchanged [57]. Intensification of pre-operative chemotherapy with cisplatin, doxo-
rubicin and IFX gives rise to a modest increase in the proportion of good respond-
ers, but the final impact is minimal. Modification of post-operative therapy by
intensifying the use of cisplatin, doxorubicin or, more recently, with the incorpora-
tion of new agents such as IFX and etoposide have not resulted in significant
improvement in the prognosis for patients with poor histological response [25, 40].
Exposure of tumoral cells to sub-optimal cytotoxic levels during pre-operative treat-
ment can give rise to the development of chemo-resistance and increase the propen-
sity to metastatic dissemination. Modification of postoperative therapy cannot
reverse such adverse effects. Following this line of reasoning, the achievement of a
fast, early response should be the principal objective. Alternatives to intensification
of adjuvant chemotherapy could focus, therefore, on improving the pre-operative
treatment.

In the 1980s, Jaffe et al. [58] demonstrated that with intra-arterial administration
it was possible to achieve high concentrations of cisplatin in a tumor without com-
promising systemic exposure. Following this, various groups included intra-arterial
administration of cisplatin in their treatment of osteosarcoma. Despite the relevance
of this development, only two teams endeavored to investigate the matter in a ran-
domized manner. One of these teams, researchers at the Instituto Ortopédico Rizzoli,
randomized patients to receive cisplatin intra-arterially or intravenously under the
IOR/OS-3 and IOR/OS-5 protocols. Under both protocols, the pre- and post- opera-
tive chemotherapy included doxorubicin and high doses of methotrexate, with the
addition of IFX in the second protocol. Under both protocols, the proportion of
good responders was greater in the group of patients treated with intra-arterial cis-
platin, but the final results were similar in both groups [59]. Using a similar design,
the other team, a German study, COSS-86, also failed to demonstrate any advantage
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to intra-arterial administration [60]. In a recent study, however, Wilkins et al. have
described excellent results with this technique [61].

2.3 Treatment of Patients with Metastatic Disease

2.3.1 Metastatic Disease at Diagnosis

At the time of OS diagnosis, about 10-20 % of patients present with macroscopic
evidence of metastatic disease, most commonly (90 %) in the lungs, but metastases
can also develop in bone (8—10 %) and rarely in lymph nodes [62, 63]. However, the
remaining 80-90 % of patients are assumed to have micrometastatic disease, which
is subclinical or undetectable using current diagnostic equipment. In view of the
poor prognosis, treatment of OS patients with observed metastatic disease must
include an aggressive, multi-disciplinary approach with intensive pre-operative and
post-operative chemotherapy and resection of both the primary tumor and metasta-
ses [62, 63]. Using this approach, contemporary protocols that incorporate IFX or
the combination of IFX with etoposide, as well as methotrexate, doxorubicin and
cisplatin, have been described to attain rates of DFS at 2 or 5 years of 25-45 %
[62—-64]; a longer follow-up, however, is necessary.

The addition of either muramyl tripeptide or ifosfamide to a standard chemo-
therapy regimen that included cisplatin, high dose methotrexate, and doxorubicin
was evaluated using a factorial design in patients with metastatic osteosarcoma [65].
The appropriate role of muramyl tripeptide in the treatment of osteosarcoma remains
under discussion.

Some authors have investigated the use of high-dose chemotherapy and autolo-
gous rescue of hematopoietic cells. Whilst this approach is reasonable and practi-
cable, it does not seem to confer any advantage over the conventional treatment
[66, 67].

Complete resection of pulmonary metastatic disease can be achieved in a high
percentage of patients with residual lung nodules after preoperative chemotherapy.
Multiple metastatic nodules imply a worse prognosis than do just one or two nod-
ules, and bilateral lung involvement is worse than unilateral. Patients with periph-
eral lung lesions may have a better prognosis than patients with central lesions.
Patients with fewer than three nodules confined to one lung have been found to have
5-year EFS of approximately 40-50 % [68].

After the lung, the second most common site of metastasis is another bone. The
prognosis is poor for patients with metastasis to other bones distant from the pri-
mary tumor or with transarticular skip lesions [69, 70].

Multifocal OS is a different entity, and patients have an extremely poor progno-
sis. No patient with synchronous multifocal OS has ever been reported to be cured,
but systemic chemotherapy and aggressive surgical resection may achieve signifi-
cant prolongation of life [71].
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2.3.2 Recurrent OS

Approximately 50 % of relapses occur within 18 months of therapy termination,
and only 5 % of recurrences develop after five or more years [72]. The incidence of
recurrence by site has been estimated as follows: lung (65-80 %), bone (8—10 %),
local (47 %), and combined relapse (10—-15 %) [72]. Other localizations of metas-
tases are rare but may occur as late as 4 years after diagnosis [73].

For patients with OS in relapse, a very aggressive surgical approach is recom-
mended. The survival rate at 4 years after relapse, for patients in whom it is possible
to obtain a complete new remission, is approximately 30—-40 %; it is 0 % for patients
in whom the disease cannot be resected [74]. The role of systemic chemotherapy for
the treatment of patients with recurrent osteosarcoma is not well defined. The choice
of systemic treatment depends on the previous primary treatment. Ifosfamide (in
combination with etoposide) has proved active in as many as one third of recurrent
OS patients who had not previously received ifosfamide [75]. Cyclophosphamide
and etoposide are active in recurrent OS, as is the combination of gemcitabine and
docetaxel [76, 77]. Grignani et al. [78] reported rare objective responses and disease
stabilization with sorafenib in patients with recurrent OS.

The prognostic factors for survival after relapse include the presence of isolated
pulmonary metastasis: patients with metastases limited to the lungs have a better
outcome than do patients with metastases to other sites or to the lungs combined
with other sites [79]; late relapse (>24 months); and a low number of pulmonary
lesions [16]. Bielack et al. [80] reported survival estimates with second and subse-
quent OS recurrences. Five-year overall survival (OAS) and EFS rates were 16 %
and 9 % for second, 14 % and 0 % for third, 13 % and 6 % for fourth, and 18 % and
0 % for fifth recurrences, respectively [80]. The median interval from first to second
recurrence was 9 months, and the median interval between subsequent recurrences
was approximately 6 months [80].

2.3.3 Future Treatments

The survival rates for patients with metastatic disease at the time of diagnosis and
for those in relapse are very low: less than 30 % survive [80]. For this reason it is
necessary to develop new strategies, for example, strategies based on new drugs or
new combinations of existing drugs, to treat patients with poor prognosis. The frac-
tionated administration of cyclophosphamide with the inhibitor of topoisomerase,
topotecan, seems to be a promising combination for the treatment of many pediatric
neoplasias. However, in relapsed osteosarcoma patients, the rate of response was
only 11 %, a response far lower than that observed in other neoplasias [81].
Sequential administration of gemcitabine and docetaxel has been demonstrated to
be quite effective in the treatment of sarcomas in relapse [77]. In a study of a group
of 35 adult patients with various relapsed sarcomas, the response rate was 43 %; the
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study included four patients with refractory osteosarcoma, of which two gave par-
tial responses and two attained stable disease states [82].

Another agent that proved to have good activity in vitro against osteosarcoma is
ecteinascidin-743 (ET-743). However, in spite of the promising results of preclini-
cal studies, a phase II study in patients with recurrent osteosarcoma did not demon-
strate any activity [83].

The majority of patients who relapse do so with lung metastases. In fact, most
patients are considered to have micro metastatic lung disease at the moment of diag-
nosis. The possibility of controlling this microscopic lung disease on finalizing
treatment for the primary tumor could give rise to a substantial improvement in
survival. In an animal model, the administration of muramyl tripeptide encapsulated
in liposomes (L-MTP-PE) activated pulmonary macrophages and brought about the
eradication of lung micro metastases [84]. The Children’s Oncology Group (COG)
performed a prospective randomized trial in newly diagnosed children and young
adults with localized OS. All patients received cisplatin, doxorubicin, and high dose
methotrexate. One half of the patients were randomly assigned to receive ifos-
famide. In a second randomization, one half of the patients were assigned to receive
L-MTP-PE beginning after definitive surgical resection. The addition of ifosfamide
did not improve outcome. The group that received L-MTP-PE had a longer EFS, but
the improvement did not meet the conventional standard for statistical significance
(P=0.08). The group did, however, show a significant improvement in OS (78 % vs.
70 %; P=0.03) [85]. The appropriate role of L-MTP-PE in the treatment of osteo-
sarcoma remains under discussion.

It is possible that one might effect an activation of alveolar macrophages with
nebulized GM-CSFE. In a phase I study carried out in patients with lung metastasis
of various refractory neoplasias, nebulized GM-CSF was successfully administered
with minimal toxicity. The dose tolerated was 250 mcg/dose, twice a day for seven
consecutive days every other week. Only two patients with OS were treated in the
study, and in one of them the disease was stabilized for over 11 months [86].

Another interesting approach, which has been developed in an animal model, is
gene transfer of IL-12 by nebularization using a non-viral vector, such as the cat-
ionic DNA transporter polyethylenimine (PEI). Therapy with IL-12 is based on the
known anti-tumoral activity of this cytokine. However, the clinical use of IL-12 in a
systemic way is limited by its toxicity. Using the technology of PEI-based IL-12
transfer in immunosuppressed mice with OS lung metastasis, researchers demon-
strated an increase in the expression of IL-12 in lung tissue, accompanied by an
increase in tissue levels of IL-12. It is important to note that an increased expression
of IL-12 in the liver was not observed, which suggests that the systemic effects were
minimal. In this animal model, the aerosol therapy brought about a significant
decrease in the number of metastatic nodules. Also, it has been demonstrated that
IL-12 increases, in vitro, the sensitivity of osteosarcoma to alkylating agents. This
occurs through a mechanism involving activation of the Fas pathway. The implica-
tion is that IL-12, by aerosol, could have a synergistic effect with IFX. The same
PEI transfer technique has been used for transfection of p53, which demonstrated
anti-tumoral activity [87].



2 Non-surgical Treatment of Pediatric Bone Sarcomas 37

Aerosolization technology has extended to the administration of chemotherapeu-
tic agents directly to the lungs. For example, 9-nitrocamptothecin was nebulized
into either mice with subcutaneous xenoinserts of a variety of neoplasias or mice
with osteosarcoma lung lesions. There was good anti-tumoral effect on both the
subcutaneous and the lung tumors, which suggests that there is not only a local
effect but also a systemic one. Based on these preliminary studies, a phase I study
in patients with lung metastasis from refractory neoplasias has recently been com-
pleted; phase II studies are being developed [88].

The degree of necrosis observed in the primary tumor after an initial period of
chemotherapy correlates with subsequent EFS and OS. An international consortium
(EURAMUS) was formed to conduct a large prospective randomized trial. All
patients received initial therapy with cisplatin, doxorubicin, and high dose metho-
trexate. Patients with more than 90 % necrosis were randomly assigned to continue
the same chemotherapy after surgery or to receive the same chemotherapy with the
addition of interferon. The addition of interferon did not improve the probability of
EFS [89]. Patients with less than 90 % necrosis were randomly assigned to continue
the same chemotherapy or to receive the same chemotherapy with the addition of
high dose ifosfamide and etoposide.

Reports on the use of high dose samarium-153-EDTMP radioisotope therapy as
a method to provide palliation for patients with bone metastases indicate feasibility,
but so far the role of this treatment modality is not well defined [90]. In addition,
high doses of samarium-153-EDTMP are being used increasingly as a therapeutic
agent.

2.4 Treatment of Ewing’s Sarcoma (ES)

In his initial description of ES as a diffuse endothelioma of the bone, James Ewing
pointed out, among other characteristics of this tumor, that it has an elevated suscep-
tibility to radiation therapy [91]. Over the following 50 years, radiotherapy contin-
ued to be the predominant way of treating ES, although 80 % of patients died after
local relapse or metastatic disease during the 2 years after diagnosis.

The current therapeutic approach, which gives cause for much greater optimism
in terms of cure rates, seeks to cure the patient while preserving the functionality of
the affected body part and to minimize late secondary effects.

The approach comprehends a multi-disciplinary focus based on the following
concepts:

1. ES has a systemic character at the time of diagnosis. The therapeutic approach
requires adequate local control of the macroscopic disease, together with sys-
temic control of micrometastasis.

2. Local control of the macroscopic disease must be multi-disciplinary: combining,
according to necessity, surgery, radiotherapy and chemotherapy. The response to
neoadjuvant chemotherapy and the surgical possibilities determine the doses and
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fields of radiotherapy. Local control measures must not compromise systemic
control.

3. Systemic control of micrometastasis must be carried out through the administra-
tion of a protocol of intensive cyclic polychemotherapy comprising agents of the
greatest anti-tumoral activity available.

4. Treatment must be adapted to the characteristics of each patient, taking into
account the primary localization, the size of the lesion, the staging and therapeu-
tic possibilities according to age. This tailoring is necessary to obtain the maxi-
mum therapeutic benefit with the best possible functional result.

2.4.1 Chemotherapy for ES

Current protocols of chemotherapy for ES include vincristine, doxorubicin, ifos-
famide/cyclophosphamide, and etoposide [92-94]. The mode of administration and
dose intensity of chemotherapy within courses differs markedly between protocols.
A European Intergroup Cooperative Ewing Sarcoma Study (EICESS) trial sug-
gested that 1.2 g of cyclophosphamide produced a similar event free survival (EFS)
as 6 g of ifosfamide in patients with lower risk disease. The same study also identi-
fied a trend toward better EFS for patients with localized ES, and a tendency for
patients with higher-risk disease to receive a treatment that included etoposide [95].
Protocols in the USA generally alternate courses of vincristine, cyclophosphamide,
and doxorubicin with courses of ifosfamide/etoposide [96], while European proto-
cols generally combine vincristine, doxorubicin, and an alkylating agent with or
without etoposide in a single treatment cycle [97].

Standard chemotherapy in current protocols includes vincristine, doxorubicin,
and cyclophosphamide, also known as the VAdriaC or VDC regimen, alternating
with ifosfamide and etoposide (IE) [98]. The combination of IE has shown activity
in Ewing sarcoma, and a large randomized clinical trial and a nonrandomized trial
demonstrated that outcome was improved when IE was alternated with VAdriaC
[92-94]. Dactinomycin is no longer used in the United States but continues to be
used in EuroEwing studies. In a meta-analysis of studies that had been undertaken
before the standard use of ifosfamide and etoposide, increased dose intensity of
doxorubicin during the initial months of therapy was associated with an improved
outcome [99]. A 4-year EFS of 82 % has been reported for high dose VAdriaC and
IE [100]. However, in an intergroup trial of the Pediatric Oncology Group and the
Children’s Cancer Group, which compared a dose-intensified chemotherapy regi-
men of vincristine, doxorubicin, cyclophosphamide, ifosfamide, and etoposide
(VDC/IE) with standard doses of the same regimen, no differences in outcome
were observed [101]. In a COG trial, patients were randomly assigned to receive
chemotherapy (VAdriaC alternating with IE) given every 2 weeks (interval com-
pression) versus every 3 weeks (standard). Patients treated every 2 weeks had an
improved 5-year EFS relative to those treated every 3 weeks (73 % vs. 65 %,
P=.048). There was no increase in toxicity observed with the every-2-week
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schedule [97]. The duration of primary chemotherapy ranges from 6 months to
approximately 1 year.

For patients with a high risk of relapse with conventional treatments, certain
researchers have utilized high-dose chemotherapy with hematopoietic stem cell
transplant (HSCT) as consolidation treatment, in an effort to improve outcome
[102-113]. A retrospective review using international bone marrow transplant reg-
istries compared, for patients with Ewing sarcoma at high risk for relapse, reduced
intensity conditioning with high intensity conditioning followed by allogeneic stem
cell transplant; outcomes were not found to differ [114]. Multiple small studies that
report benefits achieved with HSCT have been published. However, these results are
difficult to interpret because only patients who have a good initial response to stan-
dard chemotherapy are considered for HSCT [110].

2.4.2 Treatment Response Factors to Preoperative Therapy

Multiple studies have shown that patients with minimal or no residual viable tumor
after presurgical chemotherapy have significantly better event free survival than
patients with larger amounts of remaining viable tumor [115, 116]. For patients who
receive preinduction and postinduction chemotherapy positron emission tomogra-
phy (PET) scans, decreased FDG uptake after chemotherapy correlated with good
histologic response and better outcome [117]. Patients with poor response to presur-
gical chemotherapy have a higher risk of local recurrence [118].

2.4.3 Local Control of Disease

Analysis of local control in ES is complicated because of the difficulties involved
in the interpretation of the radiological studies typically used in follow-up, after
administration of combined treatments. On many occasions, after surgery, radio-
therapy and chemotherapy, the imaging signal obtained is not that of normal bone
and is difficult to interpret. Persistence of residual material corresponding to
fibrosis, necrosis or both is frequent. In this respect, studies with magnetic reso-
nance after administration of gadolinium are more reliable than other imaging
techniques.

The analysis of results in terms of local control referred to in the various reported
series, which are generally lacking in biopsy/necropsy studies, can under- or over-
estimate the degree of control. Ferndndez et al. [119] registered a rate of clinical
local relapse of 37.5 %, which after necroscopic studies increased to 47.5 %. In
other studies, even larger differences have been detected: for example, a rate of local
relapse being 65 % while clinical diagnoses suggested a rate of scarcely 25 % [120].

It is important to note that local control, while an indispensable condition for
obtaining a full cure, can, however, accompany a prognosis of death. In the
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pre-chemotherapy era, rates of local control of 60-70 % were reported for series in
which the rates of survival were below 20 % [121].

2.4.4 Therapeutic Strategy to Obtain Local Control
2.4.4.1 Radiotherapy

While surgery is effective and appropriate for patients who can undergo complete
resection with acceptable morbidity, children who have unresectable tumors or who
would suffer loss of function are treated with radiation therapy alone. Those who
undergo gross resections with microscopic residual disease may benefit from adju-
vant radiation therapy. Randomized trials that directly compare both modalities (i.e.
resection with or without radiation therapy) do not exist, and so the relative roles of
gross resection and radiotherapy remain controversial. Research addressing this
issue are retrospective and nonrandomized, limiting their value. Krasin et al. [122]
reported on a series of patients with localized ES who received both surgery and
radiation. Local failure for patients with positive and negative margins was 17 %
and 5 %, respectively, and overall survival (OS) was 71 % and 94 %, respectively.
However, in a large retrospective study, 45 Gy adjuvant radiation therapy for patients
with inadequate margins did not appear to improve either local control or disease
free survival [123]. It is not known whether higher doses of radiation therapy could
improve outcome. Adjuvant radiation therapy should be considered for patients
with residual microscopic disease, inadequate margins, or viable tumor in the
resected specimen and close margins. When preoperative assessment has suggested
a high probability that surgical margins will be close or positive, preoperative radia-
tion therapy has been used to shrink the tumor, thereby enabling surgical resection
with clear margins [124].

Data for patients with pelvic primary ES from a North American intergroup trial
showed no difference in local control or survival based on local control modality:
surgery alone, radiation therapy alone, or radiation plus surgery [125]. For young
children with ES, surgery may be a less morbid therapy than radiation therapy
because radiation causes retardation of bone growth. Another potential advantage of
surgical resection of the primary tumor is the information it can provide concerning
the amount of necrosis in the resected tumor. Patients with residual viable tumor in
the resected specimen have a worse outcome than those with complete necrosis. In
a French Ewing study (EW88), EFS for patients with less than 5 % viable tumor,
5 % to 30 % viable tumor, and more than 30 % viable tumor was 75 %, 48 %, and
20 %, respectively [116].

ES shows great sensitivity to radiation [126]. The local control obtainable with
irradiation is directly proportional to the dose administered and to the volume of
tissue included in the field. The percentage of patients for whom radiotherapy alone
achieves local control is between 50 and 80 %. With doses above 40 Gy, high per-
centages of local control are obtained. With lower doses, even when rapid clinical
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improvement and disappearance of macroscopic lesions are observed, the incidence
of local relapse is very high [122].

For patients with residual disease after an attempt at surgical resection, the
Intergroup Ewing Sarcoma Study recommends 45 Gy to the original disease site
plus a 10.8 Gy boost for patients with gross residual disease and 45 Gy plus a 5.4 Gy
boost for patients with microscopic residual disease. Radiation therapy is not rec-
ommended for those who have no evidence of microscopic residual disease follow-
ing surgical resection. Radiation therapy is associated with the development of
secondary malignant neoplasms. A retrospective study noted that the incidence of a
secondary malignancy was 20 % for patients who had received 60 Gy or more and
5 % for those who received 48—60 Gy; none of those who received less than 48 Gy
developed a second malignancy [127].

Hyperfractionated radiation therapy has not been associated with improved local
control or decreased morbidity. A comparison of proton beam radiation therapy and
intensity modulated radiation therapy (IMRT) has shown that proton beam radiation
therapy can spare more normal tissue adjacent to the primary Ewing sarcoma than
IMRT [128]. The study’s follow-up was relatively short, and there are no data avail-
able to indicate whether the reduction in dose to adjacent tissue will result in
improved functional outcome or reduce the risk of secondary malignancy.

2.4.4.2 Chemotherapy Plus Radiotherapy

The addition of chemotherapy protocols to local irradiation have not only meant an
advance in the control of systemic disease but have also increased the rates of local
disease control. Numerous authors have demonstrated the beneficial effect of this
therapeutic association, in comparison with historical series. Consequently, over the
last 20 years, this therapeutic approach: the combination of high-dose irradiation
with systemic chemotherapy has been considered as optimum in the treatment of ES
[129].

The rate of local control that can be expected with combination of chemotherapy
plus radiotherapy is between 75 and 90 % [129-132].

2.4.4.3 Chemotherapy Plus Surgery

With the combination of neoadjuvant chemotherapy plus surgery, local control rates
similar to those obtained with radiotherapy (alone) have been reported [133].
However, it is difficult to compare the two approaches because no randomized com-
parative study has ever been undertaken. The data of CESS-86 are the closest
approximation to a comparative study; differences between both groups were not
found (DFS at 5 years was 67 % with chemotherapy versus 65 % with radiotherapy)
[134]. Scrutiny of published comparative works indicates a clear selection of
patients. The tendency has been to use surgery (with chemotherapy) for peripheral
tumors or for localized tumors of reduced dimensions, which have a better
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prognosis than central tumors of greater volume [115]. In general there seems to be
agreement in the idea of avoiding radiation in patients whose young age leads one
to predict serious sequelae.

2.4.4.4 Chemotherapy +Surgery + Radiotherapy

Patients who, after induction chemotherapy, demonstrate a high percentage (>30 %)
of tumor-cell viability in the surgical piece have a bad prognosis. The presence of
more than 5 % viable tumor is related to low DFS. In one study, when <5 % of the
resected tumor was viable, the DFS was 75 %; when >5 % was viable, the DFS was
48 % [135]. Similarly, the presence of residual disease in surgical margins or the
impossibility of carrying out a complete block resection is associated with a high
probability of local relapse [136].

The majority of authors agree on the use of radiotherapy in the following types
of patients [136]:

1. Patients for whom there is no surgical option, either initially or after the admin-
istration of neoadjuvant chemotherapy.

2. Patients with a bad response to neoadjuvant chemotherapy.

3. Patients with refractory disease in general.

4. Patients in whom there remains residual disease, whether macroscopic or micro-
scopic, in the tumoral bed after surgery.

The rates of local control of disease in patients treated with radiotherapy and
chemotherapy are lower for pelvic and proximal locations in comparison to distal
locations and for tumors of large initial volume. Various groups have proposed car-
rying out surgical resection of the zones previously affected by tumor in high-risk
patients treated with radiation and chemotherapy. The data obtained in the corre-
sponding series demonstrate a clear advantage in terms of DFS for patients receiv-
ing such resection [137].

2.4.5 Systemic Control of Disease

In the pre-chemotherapy era, survival at 5 years for patients with ES treated with
surgery and radiotherapy was less than 10 % of cases [138]. As with other child-
hood solid tumors, phase II studies with sole agents began in the 1960s. All the
agents with known activity against solid tumors have been tested, and many of
them, as sole agents, demonstrated activity against ES. Out of all of them, cyclo-
phosfamide, IFX, melphalan in high doses and Adriamycin have demonstrated spe-
cial activity. Other agents such as dactinomycin, BCNU, 5-FU, daunomycin,
mitramycin, cisplatin and derivatives of the epipodophyllotoxins have shown differ-
ent degrees of activity. A combination with surprisingly marked activity, even in
patients who are resistant to other drugs, is IFX with etoposide [92].
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2.4.6 The Role of Chemotherapy in Localized Disease

With the anti-tumoral activity of chemotherapy against macroscopic disease proven,
in 1964 two of the first studies with complementary chemotherapy were initiated in
the St. Jude Children’s Research Hospital [139] and in the National Cancer Institute
[120]. Patients were treated with VAC (vincristine, actinomycin D, cyclophos-
famide) with or without Adriamycin (Adr), at doses which we today consider sub-
therapeutical. Survival was 33 %. In 1973 the first cooperative multi-center study,
denominated IESS-I, began. The study concluded that the addition of Adr to the
VAC protocol is effective and better than prophylactic irradiation of the lungs: with
the VAC + Adr combination, DFS at 5 years was 60 % [129].

IESS-I lead on to a second study, the IESS-II, which evaluated the role of inten-
sification of Adr. An increase of 150 % of the previously used dose improved the
DFS at 5 years: 73 % with intensification versus 56 % without [140]. Studies by
other groups with VAC + Adr with and without intensification achieved very similar
results to those obtained in IESS-II [141]. The importance of administering Adr,
with VAC, in the highest tolerable doses during the initial stages of treatment is well
established. The development of IFX and the data obtained from phase II studies
lead to the idea of substituting cyclophosfamide with IFX. None of the three big
studies carried out to evaluate this was able to demonstrate any clear benefit of the
substitution. In the control of ES, cyclophosphamide is as effective as IFX in
VAC + Adr combinations [142, 143].

In view of good results obtained with IFX + VP-16, IESS-III studied the possible
benefit of adding this combination to VAC + Adr. A significant increase in the DFS
at 5 years was obtained (68 % versus 54 %) [100].

Currently, for non-metastatic ES chemotherapy treatment, we consider protocols
that combine VAC + Adr (in high doses) with IFX+ VP-16 as being standard. In a
recent study, a combination of this protocol with surgery and radiotherapy achieved
a DFS at 4 years of 82 % [100].

The COG (Children Oncology Group) has proposed carrying out a randomized
study to compare the administration of VAC+ Adr plus IFX+ VP-16 using filgas-
trim as support, with shorter periods between cycles (14 days versus 21 days), in
order to evaluate whether such intensification of doses has an effect on survival. The
proposed study is based on the experience of a pilot study by Womer et al. [144],
who with this approach obtained a rate of DFS at 30 months of 73 %.

2.4.7 Control of Metastatic Disease

The prognosis for patients with metastatic disease is poor. In the majority of series,
survival at 3 years is less than 30 % [145, 146]. Current therapies for patients who
present with metastatic disease achieve 5-year EFS of approximately 28 % and
overall survival (OS) of approximately 30 % [145, 146]. For patients with lung/
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pleural metastases only, 5-year EFS is approximately 40 % when treatment includes
bilateral lung irradiation [147]. In contrast, patients with bone/bone marrow metas-
tases have a 5-year EFS of approximately 25 %, and patients with combined lung
and bone/bone marrow metastases have a 5 year EFS of approximately 14 % [148].
Factors such as age being over 14 years, a primary tumor volume of more than
200 mL, more than one bone metastatic site, bone marrow metastases, and addi-
tional lung metastases all independently predict a poor outcome in patients present-
ing with metastatic disease [149].

The best results with patients with metastatic disease were obtained in a study in
the SICRH by Hayes et al. [141], applying an induction regimen with sequential
cyclophosphamide and Adriamycin. The authors report DFS at 47 months of follow-
up of 55 %. Other authors have not been able to reproduce these results [150]. The
IESS found no benefit for patients with metastatic disease in the addition of ifos-
famide and etoposide to a standard regimen of vincristine, doxorubicin, cyclophos-
phamide, and actinomycinD [151]. In another Intergroup study, increasing the dose
intensities of cyclophosphamide, ifosfamide, and doxorubicin did not improve out-
come relative to regimens utilizing standard dose intensities. This regimen increased
toxicity and risk of second malignancy without improving EFS or OS [145].

Patients with metastasis exclusively to the lung or pleura or both have a better
prognosis than patients with metastasis to other sites: cure rates reach 30 %. These
patients must be treated with lung irradiation [152].

For patients with metastasis to bone or bone marrow, the cure rate is 20-25 %.
The probabilities of cure for patients with combined forms of metastasis to bone or
bone marrow and lung are less than 15 % [153].

The approach to radiotherapy in the treatment of metastatic disease is based on
applying the known criteria for localized disease to each of the affected zones. In
this way there is an attempt to obtain adequate local control on an area-by-area
basis. In most cases it is possible to obtain this control with acceptable morbidity
[154]. Metastatic sites of disease in bone and soft tissues should receive fractionated
radiation therapy doses totaling between 45 and 56 Gy [154].

The problem with carrying out high-dose irradiation of several fields is the limi-
tation this puts on the joint administration of chemotherapy: radiotherapy can be
highly toxic to bone marrow. In patients with lung metastasis, it is necessary to
irradiate both pulmonary fields irrespective of whether the nodules disappear as a
result of chemotherapy. The doses recommended are between 12 and 15 Gy and
must be adjusted according to the existing pulmonary function [154].

Intensive therapies, many of which incorporate high dose chemotherapy with or
without total body irradiation in conjunction with stem cell support, have not shown
improvement in EFS rates for patients with bone and/or bone marrow metastases
[114]. The impact of high dose chemotherapy with peripheral blood stem cell sup-
port for patients with lung metastases is unknown and is being studied in the EURO-
EWING INTERGROUP-EE99 trial [155].

Melphalan, at non-myeloablative doses, has proved to be an active agent in an
upfront window (i.e. first-line treatment) study of patients with metastatic disease at
diagnosis; However, the cure rate remained extremely low [156].
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2.4.8 Relapse or Progression of Disease

Despite the extensive therapeutic efforts carried out in the treatment of ES, between 30
and 40 % of patients relapse. The prognosis for patients who present relapse or disease
progression before having attained complete remission is very poor. This prognosis is
especially bad if progression occurs during chemotherapy treatment [157].

Patients with late relapse, that is, relapse at least 24 months after diagnosis, have a
better prognosis than those with early relapse (34.9 % +8.5 % versus 5 % +2.8 %) [149].

Multiple relapses, local and systemic, are associated with lower rates of survival
at 5 years (12.5 %+ 8.3 %) than local relapse alone (21.7 % +7.8 %) or relapse at a
distance alone (17.6 % +6.1 %) [158].

For patients with local relapse, radical rescue surgery is the treatment that offers
the highest probability of survival at 5 years (31.4 % +11.6 %); alternative treat-
ments are less effective (9.1 % +6.1 %). Lung irradiation significantly improves
survival of patients with progression exclusively in this area (DFS at 5 years of
30.3 % +12.5 % versus 16.7 % +10.8 %). Isolated pulmonary recurrence has been
found not to be an important prognostic factor [159].

The approach to treatment aimed at the reinduction of remission is variable and
depends on the situation of the patient, on the localization of the relapse, and on
treatment previously received. In patients who have not received it previously, the
combination of IFX with etoposide is active: response rates of 80 %, the majority
partial and 12 % complete, have been described [151]. In addition, there are reports
of responses to the combination of cyclophosfamide with topotecan, with combined
rates of complete and partial remission of 35 % [160]. The combination of gem-
citabine and docetaxel has achieved objective responses in relapsed Ewing sarcoma
[161, 162]. High dose ifosfamide (3 g/m?/day for 5 days=15 g/m?) has shown activ-
ity in patients with relapse after therapy that included standard ifosfamide (1.8 g/
m?*/day for 5 days) [163]. Combinations of irinotecan and temozolomide with or
without vincristine are active in recurrent Ewing sarcoma and can be considered for
patients in relapse [164—166].

Aggressive attempts to control disease progression, including myeloablative regi-
mens, have been used, but there is no evidence at this time to conclude that myeloabla-
tive therapy is superior to standard chemotherapy. Treatments with high-dose
chemotherapy and rescue with hematopoietic stem cells have been applied by multiple
workgroups. The results are better if the procedure is carried out with the patient in com-
plete remission, or at least in a phase in which the disease is contained [106, 167, 168].

2.4.9 New Biological Approaches

In a search for new treatments, Mitsiades et al. [169], after demonstrating that
TRAIL (TNF-related apoptosis-inducing ligand) bound with the DR4 and DRS5 cel-
lular death receptors, found an elevated expression of DR4/DRS5 in samples of ES
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and high sensitivity to TRAIL in cell cultures. Given the low toxicity of TRAIL,
these authors suggested its use as an anti-tumoral agent.

Zhou et al. [170] maintain the theory that over-expression of the HER2/neu
oncogene is associated with tumorigenicity and resistance to drugs in many human
tumors. In three cell lines of human ES it has been demonstrated that the over-
expression of the HER2/neu gene can be reduced by transduction, using an adeno-
viral vector, with the gene E1A. In this way it is possible to increase the activity of
cytostatic agents and reinforce expression of topoisomerase II-alpha. Apoptosis is
increased in the tumoral cell lines, and there is improved sensitivity to etoposide and
Adriamycin.

The receptor for stem-cell factor/KIT could represent a new target for ES treat-
ments of the biological type. Of Ewing’s tumors, 44.5 % express KIT. Treatments
with the tyrosine kinase inhibitor of KIT, imatinib, induce a slowing down in the
phosphorylation of KIT and a dose-response inhibition of cellular proliferation.
Imatinib administered alone does not induce an important increase of cellular apop-
tosis, but it has been demonstrated that it increases the toxic action of cytostatic
agents such as vincristine and Adriamycin. Through this mechanism, imatinib could
play an important role in the treatment of ES [171].

Monoclonal antibodies against the insulin-like growth factor 1 receptor (IGF1R)
are reported to produce objective responses in metastatic recurrent Ewing sarcoma
in roughly 10 % of cases [172—175]. A phase I trial of IGFIR antibodies combined
with the mTOR inhibitor temsirolimus achieved two complete responses and three
minor responses in 17 patients with metastatic recurrent Ewing sarcoma [176].
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Chapter 3
Molecular Biology of Pediatric Bone Sarcomas

Ana Patifio-Garcia, Marta Zalacain-Diez, and Fernando Lecanda

Abstract Genetic studies can help in the diagnosis and treatment of pediatric bone
sarcoma patients as well as in the determination of prognosis for these patients. New
drugs and targeted therapies are currently under development as a result of recent
advances in molecular biology.

Keywords Osteosarcoma ¢ Ewing’s sarcoma ¢ Genetic alteration * Prognostic
marker * Tumor suppressor gene * Oncogene * Translocation

3.1 Osteosarcoma

3.1.1 Genetic Alterations

The molecular pathways involved in osteosarcoma development are complex, have
not been fully explored, and their implication in the development and prognosis of
this childhood tumor are not well understood. Even though certain clinical markers
are clearly associated with prognosis, the value of such markers is limited by the
fact that they only become evident in advanced stages of the tumoral process: devel-
opment of metastases, relapse and response to neo-adjuvant chemotherapy. It is
becoming imperative to find early molecular markers that allow for a more rational
use of chemotherapy, for the development of new effective treatments and for the
stratification of patients according to risk [1].
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In this chapter, we will give a concise description of the pathways most fre-
quently associated with osteosarcoma development and of the associated molecular
markers that have proved to be of prognostic value.

3.1.2 Cell Cycle Control

Alteration of the different components involved in cell cycle control, particularly
components of the p53 and retinoblastoma (RB1) pathways, seems to be the hall-
mark of the carcinogenic process underlying pediatric osteosarcoma: an alteration
in the p53 pathway, the RB1 pathway or both has been detected in most tumors [2].

3.1.2.1 The p53 Pathway

Alterations that lead to inactivation of the p53 tumor suppression gene are fre-
quently found in sporadic human tumors. The result is a loss of control of the cell
cycle and DNA repair mechanisms (Fig. 3.1). Although there is considerable pub-
lished evidence suggesting that the p53 protein has a role in the development of both
sporadic osteosarcomas and those associated with the Li—Fraumeni syndrome, [3,
4] the prognostic value of alterations in p53 has not been conclusively established
[5, 6]. The p53 protein is a tumor suppressor that gets activated upon DNA damage,
arresting proliferation and inducing senescence, differentiation or apoptosis. Losses
and deletions at the TP53 locus, at 17p13.1, are detected in 30-40 % of cases in
which p53 is altered, with an additional 10-40 % showing point mutations of the

DNA
reparation

ARF

(e}

Cyclin D1 \/

Fig. 3.1 Schematic representation of the cell cycle control mediated by TP53 and RB1
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gene. P53 can also be post-translationally affected by MDM?2, which either induces
p53 degradation and/or down-regulates transcription. This latter type of alteration,
being relatively infrequent, is an important marker of advanced stages of disease
(metastasis and recurrences) [2].

3.1.2.2 The RB1 Pathway

The cell cycle control pathway that includes the retinoblastoma gene, RB1, is fre-
quently altered in human tumors, especially in osteosarcomas [7] (Fig. 3.1). As
described later, the loss of genetic material affecting the long arm of chromosome
13 (13q14) is a frequent genetic event in primary osteosarcomas, and this fact was
interpreted to indicate the presence of a tumor suppressor gene at this chromosomal
location. This suppressor has turned out to be RB1 [8].

The RB1 encodes a tumor suppressor protein, pRB, which regulates cell cycle

progression (G1/S) by inhibiting E2F and other transcription factors of the same
family. Cell cycle regulation involves cyclins, cyclin-dependent kinases (CDKs)
and cyclin-dependent kinase inhibitors (CDKIs or CDKNs), and all of these
genes and proteins, as key parts of the pRB pathway for cell cycle control, are
often mutated or altered in osteosarcoma; examples include CDK4 amplification
(10 % of cases), amplification of PRIM1 (40 %), deletion of 9p21, where
CDKN2A/p16INK4, pl4ARF and CDKN2B/p15INK4B are located (in about
5-20 %) [2].
About 20-70 % of osteosarcomas have a hemizygous deletion affecting the RB1
gene [9, 10]. About 30 % have structural rearrangements 18 and about 10 % have
point mutations of the gene [11]. The presence of alterations at the RB1 locus
can be considered as an early marker of malignancy and of unfavorable progno-
sis and, in addition, RB1 alterations are more frequently encountered in high-
grade than in low-grade osteosarcomas [12, 13]. However, as with many of the
molecular markers of this specific tumor, this prognostic association is not
always found [14].

3.1.3 Growth Factors

1. Members of the WNT Family (Wingless-Type). The WNT signaling pathway con-
trols normal bone formation during embryogenesis and bone homeostasis in the
adult. Various publications describe research into this pathway in the context of
the osteosarcoma model. Recent data suggest that the WNT pathway may have a
paracrine and autocrine effect involved in the metastatic potential of osteosar-
coma, [15, 16] although these data remain to be reproduced.

2. Her-2/neu (Epidermal Growth Factor Receptor). Overexpression of this tyrosine
kinase is considered an indicator of poor prognosis in various types of carci-
noma, since it is related with tumor growth and the metastatic process. Her-2 is
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expressed in a proportion of osteosarcoma cases but, despite the implied involve-
ment of Her-2 in osteosarcoma, neither normal nor pathological levels of Her-2
expression have been unequivocally established and consequently the prognostic
value of Her-2 is still being researched; different reports present contradictory
results. However, Her-2 remains an attractive therapeutic target. To date, at least
one study of trastuzumab for the treatment of osteosarcoma has been completed,
and although the findings suggest that trastuzumab can be safely used with che-
motherapy in osteosarcoma, its therapeutic benefit remains uncertain. The
authors conclude that definitive assessment of trastuzumab’s potential role in
treating osteosarcoma would require a randomized study of patients with Her-2-
positive disease [17, 18].

There are many other genes of interest under investigation. One of these is ezrin,
which is a prototypical member of the ERM (Ezrin/Radixin/Moesin) protein family.
The encoded protein is involved in cell-to-cell interaction, in connecting the actin
cytoskeleton and the plasma membrane and in signal transduction. Overexpression
of ezrin promotes metastasis, probably by allowing metastatic cells to overcome the
controls and limitations imposed on them during the metastatic cascade and by
facilitating the cells’ interaction with the environment of the secondary, metastatic,
site: metastatic cells must rapidly adapt to their new environment in order to sur-
vive, and it seems that, through participation in processes such as the translation of
new proteins and the generation of ATP, ezrin expression could be related to this
cellular adaption [19].

The fact that the timing of the peak incidence of osteosarcoma overlaps with that
of the pubertal growth spurt may indicate that insulin-like growth factor-I (IGF-I)
and its receptor play a role in the pathogenesis of this disease. The IGF-I growth
factor acts as a mitogen on both murine and human osteosarcoma cells, and osteo-
sarcoma cell lines are dependent on IGF-I for in vitro growth. It has been hypothe-
sized that even in osteosarcoma patients whose levels of IGF-I and its binding
protein (IGFBP3) are not increased, other members of the IGF-I axis could be
involved in the development and progression of osteosarcoma [20, 21].

3.1.4 Angiogenesis

The vascular endothelial growth factor (VEGF) stimulates microvascular growth
and has a clear role in the development of certain tumors (such as those of the
breast and colon) by increasing the supply of nutrients and blood to them. The use
of anti-angiogenic agents (inhibitors of the VEGF pathway) is controversial in the
case of osteosarcoma, and reports show contradictory results [22, 23]. Therefore,
the utility of this and other related molecules (for example, pigment epithelium
derived factor [PEDF]) as therapeutic targets in osteosarcoma have yet to be deter-
mined, as have the synergic effect of these molecules with chemotherapy. Studies
are already in progress [24].
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3.1.5 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are enzymes that are physiologically involved
in tissue remodeling and angiogenesis. Excessive production of MMPs, whether as
a result of increased transcription of coding genes or as a result of a lack of inhibi-
tors, is important in the process of invasion and metastasis. MMP9, a member of this
family, seems to have a prominent role in bone remodeling diseases like osteosar-
coma, and several publications have shown that MMP9 overexpression in osteosar-
coma is a factor indicating poor prognosis (with an increase in metastatic potential
and reduced overall 5-year survival) [25, 26]. MMP9 can be repressed by a variety
of molecules, a fact that makes it an interesting target for attempts to decrease the
invasive potential of tumor cells. Indeed, this effect has been demonstrated in ani-
mal models and cultured cells.

3.1.6 P Glycoprotein

P glycoprotein (P-gp), which is coded by the multidrug resistance 1 (MDR1)
gene, is a membrane molecule involved in drug transport. For more than a decade,
P-gp overexpression has been known to be a negative prognostic factor in osteo-
sarcoma [27]. There are various reasons for this, one of them being that P-gp is
what makes osteosarcoma cells resistant to doxorubicin, a prime cytostatic drug in
the standard chemotherapy for this pediatric tumor [28]. Some authors have iden-
tified a link between P-gp and p53 overexpression. As described above, the p53
molecular pathway is another pathway frequently altered in osteosarcomas.
According to this model, patients whose tumors have co-overexpression of P-gp
and p53 would have significantly reduced survival and a more unfavorable
Enneking stage [29].

3.1.7 Chromosomal Alterations

Conventional karyotype analyses show that, as a general rule, osteosarcomas have
complex altered karyotypes with multiple numerical and structural aberrations; this
is mostly due to an elevated rate of chromosomal instability (CIN) involved in the
pathogenesis of osteosarcoma. The most frequently encountered alterations in pri-
mary tumors (as opposed to cell lines) are the duplication or gain of chromosome
arms 1p, 1q, 6p, 8q, and 17p; and the loss of chromosomes or chromosome arms 3q,
6q, 9, 10, 13 (RB1 locus), 17p (TP53 locus), and 18q [30]. In general, regions fre-
quently found to be deleted or lost are suspected to contain tumor suppressor genes,
while genomic regions that are duplicated, gained or amplified are suspected to
contain oncogenes [2, 31].
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Metaphase comparative genomic hybridization (CGH) has proved a useful, high-
resolution tool to unveil and characterize complex karyotypes, and studies based on
CGH have identified high copy number regions or amplifications at 8q12-q21.3,
8922-q23 (MYC gene) and at 17p11.2-17p12 [31]. The chromosomal regions that
are more frequently gained or lost have been carefully identified and reviewed [32—
34]. Work by Ozaki and colleagues establishes that the gain or loss of some of these
regions, either as isolated aberrations or as specific combinations, might have prog-
nostic value [35].

3.1.8 New Identification Studies, GWAS

Recently, new approaches such as genome-wide association studies (GWAS) have
been applied to identify genes potentially involved in osteosarcoma. An interna-
tional, multi-institutional collaborative study of osteosarcoma performed a GWAS
including 941 osteosarcoma cases and 3291 cancer-free adult controls. The study
found two regions of susceptibility: 2p25.2, an apparent desert region, and 6p21.3,
containing the metabotropic glutamate receptor 4 (GRM4) gene. Although further
studies are needed, GRM4 seems to be a significant gene in osteosarcoma and even
a plausible candidate gene for the disease, and it is expressed in osteoblasts and
osteoclasts. GRM4 has been implicated in intracellular signaling by inhibition of
the cAMP cascade. In mice, a gene with similar function (Prkarla) is an osteosar-
coma tumor suppressor gene involved in tumorigenesis [36].

3.2 Ewing’s Sarcoma Tumors

3.2.1 Introduction

Tumors within the Ewing’s sarcoma family (EFTs) constitute the second most frequent
type of bone-/soft- tissue sarcoma in children and adolescents [37, 38]. The family
comprises classical Ewing’s sarcoma, peripheral primitive neuroectodermal tumors,
and Askin’s tumor, all of which are highly aggressive and frequently metastatic [39].
Tumors often appear in tubular bones of the appendicular skeleton (58 %), although
they also arise in the axial skeleton (33 %) and at extraosseous sites [40]. Histologically,
Ewing’s tumors are characterized by the presence of small round cells with prominent
and regular nuclei containing inconspicuous nucleoli, indistinct cytoplasm [38] and
various degrees of neural and endothelial differentiation [41].

Until the advent of differential molecular techniques, an unambiguous diagnosis
required experienced pathological assessment. None of the markers used in conven-
tional immunohistochemistry showed complete specificity. The transmembrane
glycoprotein MIC2/CD99, the most specific marker so far, is expressed in more than
98 % of EFTs [42].
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Other tumors, including thabdomyosarcoma and lymphoblastic lymphoma, also
have immunohistochemical markers. Depending on the degree of neuroectodermal
differentiation, EFTs may express neural markers, including S-100 synaptophysin,
neural-specific enolase, CD57 and various neurofilaments [43]. Currently, the best
tools for diagnosis are fluorescence in situ hybridization and RT-PCR with a combi-
nation of primers targeting the underlying chromosomal translocations [44].

Much of the progress over the last few decades has concerned improved patho-
logical definition and staging [45]. Despite a parallel improvement in treatment by
multi-modal combination of surgery with chemo- and radio- therapy, the 5-year
survival rate has remained close to 50 % for patients with primary tumors [46] and
only 25 % for patients with lung metastasis; the prognosis for patients with bone or
bone marrow metastasis is even worse [47]. The tumor also exhibits a strong ten-
dency to metastasize through hematogenous spread to the lungs and frequently to
the skeleton. In addition to the stage, location and size of the tumor, metastasis is a
reliable indicator of poor prognosis.

3.2.2 Molecular Biology

The demonstration that fusion proteins were the “culprits” of the transforming
events giving rise to hematological malignancies provided a strong rationale for
research into the role of fusion proteins in other tumors. EFTs belong to a growing
family of sarcomas characterized by specific reciprocal chromosomal transloca-
tions, which generate fusion genes: the neoplasm has a relatively simple cytogenetic
background [48]. At present, more than 15 different fusion proteins have been iden-
tified in EFTs. Chromosomal translocation t(11;22) q(24;q12) produces gene
fusions between the amino terminus domain of EWS and the C-terminal region of a
member belonging to the ETS family of transcription factors. Fusions resulting
from this translocation give rise to transcription factors that function in an aberrant
manner and can drive transformation in a permissive cellular context.

In 85 % of Ewing’s tumors, it is the Friend Leukemia Integration 1 transcription
factor (FLI-1) that is the EWS partner that accounts for the different fusion subtypes
observed [49]. Depending on the juxtaposed exons assembled by EWS and FLI-1
breakpoints, several subtypes have been described. Most tumors contain EWS/
FLI-1 fusion types 1 (60 %) and 2 (25 %), which have been associated with different
clinical features and prognosis [50, 51]

The FLI-1 gene displays a restricted pattern of expression: it is expressed mainly
in hematopoietic cells, and to a lesser degree in heart, lung and ovaries [52]. During
development, FLI-1 is also expressed in cells of neural crest-derived mesenchymal
lineage and endothelial cells, which is consistent with its known role in angiogen-
esis and hematopoiesis [53].

In contrast to FLI-1, the EWS gene encodes a ubiquitously expressed protein
that belongs to the TET family of RNA binding proteins [49, 54]. The TET family
also includes TAFII68 (or TAF15) [55, 56] and FUS (or TLS), [57] both of which
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share similar structural domains with EWS and have been found to form gene
fusions with non-ETS transcription factors, giving rise to non-Ewing sarcomas
such as myxoid liposarcomas, [58] myxoid chondrosarcomas [59] and desmoplas-
tic small round-cell tumors, [60] with different histopathological features. EWS
contains three arginine—glycine—glycine (RGG) rich motifs that participate in RNA
synthesis and processing through interaction with proteins of the basal transcrip-
tion machinery; these proteins include TFIID, RNA polymerase II [61, 62] and
coactivators such as CBP/p300 [55, 54]. In addition, proteins in the TET family
interact with splicing proteins. Indeed, EWS/FLI-1 has been shown to bind with
the splicing factor U1C and subsequently to modulate splicing activity [62—64].
EWS interaction with other proteins has also been described, for example, with
BARDI, although the relevance, if any, of this to tumorigenesis has not been
elucidated [65].

Most research into EWS has focused on its function as a transcription factor. The
amino terminal domain of EWS contains a glutamine-rich N-terminal region con-
taining a potent transcriptional activation domain [66, 67] that, when fused to the
DNA-binding domain of FLI-1, generates an aberrant but active transcription factor
capable of specifically binding DNA [68]. Since the majority of fusion subtypes do
not encompass the RGG domain, there has been less research into the effects of
EWS-ETS fusions on RNA synthesis. All members of the ETS family of transcrip-
tion factors are characterized by a common DNA-binding domain. Fusions of EWS
with other ETS family members have been described, [69] including fusions with
ERG (in 10 % of Ewing’s tumors) [70] and with other, more rare, partners such as
ETV1, [71] ETV4 [72] and FEV [73]. The fact that different combinations of EWS/
ETS give rise to Ewing’s tumors of similar histopathology suggests that the potent
transactivation domain of EWS, through interaction with other unknown proteins, is
critical for transformation.

Complementary to this view, the DNA binding domains of ETS proteins are
highly homologous and all recognize targets containing a similar core sequence.
Therefore, despite their differences, all EWS—ETS fusion proteins can be expected
to act in a similar manner that involves disruption of a tightly regulated pattern of
gene transcription, resulting ultimately in the formation of Ewing’s tumors.

3.2.3 The Oncoprotein EWS/FLI-1 as a Paradigm

The discovery of EWS/FLI-1 underscores the attractiveness of an approach to
research based on seeking to reveal common mechanisms in many tumors arising
from specific translocations. Depending on the cellular background, EWS/FLI-1
induces a variety of responses that include transformation, senescence, differentia-
tion, and cell lineage commitment. The presence of neural markers in Ewing’s
tumor cells and the diverse sites of tumor origin have frequently led to the assump-
tion or hypothesis that EFTs develop out of a cell type that possesses the potential
to differentiate into multiple lineages.
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In vitro experiments revealed that the chimeric EWS/FLI-1 acts as a potent
repressor of normal cell fate. In murine primary marrow-derived stromal cells,
EWS/FLI-1 represses osteogenic and adipogenic programs [74, 75]. Similarly,
myogenic differentiation was suppressed by the chimeric protein in a murine multi-
potent mesenchymal cell line [74]. In contrast, in other cellular backgrounds, EWS/
FLI-1 dictates cell lineage commitment by redirecting cells towards a neural-like
phenotype [76]. Differentiation towards the neuroectodermal phenotype typical of
Ewing’s tumors, with the acquisition of a small round cell morphology, has been
obtained in a fibroblastic cell line [77]. Similarly, in neuroblastoma, Hela, and rhab-
domyosarcoma cell lines, the forced expression of EWS-FLII resulted in the acqui-
sition of neural phenotypic traits [78]. Consistent with the role of FLI-1 during
development, in a separate rhabdomyosarcoma cell line, the expression of neural
crest phenotypic markers was induced by EWS/FLI-1 [79].

In addition to repression of normal cell fate, EWS/FLI-1 is thought to induce cell
specific oncogenesis in a transformation-permissive cellular background. However,
many cell lines, including Rat-1 fibroblasts, Ncm1, CTR, and the NIH 3 T3-derived cell
line YAL-7, have been found to be refractory to transformation [80]. Single-step onco-
genesis has been reported in murine primary cells [66, 77, 81, 82]. This finding can be
attributed to a better transformation potential of rodent cells compared to human cells
[83, 84]. In a study by Castillero-Trejo et al., tumorogenicity increased with cell passage
in culture and other secondary events, including p53 deletion [81]. Murine bone-derived
cells expressing EWS/FLI-1 showed formation of sarcomatous tumors in syngeneic
mice. Riggi et al. reported that a single event of transduction with EWS/FLI-1 was suf-
ficient to reconstitute the hallmarks of Ewing sarcoma genesis in a murine model [82].
In contrast, Riggi et al. were unable to reproduce the corresponding findings in primary
human cells [85]. Studies of a human model have recently provided strong experimental
evidence that the originating cell type is of mesenchymal lineage [86].

Why is it easier to induce tumorigenesis in mouse cells than in human cells? In
the mouse, background tumor suppressor pathways, including p16/p19 and p53,
may be overcome by unknown factors. In human cells, however, additional muta-
tions may be required to circumvent the strong tumor suppressor program. Indeed,
other cytogenetic events [87] and additional mutations have been found in 20-30 %
[88-90] of human Ewing’s tumors. An alternative suggestion recently put forward
is that the cancer-initiating cells that are able to sustain tumor growth in vivo in
humans may actually be deregulated progenitor cells present in adult tissues [91,
92]. It is possible that the target for the transformation event driven by EWS/FLI-1
is an as yet unidentified progenitor cell.

3.2.4 Target Genes

One of the main goals in the study of the genesis of Ewing sarcoma has been to
identify downstream target genes regulated by EWS/FLI-1. Global transcriptome
analysis in combination with other techniques has elucidated several genes involved
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in the genetic program driven by the fusion protein. The genes found are involved
in neural differentiation, cell proliferation and anti-apoptotic functions. However,
because the studies differ significantly in terms of cellular model, it has been diffi-
cult to discern which EWS/FLI-1-responsive genes are associated with the initiation
and maintenance of tumors.

The most compelling identified target of EWS/FLI-1 is the gene coding for the
homeodomain protein NKX2.2, [93] which is transcriptional repressor involved in
neural cell differentiation. Induction of NKX2.2 is necessary for oncogenic trans-
formation and represents a potential Ewing diagnostic marker. The protein’s strong
repressive function is mediated by a HDAC-dependent mechanism [93, 94].

Id2, a helix—loop-helix transcription factor without the DNA-binding domain, has
been found to be upregulated by EWS/FLI-1 in Ewing’s tumors. Through interaction
with a variety of cell cycle proteins including p21 and Rb tumor suppressors, [95, 96]
Id2 is able to promote cell proliferation. Other potential target genes transcriptionally
upregulated by EWS/FLI-1 include PDGF-C, [97] which is expressed in more than
60 % of tumors, CCNDI1 [98, 99] and c-Myc [100, 101].

hTERT, the catalytic subunit of telomerase and one of the hallmarks of many
Ewing’s tumors, has been found to be upregulated in approximately 80 % of Ewing’s
samples. The upregulation is an indirect effect of EWS/FLI-1 [102] through the
recruitment of an unknown ancillary protein. Similarly, key tumor suppressors such
as p57, [100] p21 [103] and TGFBRII [104, 105] were found to be downregulated
in Ewing’s tumors. Interestingly, IGFBP-3 is a direct target of the fusion protein:
EWS/FLI-1 binds to the IGFBP-3 promoter both in vitro and in vivo, [106] and the
consequent repression leads to increased Akt activity and decreased apoptotic activ-
ity. Similarly, the IGF-1/IGF-1R axis, which is frequently required for Ewing’s
tumor cell growth, promotes cell survival through the Akt pathway [107, 108].
Different pharmacological strategies targeting IGF1R are currently being explored
for the treatment of Ewing’s tumors [109, 110].

Recently, the combination of the techniques of transcriptome analysis with high
throughput chromatin immunoprecipitation analysis has validated previous research
on EWS/FLI-1 by identifying previously reported genes (NKX2.2, ID2 and
CCND1) and has also found additional relevant targets, including NROB1 [111-—
113] and GAS1. The role of these targets in Ewing sarcomagenesis is yet to be
determined.

The complexity of the EWS/FLI-1 -induced program is underscored by the dis-
ruption of gene regulatory circuits as a direct result of induction or repression of
enhancers: oncogenes are activated by a remodeling of the patterns of chromatin.
Such oncogenes represent novel potential therapeutic targets, an example being the
kinase VRK1 [114]. EWS/FLI-1 has also been shown to regulate alternative splic-
ing [115] and to be itself regulated by a long piece of non-coding RNA: RNA-277
(Ewing sarcoma-associated transcript 1 [EWSAT1]) [116].

Massive DNA sequencing has revealed frequent somatic mutations in the follow-
ing genes: STAG2 (17 %), CDKN2A (12 %), TP53 (7 %), EZH2, BCOR, and
ZMYM3 (2.7 % each) [117, 118]. Interestingly, concurrent mutations in STAG2
and TP53 are associated with poor prognosis [118].
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3.2.5 Future Directions

The experimental platforms developed in EFT research hold the potential to resolve
many big questions regarding the development of both EFTs and a variety of other
sarcomas. Despite the remarkable progress over the last two decades, there are still
several areas that have not been rigorously addressed. Amongst these are the clear
definition of the permissive cell and the specific time and micro-environment
required for transformation. Similarly, the critical molecular events driven by the
chimeric EWS/FLI-1 protein to initiate and maintain Ewing’s tumors remain to be
systematically dissected in an appropriate model. To this end, an animal model faith-
fully reproducing the spatiotemporal development of Ewing’s sarcomas would be an
invaluable tool. Only with precise knowledge at the cellular and molecular levels can
we expect to elucidate the critical target gene or genes of the EWS/FLI-1 protein.
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Chapter 4
Limb Salvage in Skeletally Immature Patients
with Extremity Sarcoma

Mathew J. Most and Franklin H. Sim

Abstract The different types of limb salvage procedures can be classified as bio-
logic (i.e. autograft, allograft), non-biologic (i.e. megaprosthesis, expandable pros-
thesis), or combination (i.e. allograft-prosthetic composite). Each of these types has
its own indications, as well as advantages and disadvantages. In skeletally immature
patients, there are several considerations to be into account.

Keywords Bone sarcoma ¢ Limb salvage ¢ Allograft » Megaprosthesis ® Expandable
prosthesis

4.1 Introduction

Primary bone and soft tissue sarcomas are rare in children [21, 22]. In the United
States, the average annual incidence of cancer of the bone in children under the age
of 20 is 8.7 per million. This amounts to approximately 650—700 new malignant
bone tumors per year in children and adolescents. Almost two-thirds of these cases
are of osteogenic sarcoma, and most of the remaining one-third are cases of Ewing’s
sarcoma [21]. Overall, these cases account for 6 % of all pediatric malignancies [27].
Over the last 3040 years, great advances have been made in the diagnosis and
treatment of these conditions. Improvements in imaging, chemotherapy, and surgical
technique have increased 5-year survival from historical rates of 10-20 % to current
rates of 60—70 % [3, 48]. This, in turn, has led to increasing interest in preserving a
functional limb for the patient [36, 45, 48]. Forty years ago, approximately 80 % of
pediatric patients with an extremity sarcoma would have been treated with an ampu-
tation. Now, 80-90 % of patients can undergo a limb-sparing procedure [27, 32].
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4.2 General Considerations

Limb salvage surgery in the pediatric population presents unique challenges. These
include the smaller size of a young patient’s skeleton; the growth potential of the
unaffected leg and eventual limb length discrepancy; and the need for a durable
reconstruction that can withstand the high activity levels and long life expectancies
in these younger patients [33].

The most common locations for these malignant bone lesions include the distal
femur, proximal tibia, and proximal humerus; approximately 75 % of these tumors
occur near a physis [10]. Resection of these tumors therefore often entails excision
of the physis (or multiple physes) as well, which can have a significant effect on the
remaining growth of the salvaged extremity. In the lower extremity, 60-70 % of
limb growth occurs around the knee (distal femoral and proximal tibial physes), and
80 % of the growth of the humerus occurs at the proximal physis [1, 4]. As such,
after treatment of these tumors, a significant limb length discrepancy can develop.

Leg length discrepancies of less than 2 cm in the lower extremities are well-
tolerated, with little to no functional or clinical significance. These can often be
treated with shoe modifications (i.e. shoe lifts) alone. If a predicted limb length
discrepancy will be less than 2 cm, the affected leg can be slightly over-lengthened
by a centimeter or so at resection and reconstruction to compensate as well. In the
still-growing child, predicted discrepancies of 2—4 cm can usually be treated with
epiphysiodesis of the contralateral extremity or lengthening procedures on the
involved side. However, predicted leg length differences of greater than 4 cm gener-
ally require other types of procedures, and often multiple interventions, to achieve
similar ultimate limb lengths [17, 33].

Therefore, a relative contraindication to limb-sparing surgery is very immature
skeletal age (<8 years old), as patients this young would have a very large antici-
pated limb-length discrepancy, likely requiring multiple operations over many years
to minimize the length difference, with each procedure entailing the inherent risks
of surgery [48]. However, San-Julian and colleagues reported on a series of 40
patients under the age of ten treated with physeal-sparing limb salvage for extremity
sarcoma. Their overall survival rate was 75 % at final follow-up, with 90 % of the
patients retaining their extremity [47]. Moreover, newer expandable prostheses,
which do not require surgery or anesthesia to lengthen, may facilitate limb salvage
in this age group.

4.3 Types of Limb Salvage Procedures

The types of limb salvage procedures can be classified as biologic (i.e. autograft,
allograft), non-biologic (i.e. megaprosthesis, expandable prosthesis), or combina-
tion (i.e. allograft-prosthetic composite) [1]. Each of these types has its own indica-
tions, as well as advantages and disadvantages.
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4.4 Biologic Reconstruction

Biologic reconstructions utilize autograft and/or allograft bone to fill in defects sub-
sequent to tumor resection, and rely on bone to bone healing for ultimate stability.
For metadiaphyseal tumors, often an intercalary resection and reconstruction can be
performed (allograft, autograft, or combination), salvaging the joints above and
below the tumor. If the tumor encroaches upon or involves the joint, then osteoar-
ticular allograft remains an option for biologic reconstruction.

Another important consideration is the location of the tumor relative to the phy-
ses of the involved bone. If the tumor resection involves removal of one or more
physes, then limb length discrepancy can be problematic if significant skeletal
growth potential remains. This may have to be addressed with lengthening proce-
dures on the involved side and/or epiphysiodesis or shortening procedures on the
contralateral extremity.

4.4.1 Intercalary Allografts

Massive allografts have a long history of use in reconstruction after tumor resection
in adult patients, with generally good results. A long term study of 104 intercalary
allograft procedures performed at the Massachusetts General Hospital (adult and
children) and published in 1997 reported an overall success rate of 84 % at an aver-
age follow-up of 5.6 years (Figs. 4.1 and 4.2) [42].

In 1995, Alman and colleagues reported a review of 26 pediatric and adolescent
patients who underwent tumor resection and massive allograft reconstruction.

Fig. 4.1 Anteroposterior (AP) radiograph of the knee,
demonstrating osteosarcoma of the proximal tibia in an
11 year-old




78 M.J. Most and F.H. Sim

Fig. 4.2 The same patient as in Fig. 4.1, following
resection of the proximal tibial osteosarcoma and
reconstruction with an osteoarticular allograft

Eighteen of the 26 patients had an excellent or good result at final follow-up, and
88 % of patients with a lower extremity reconstruction that survived their disease
retained their allograft at final follow-up. However, complication rates were high.
At least one complication occurred in 77 % of the patients (not including limb-
length discrepancy). Allograft fractures occurred in 54 %, and the infection rate was
12 %. Two of the three patients who developed infection went on to amputation.
Four patients (15 %) developed a non-union; each was treated with an additional
autologous bone grafting procedure, and each went on to heal within 12 months. A
limb-length discrepancy over 2 cm occurred in 60 % of patients with lower extrem-
ity reconstruction. The authors concluded that, although the complication rate was
higher than in adults, allograft reconstruction was a useful option in younger patients
in whom limb-length discrepancy would be predicted to be mild, or those discrep-
ancies that could be easily treated [2].

More recently, Musculo and colleagues published a series of 22 patients under
the age of ten who had massive allografts placed after sarcoma resection (13 inter-
calary and 9 osteoarticular). At latest follow-up, three patients died of their disease,
one patient had a subsequent amputation, and 18 patients were alive and had retained
their limb. Fifteen of those 18 retained their original allograft. Eight complications
occurred which required repeat surgeries (3 local recurrences, 3 fractures, 1 infec-
tion, and 1 nonunion); 4 of the 8 had their original allograft preserved. Mean
Musculoskeletal Tumor Society (MSTS) functional scores and International Society
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of Limb Salvage radiographic scores were 27 % and 94 %, respectively. Four
patients that had both physes preserved had no limb length discrepancy at final fol-
low-up. Fourteen patients that had resection of one physis with their tumor had a
mean leg length discrepancy of 2.1 cm at latest follow-up. The authors therefore
concluded that allograft reconstruction was an acceptable technique in young chil-
dren with extremity sarcoma [37].

4.4.2 Osteoarticular Allografts

Osteoarticular allografts tend to do less well than intercalary allografts, and this is
generally due to degeneration of the allograft articular surface secondary to chon-
drocyte cell death and subchondral bone resorption and collapse [23, 35]. Musculo
and colleagues reported on a series of 76 adult and pediatric patients with a tumor
of the distal femur that underwent a resection and reconstruction with a distal femo-
ral osteoarticular allograft. Overall allograft survival was 78 % at both 5 and 10
years, and the rate of allograft survival without the need for joint resurfacing was
71 % at both 5 and 10 years. However, 35 % of patients did have radiographic evi-
dence of joint degeneration [38].

In another large series of osteoarticular allografts, Mnaymneh and co-authors
reported on a series of 96 patients (adult and pediatric) who underwent distal femo-
ral osteoarticular allograft reconstruction after resection of benign or malignant
tumors. Overall complications included a fracture rate of 14 %, nonunion rate of
12 %, and infection rate of 6 %. Clinically significant arthritis developed in 10 %,
and instability in 7 %. Significant differences were seen in the results based upon
whether or not the patient had received chemotherapy. The overall complication rate
in the chemotherapy group was 47 %, compared to 30 % in those patients who did
not undergo chemotherapy. In patients who had received chemotherapy, the infec-
tion rate was 13 % (versus 2 % without chemotherapy), and the nonunion rate was
23 % (versus 6 %). The modified Mankin classification system was utilized to grade
the functional results. Of the patients who did not receive chemotherapy, 70 % had
good or excellent results, 26 % had fair results, and 4 % had poor results. In contrast,
for those patients who underwent chemotherapy, only 53 % had good or excellent
results, 37 % had fair results, and 10 % had poor results. Although the complication
rates were high, the authors felt that osteoarticular allograft reconstruction was a
viable option, in which most of the complications could be treated adequately [35].

4.4.3 Autografts

While the aforementioned studies, and others, show that massive allografts are use-
ful in pediatric bone sarcoma reconstructions, these procedures are associated with
relatively high complication rates. The three most common complications
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associated with massive allograft reconstruction include infection, nonunion, and
fracture. These complications are likely related to the avascular status of the allograft
bone [36]. In an effort to reduce these complication rates, free vascularized fibula
autografts have been used to reconstruct segmental defects after sarcoma resection.
The vascularized fibula graft brings well-perfused bone to the site that is capable of
osteogenesis. However, being of smaller diameter, it usually lacks the mechanical
strength of large allografts. The fibular autograft will grow, hypertrophy, and
remodel over time, but this takes a considerable amount of time, and repeated stress
fractures may require repetitive prolonged immobilization [36].

Chen and colleagues from the Memorial Sloan Kettering Cancer Center reported
on a series of 25 consecutive patients (adult and pediatric) treated with a vascularized
fibular free flap after limb-sparing resection of extremity sarcomas. All flaps survived
to final follow-up. The infection rate was 12 %. Uncomplicated bony union occurred
in 78 % within 6 months. After secondary bone grafting procedures, 93 % ultimately
went on to union. According to MSTS functional scores, all patients who went on to
union had good functional results. Eight patient (32 %) developed local recurrence or
metastasis, and ultimately six died of their disease. Two of the pediatric patients in the
series went on to develop significant leg length discrepancies, both of which had suc-
cessful limb-lengthening procedures. Based on these results, including lower infection
and nonunion rates, the authors recommended vascularized fibular autografts as the
reconstruction of choice for long segmental bone defects after tumor resection [11].

4.4.4 Allograft/Autograft Combination

In order to combine the mechanical advantages of massive allograft with the bio-
logic advantages of a vascularized fibula autograft, Capanna and colleagues
described a technique of reconstruction that utilizes both a large structural allograft
in conjunction with a vascularized fibula [9]. Moran and colleagues from the Mayo
Clinic reported on a series of seven pediatric and adolescent patients with extremity
sarcoma who were treated with limb salvage using this reconstructive technique
(Figs. 4.3, 4.4a, b, and 4.5). The mean follow-up time was 36 months. All seven
patients retained their limb at final follow-up. Fibular autograft healing occurred by
an average of 4 months, while allograft —host healing tended to take longer, and
averaged 9 months. Two cases required secondary bone grafting procedures to
obtain union at the allograft-host junction. There were no infections noted during
the study period. Two patients developed allograft fractures over 2 years after pri-
mary surgery. Both fractures were successfully treated with internal fixation (one
also had bone grafting at the time of fracture repair). Four patients had significant
limb length discrepancies — two patients with discrepancies less than 2.5 cm were
treated with shoe lifts, while two patients with larger discrepancies were treated
with contralateral epiphysiodesis and limb shortening procedures. According to the
modified Mankin functional classification, there were four excellent results and
three good results. These results led the authors to conclude that the Capanna tech-
nique is a reliable reconstructive option, and is especially well-suited for the younger
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Fig. 4.3 AP x-ray of the tibia, showing a
lytic lesion in the proximal tibia of a
14-year-old female with soft tissue
extension. Biopsy showed osteosarcoma

Fig. 4.4 (a, b) Coronal (a) and axial (b) MRI images of the patient in Fig. 4.3 following biopsy,
showing medullary involvement and soft tissue extension

patient, whose higher activity demands and longer life span make allograft fracture
and infection a more likely issue [36].

Canadell and San-Julian have described an innovative technique that can improve
the achievement of a safe surgical margin while helping to preserve the native joint
surface in certain appropriately selected children. Most pediatric bone sarcomas
occur in the metaphysis, but the physis can serve as a physical barrier to tumor
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Fig. 4.5 Lateral x-ray of the patient in Figs. 4.3 and 4.4,
following resection through the epiphysis sparing the
articular surface. Reconstruction was carried out with an
intercalary allograft and intramedullary vascularized fibular
graft. A locking plate was utilized for fixation

spread. Cafiadell and San-Julian have been able to achieve preservation of the
epiphysis by performing epiphysiolysis with an external fixator to provide distrac-
tion across the physis of 1-1.5 mm per day. This can be performed while the child
is receiving his or her neoadjuvant chemotherapy. High quality imaging is required
to determine the exact margins of tumor extension [8].

4.5 Prosthetic Reconstruction

Non-biologic reconstruction after resection of an extremity sarcoma involves the
placement of a prosthesis to replace the resected bone. The advantages of this tech-
nique include better initial fixation which can allow earlier weight-bearing, more
predictable function, and lower risk of early complications [1]. Current implants
incorporate a modular design, which allows the prosthesis to be assembled to match
the defect created at the time of surgery. Additionally, a variety of stem lengths and
diameters allow for greater intraoperative flexibility, with cemented and uncemented
designs available. Prosthetic designs exist to replace the proximal humerus, proxi-
mal femur, distal femur, entire femur, and proximal tibia.

4.5.1 Standard Prostheses

In older children, who are nearing the end of their skeletal growth, a standard, static,
adult-type endoprosthesis can be employed, if the expected leg-length discrepancy
will be less than 2-3 cm [1]. Additionally, in tumors that occur about the knee, some



4 Limb Salvage in Skeletally Immature Patients with Extremity Sarcoma 83

growth can still be obtained from the remaining physis (i.e. the proximal tibia in
distal femur tumors, and vice versa), by placing an uncemented component through
a central hole in the physis that would allow the prosthetic stem to slide as the bone
continues to grow around it. The distal femoral or proximal tibial physis can then
continue to grow without angular deformity, but at a slower rate. The proximal tibia
can achieve approximately 80 % of normal growth compared to the contralateral
leg, whereas the distal femur can achieve about 60 % [1, 18].

Standard non-expandable endoprostheses have been used for several decades in
adult patients, and have also been utilized in pediatric patients who are nearing
skeletal maturity. They have a very good overall track record. In a review of 25
patients (adult and pediatric) treated with a proximal femoral endoprosthetic hemi-
arthroplasty, the 10-year prosthesis survival rate was 86 %. There was one deep
infection that was successfully treated with irrigation and debridement and retention
of the components; one prosthetic dislocation; and one local recurrence. Three
patients had significant acetabular wear, and were planning to undergo acetabular
replacement. In each case, the abductor tendons were affixed to the prosthetic tro-
chanter. Some degree of Trendelenburg limp was present in 92 % of patients (mild,
56 %; moderate 16 %; severe, 20 %). Functional outcome was excellent or good in
68 %, fair in 28 %, and poor in 4 % [14].

4.5.2 Expandable Prostheses

Early endoprostheses were static devices that did not allow for lengthening or growth
through the device itself. In order to minimize significant limb length discrepancies
in younger patients, subsequent procedures were often required to either lengthen the
ipsilateral extremity (i.e. distraction osteogenesis), or to slow the growth of or even
shorten the contralateral extremity (i.e. epiphysiodesis, shortening osteotomy). In the
1970s and 1980s, endoprosthetic devices began to incorporate designs that would
allow lengthening of the prosthesis itself to allow the affected limb to keep pace with
the contralateral limb. The first advance that allowed lengthening was the introduc-
tion of modularity. A modular prosthesis could be lengthened by exchanging a mid-
body segment of the prosthesis for a longer segment, without the need to revise the
entire prosthesis. However, this expansion would require a sizable operative expo-
sure, with excision of the pseudocapsule that forms around the prosthesis, in order to
perform this type of exchange lengthening. Complications including neurovascular
injury, joint stiffness, and infection were not uncommon with these procedures [15].

Later expandable prostheses incorporated designs that would allow for less inva-
sive lengthening procedures over time. These designs worked via one of several
mechanisms to allow lengthening, including exchangeable C-collars, ball-bearings,
or worm drives. With several of these newer prostheses, expansion procedures could
be performed in a percutaneous fashion through a stab incision under fluoroscopic
guidance, whereby a screwdriver could be inserted into the lengthening mechanism
to expand the prosthesis [1, 4, 6, 15, 18, 40].
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In 2000, Eckardt and colleagues published a series of 32 endoprostheses that
were implanted following malignant bone tumor resection, which could be length-
ened by exchanging modular mid-body segments. Over the 12 years that encom-
passed the study period, four different prosthesis designs were employed. At the
time of publication, half of the patients had undergone at least one lengthening
exchange procedure. In the 16 patients that had at least one lengthening procedure,
a total of 32 lengthening procedures were performed. Eighteen of the original 32
patients had a total of 27 complications. These complications included aseptic loos-
ening (5 patients), temporary nerve palsy (4 patients), prosthesis collapse or
mechanical failure (6 patients), and local recurrence (2 patients). There were no
infections noted. Three patients required an operative intervention for knee flexion
contractures [15].

Proximal tibia replacements are often associated with even higher rates of com-
plications, most often due to problems with wound breakdown and infection, and
due to the challenges in restoring the extensor mechanism. The group from
Birmingham, England reported on a series of expandable proximal tibial prostheses
in 20 patients in 2000. Five patients died of their disease, and four others underwent
above-knee amputation for complications (2 for local recurrence and 2 for infec-
tion). There were seven infections, of which five seemed directly related to open
lengthening procedures. The authors determined the risk of infection to be 5.1 % per
lengthening procedure, and at 10 years the overall risk of infection was 68 %. The
patients in the study underwent an average of ten operations, from initial biopsy and
prosthesis implant, to lengthenings and procedures to address complications (i.e.
knee and ankle manipulations, contracture releases, periprosthetic fractures).
However, at final analysis, the average MSTS score was 83 %, and the mean leg
length discrepancy was 10 mm. Most patients had a mild to moderate extensor lag,
as well as some limitation in knee flexion, which is not dissimilar from the results
found in proximal tibial endoprosthetic reconstruction in adults [18].

Even with the development of percutaneous lengthening techniques, patients still
required anesthesia, and the multiple operative procedures increased the risk of
infection. In order to obviate the need for repeated surgical procedures, the newest
expandable endoprosthetic models have incorporated non-invasive lengthening
mechanisms [1, 5, 20, 40].

One type of non-invasive lengthening method utilizes external electromagnetic
energy to allow the release of potential energy stored within a spring inside the
prosthesis, which allows for expansion (Repiphysis Limb Salvage System, Wright
Medical Technology, Arlington, TN, USA; formerly known as the Phenix prosthe-
sis) [40]. Lengthening can be performed on an outpatient basis, without anesthesia
or an incision required. Generally, the prosthesis is lengthened between 6 and
10 mm per expansion (Figs. 4.6a, b, and 4.7).

Another non-invasive expandable prosthesis involves a magnet, a gearbox, and a
telescoping screw (Juvenile Tumor System, Stanmore Implants Worldwide,
Stanmore, United Kingdom). The magnet is activated by an external electromag-
netic force, which then initiates the gearbox, which in turn drives the threaded screw
to lengthen the prosthesis [20]. Like the Repiphysis, the Stanmore prosthesis can be
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Fig. 4.6 (a, b) AP (a) and lateral (b) x-rays of the distal femur, showing Ewing’s sarcoma in this
8-year-old patient. Note the large soft tissue mass

Fig. 4.7 AP scanogram x-ray of the
patient in Fig. 4.6, after resection of the
distal femur and reconstruction with a
Repiphysis noninvasive expandable
prosthesis
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lengthened in the outpatient setting, without any incisions or anesthesia necessary
(Fig. 4.8a, b).

Neel and colleagues reported on their experience with the Repiphysis prosthesis
in 2003. Eighteen prostheses were implanted in 15 patients. Three patients in the
study had to have their prosthesis revised to a new expandable prosthesis due to
failure of the electromagnetic expansion portion failed. One patient underwent an
above-knee amputation 10 months after surgery for an arterial thrombosis. There
were eight revisions in seven patients, mostly due to either prosthesis failure or
fracture. A total of 60 lengthenings have been performed, with all but two per-
formed on an outpatient basis, and with an average of 8.5 mm of length gained at
each procedure. There were no neurovascular injuries or significant loss of range of
motion after any lengthening procedure. There were no deep infections. The aver-
age MSTS functional score at final follow-up in surviving patients was 90 %. All
three of the patients that had achieved skeletal maturity by the time of publication
had leg length discrepancies of less than 10 mm [40].

Cipriano and colleagues reported their experience with the Repiphysis prosthesis
in 2014. They also noted a high complication and revision rate (12 patients had 37
implant related complications requiring 15 reoperations). Half of the patients had to
undergo revision of the prosthesis for aseptic loosening. Furthermore, they noted
severe peri-implant bone loss, which often limited subsequent revision options.
While only one patient developed a deep infection, they saw frequent problems with
arthrofibrosis, flexion contractures, extensor lags, and patellar maltracking. Contrary
to Neel’s study reporting excellent MSTS scores, Cipriano’s patients only achieved
a mean MSTS score of 67 % [12].

In 2006, Gupta and colleagues published their experience with the Stanmore
prosthesis. In their early experience, this prosthesis was implanted into seven
patients. Lengthenings were performed on an outpatient basis without anesthesia.
The average length gained per procedure was 4 mm, with patients undergoing any-
where between one and 14 lengthening procedures. No neurovascular compromise
was seen. One patient developed a 25° knee flexion contracture, which was treated
successfully with manipulation under anesthesia and serial casting. There were no
instances of deep infection, implant failure, aseptic loosening, or local tumor
recurrence [20]. Their medium term results were subsequently published in 2012,
incorporating 55 patients between 2002 and 2009, with mean follow-up of
41.2 months. Their complication rate was 29.1 % overall, with six deep infections
(10.9 %). Three patients had a mechanical failure of the extension mechanism.
Ultimately ten patients underwent a revision of their prosthesis (18.2 %). The mean
MSTS score was 82.3 %, and Toronto Extremity Salvage score (TESS) was 92.3 %.
Ten out of the 11 patients who had reached skeletal maturity at the time of publica-
tion had equal leg lengths, and 9 of the 11 had full hip and knee range of motion [44].

Hwang and colleagues published their experience with the Stanmore prosthesis
in 2012 as well. They reported on 34 patients over 7 years, with an average follow-
up of 44 months. Three patients had a local recurrence and went on to amputation.
There were two mechanical failures for implant breakage, one at the sliding compo-
nent and one at the lengthening mechanism. Six patients developed a deep infection
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(18 %). Eleven of 32 patients required subsequent surgery, with five patients going
on to amputation (3 for local recurrence and 2 for infection). Despite the high com-
plication rate, the mean MSTS score at latest follow-up was 85 % [28].

Some groups have sought to compare older invasive expandable prosthesis
designs with newer non-invasive ones. Henderson and colleagues published their 13
year experience with expandable prostheses at a single institution, incorporating 39
patients. Three different implants were utilized. Early patients were treated with
open expansion involving 1 cm incremental lengthening by placing a metal spacer
secured by a locking clip (12 patients). As prosthesis design improved, subsequent
patients had a minimally invasive expandable prosthesis placed, which could be
lengthened by inserting a screwdriver through a stab incision under fluoroscopy to
actuate the lengthening mechanism (18 patients). More recently, as non-invasive
expandable prostheses became available, nine patients had a Stanmore Juvenile
Tumor System prosthesis placed. The overall complication rate was 42 %, with 10
out of 26 surviving patients requiring revision surgery (38 %). There were three
deep infections, all of which occurred after a surgical lengthening procedure; there
were no deep infections in the Stanmore group, though they had the shortest follow-
up time. The mean MSTS score was 87 % and the mean Pediatric Outcomes Data
Collection Instrument (PODCI) score was 85.8. The authors concluded that patients
undergoing expandable prosthesis placement after malignant bone tumor resection
have good physical and emotional function, but that complication rates remain high.
In those patients that had reached skeletal maturity, the mean leg length discrepancy
was 7 mm [24].

The group from the Rizzoli Institute published a report of 32 children treated
with expandable prostheses at their institution over a 14 year period from 1996 to
2010. They also used three different prostheses over the course of the study. Ten
patients received a minimally invasive growing prosthesis (Kotz Growing Prosthesis,
Stryker, UK). From 2002 to 2007, 15 patients received the Repiphysis prosthesis.
Since 2009, seven patients had the Stanmore prosthesis implanted. Overall survival
of the primary prosthesis was 78 % and 66 % at 48 and 72 months, respectively.
When analyzed by prosthesis, survival of the Kotz prosthesis was 90 % at 48 and 72
months; survival of the Repiphysis prosthesis was only 60 % at 48 months and 32 %
at 72 months; and survival of the Stanmore implant was 100 % at 48 months. Seven
failed Repiphysis prostheses were revised to a Kotz Growing Prosthesis, for a total
of 39 prostheses in their study. The overall complication rate was 51.3 %, with com-
plications occurring in 20 of the 39 implants. Nine revision surgeries were per-
formed (4 for aseptic loosening, 3 for infection, and 2 for prosthesis breakage).
Three other patients were anticipated to require revision surgery in the near future,
two for aseptic loosening and one for hip subluxation. The mean MSTS score was
79 %, and there were no statistically significant differences in MSTS scores between
the different prostheses. Of the nine patients that had reached skeletal maturity,
three had equal leg lengths while six had discrepancies of 15-30 mm [46].

In 2014, Ness and colleagues published a study comparing the functional out-
comes after non-invasive expandable prosthesis placement versus standard modular
non-expandable prostheses in children. They had a total of 42 patients, with 29
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receiving a standard adult-type non-expandable modular prosthesis, and 13 patients
having a Repiphysis implanted. Obviously, there was a significant difference in the
age of the patients in the two groups, as younger patients with significant remaining
skeletal growth had an expandable prosthesis, while older patients who were already
skeletally mature or were felt to have the potential for less than 4 cm of discrepancy
received a modular non-expandable prosthesis. There were no significant differ-
ences found between the two groups when comparing complication/revision rates
or functional outcomes. In the modular prosthesis group, 14/29 patients (48 %)
required a total of 26 repair or revision procedures (5 for periprosthetic fracture and
21 for loosening or hardware failure). In the Repiphysis group, 6/13 patients (46 %)
underwent a total of 13 repairs or revisions (one for fracture and 12 for loosening).
The authors did not specifically report their infection rates or overall patient, limb,
or prosthesis survival rates. There was no difference between the two groups when
assessing MSTS scores (modular prosthesis 69 % versus Repiphysis 73 %), TESS
scores (85.23 for the modular prosthesis group and 87.00 for Repiphysis group), or
Functional Mobility Assessment scores (46.90 in the modular prosthesis patients
and 49.15 in the Repiphysis patients). This led the authors to conclude that patients
with newer non-invasive expandable prostheses do just as well functionally as
patients with traditional non-expandable devices [41].

4.6 Biologic-Prosthetic Combinations

In order to combine some of the advantages of biologic and prosthetic reconstruc-
tion, the technique of allograft prosthetic composite (APC) reconstruction was
devised (Figs. 4.9a, b, 4.10a, b, 4.11, and 4.12a, b). This technique utilizes bulk
allograft to replace the missing bone, combined with more standard arthroplasty
implants to replace the joint surface. This allows for more options, especially with
regards to joint stability and constraint. By resurfacing the joint, the potential for
cartilage degradation and joint degeneration 5—10 years after implantation is elimi-
nated [13]. Another advantage of this technique, especially in the proximal femur,
proximal tibia, and proximal humerus, is the presence of allograft soft tissue tendon
that is still attached at its insertion on the allograft bone. The patient’s remaining
native hip abductors, knee extensor mechanism, or rotator cuff can then be recon-
structed via more reliable soft tissue to soft tissue repair, allowing for potentially
improved stability and function [23].

The APC technique can be utilized in the proximal humerus, proximal or distal
femur, or proximal tibia. In general, the long stem of the selected prosthetic compo-
nent is cemented into the allograft, and then ideally press-fit into the remaining host
bone. Cement is utilized in the allograft in order to achieve immediate stability as
well as longer term stability (since bony ingrowth from the avascular allograft is
unlikely); and to minimize the risk of fracturing the allograft from overstuffing it to
obtain a stable press-fit [23]. Press-fit fixation in the host bone can minimize the risk
of aseptic loosening.
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Fig. 4.9 (a, b) AP (a) and lateral (b) x-rays of the tibia demonstrating a mixed lytic and sclerotic
lesion in the proximal tibia. Biopsy revealed osteosarcoma

Fig. 4.10 (a, b) T, (a) and T, (b) weighted sagittal MRI images of the patient in Fig. 4.8 showing
the lesion extending to the physis

In a review of 22 patients who underwent APC reconstruction after tumor resec-
tion, with an average follow-up of 45.1 months, Hejna and Gitelis found an overall
survival rate of 73 %, and an average MSTS functional score of 94.3 %. There were



Fig. 4.11 Intraoperative
photograph of the patient
in Figs. 4.8 and 4.9
showing reconstruction
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with allograft prosthetic
composite

AL

Fig. 4.12 (a-c) AP (a) and lateral (b) x-rays of the knee, and AP and lateral x-rays of the tibia
(c) from the patient in Figs. 4.8, 4.9, and 4.10, following allograft prosthetic reconstruction

5 allograft-host junction non-unions, four of which healed after subsequent bone
grafting procedures [13, 23].

4.7 Modified Amputations

In some instances, complete limb salvage may not be feasible for a particular
patient. This may be due to very large predicted limb-length discrepancies that
would require multiple procedures to correct; difficulty in obtaining size-matched
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implants or allografts; or social issues that potentially preclude the frequent and
long-term follow-up required after limb salvage reconstruction. If an amputation is
chosen for definitive treatment, than the level of amputation chosen should be as
distal as possible while still ensuring local control of the tumor. Often, this would
require a hip disarticulation or high above-knee amputation. However, the ability to
preserve a longer residual limb facilitates external prosthetic fitting, which in turn
enhances patient function. As such, several types of modified amputation proce-
dures have been described to retain as much residual limb as possible. These include
the Van Nes rotationplasty, the tibia turnplasty, and the tibia-hindfoot osteomuscu-
locutaneous rotationplasty [7, 13, 43, 48].

4.7.1 Van Nes Rotationplasty

Of the three modified amputation techniques listed, the Van Nes rotationplasty leaves
the longest residual stump, provides an effective “knee joint”, and is a viable alterna-
tive to above-knee amputations in select patients [7]. It was first performed in 1930
by Borggreve for a patient with tuberculosis of the hip; it was later performed in
1932 by Demel and Gold and in 1950 by Van Nes for congenital femoral deficiencies
[16, 30, 31]. The procedure has been employed in the treatment of malignant tumors
of the femur since the 1970s [7, 25]. In order to perform a successful Van Nes rota-
tionplasty, the sciatic nerve must be preserved; the vascular supply to the lower leg
must be salvaged or reconstructed. The tumor is widely excised, leaving the distal
lower leg attached by its neurovascular supply. The remaining tibia, with the attached
foot, is then rotated 180° and transposed to the remaining distal femur. Tibiofemoral
osteosynthesis is achieved using internal fixation devices (Figs. 4.13a, b, 4.14, 4.15,
4.16, and 4.17). The foot now faces posteriorly, with the remaining, functional ankle
joint serving to replace the knee, with the foot acting as a below-knee amputation
level stump [7, 25, 30, 48].

In a study of 12 patients that underwent rotationplasty following resection of a
malignant tumor, Cammisa and colleagues reported that functional scores for the
rotationplasty patients were statistically equal to those patients that underwent
endoprosthetic reconstruction, and statistically better than those patients that under-
went above-knee amputation. Disease-free survival was similar for all three groups.
One patient had a nonunion at the tibiofemoral junction, which was successfully
treated with an intramedullary nail and bone grafting. There were three infections (2
superficial and 1 deep). All complications resolved after treatment, with no func-
tional or long term consequences. The authors therefore felt that Van Nes rotation-
plasty was an attractive option for reconstruction after tumor resection, and that it
was superior to above-knee amputation [7].

Hillmann and colleagues published a report comparing endoprosthetic replace-
ment to rotationplasty in 67 patients, both adults and children, with malignant
tumors of the distal femur or proximal tibia. Endoprosthetic replacement was per-
formed in 34 patients, and rotationplasty in 33. There was no statistically significant
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Fig. 4.13 (a, b) AP x-ray
of the femur (a) and lateral
x-ray of the distal femur
(b) showing osteosarcoma
in a 7 year-old boy

Fig. 4.14 An illustration of rotationplasty. The tibia is rotated 180° and fused to the femur
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Fig. 4.15 Intraoperative photograph

during rotationplasty procedure. The foot
has been rotated 180°. A plate is utilized for
fixation of the tibia and femur

difference in the mean MSTS functional score between the two groups (rotation-
plasty 24; endoprosthesis 25; p=0.47). Fewer patients in the rotationplasty required
gait aids for walking long distances. Subjective quality of life scores were signifi-
cantly higher in the rotationplasty group, and daily activity restriction secondary to
pain was significantly lower in the rotationplasty group. The authors did note that
cosmetic appearance is likely the biggest drawback concerning rotationplasty [25].
However, several authors feel that the durability and functional advantage of rota-
tionplasty justify the bizarre appearance [16, 25]. Others reported that patients were
not as bothered by the appearance, and that they considered the procedure to be
limb sparing (as opposed to an amputation) since the foot was retained. These
patients felt that that improved function and mobility more than outweighed the
appearance [29, 31].

In an excellent review of rotationplasty published in 1997, Kotz reviewed his
experience in 40 patients for whom he performed this procedure. Thirty of the patients
were followed for at least 3 years. There were no local recurrences; six patients died
of metastatic disease. All patients were ambulating without gait aids, and most
reported being able to participate in sports activities. Utilizing the MSTS functional
scoring system, the results were excellent in 68 %, good in 28.5 %, and fair in 3.5 %;
there were no poor results. Postoperative complications included four patients with
vascular thrombosis (three were able to be revascularized; one had to undergo ampu-
tation after failure to recanalize the vessels). There were two cases of pseudoarthrosis
at the tibiofemoral junction, both successfully treated with bone grafting and revision
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Fig. 4.16 AP radiograph of the right lower extremity
showing osteosynthesis of the femur and tibia

Fig. 4.17 Clinical
photograph of rotated foot
following wound closure
after rotationplasty
procedure

internal fixation. There were two cases of sciatic paresis, one of which resolved spon-
taneously. Kotz concluded that, although the indications for rotationplasty were
decreasing with advances in extendable endoprostheses for children, there was still a
role for rotationplasty in specific instances. For instance, proximal tibia tumors for
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which an amputation would require a below-knee amputation with a very short
stump; or in tumors located more proximally in the femur. There is also still a role for
rotationplasty in developing countries, where endoprostheses are often unobtainable,
and where the infection rate after arthroplasty is unacceptably high [30].

In their review of limb salvage surgery for skeletally immature patients, Finn and
Simon concluded that rotationplasty offers no compromise of oncologic outcome
compared to above-knee amputation. While the complication rate after rotation-
plasty is higher than that for amputation, it compares favorably to the rates for other
forms of limb salvage. Additionally, objective data shows that function is signifi-
cantly improved over above-knee amputation [16].

When considering someone for rotationplasty, patient selection and preoperative
education are critical. The procedure must not compromise the oncologic margins,
and the sciatic nerve must be preserved in order for the foot to function as a surro-
gate knee. The blood supply to the lower leg and foot must be able to be preserved
or reconstructed. Additionally, it is important to educate patients beforehand regard-
ing the anticipated function and physical appearance of the residual limb. It can help
to have patients and families view photos or videos that demonstrate the results of
rotationplasty, or to even be able to meet with or speak to patients who have previ-
ously undergone the procedure [30].

4.7.2 Tibial Turnplasty

The tibia turnplasty, or turn-up procedure, offers another alternative to a high above-
knee amputation. It can be used in the management of long distal femoral bone loss,
particularly to salvage multiple previous biologic or endoprosthetic reconstruction
failures or infections. Often times, in these patients, such a proximal level for above-
knee amputation would not leave a sufficient stump to allow for a functional exter-
nal prosthesis. Therefore, in order to lengthen the stump and improve prosthetic
fitting, remaining tibia can be used as a vascularized autograft. The tibia is rotated
180° on its posterior tibial neurovascular pedicle, such that the distal tibia can be
fixed to the remaining femoral stump. In a skeletally immature patient, if the proxi-
mal tibial physis can be preserved, then there can be continued longitudinal growth
of the stump as well [34].

McDonald, Scott, and Eckardt reviewed their use of the tibial turn-up procedure
in seven patients, three of whom were skeletally immature. Successful osteosynthe-
sis was achieved in all patients, and all were able to ambulate with an above-knee
amputation prosthesis. Two patients had post-operative wound complications. One
patient ultimately went on to hemipelvectomy subsequent to recurrent tumor. The
authors concluded that the tibial turnplasty could be useful to restore femoral stump
length in patients who would otherwise require high above-knee amputations, but
that it was perhaps best reserved for patients who have had multiple prior surgical
failures, deep infections, or those who would be opposed to the appearance of a Van
Nes rotationplasty [34].
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4.7.3 Tibia-Hindfoot Osteomusculocutaneous Rotationplasty

In patients with significant tumor involvement or bone loss of the proximal femur,
reconstruction options can include endoprosthetic reconstruction, allografts, or
allograft-prosthetic composites. In some instances, however, reconstruction may
not be possible, for instance if prior reconstructive efforts have been complicated by
repeated deep infections. In these cases, often times a hip disarticulation amputation
is required. A hip disarticulation is quite disabling and cosmetically disfiguring, and
function with an external prosthesis can be challenging. In order to treat instances
such as this, a new procedure was designed that would allow the distal lower extrem-
ity to be rotated up as a vascularized autograft on its posterior tibia neurovascular
bundle to replace the proximal femur. Skin and soft tissue could be brought up with
the bone to fill in any defects as an osteomusculocutaneous flap. The talus and cal-
caneus are kept with the distal tibia, via their ligamentous attachments. The distal
tibia and hindfoot are then rotated 180° in the sagittal plane and 90° in the trans-
verse plane to allow the calcaneal tuberosity to be placed into the acetabulum. The
acetabulum is first reamed much like it would be for a hip arthroplasty; the calcaneal
tuberosity can be prepared using the reamers that are usually utilized for the femoral
head in hip resurfacing procedures. The calcaneal tuberosity is then inserted into the
prepared acetabulum, and large screws are placed to facilitate calcaneopelvic fusion.
Some “hip joint” motion can then be preserved via the intact tibiotalar and subtalar
joints, and the tibia serves as an above-knee amputation stump [43].

Peterson, Koch, and Wood reported on the performance of this type of rota-
tionplasty (also called a hip-ankle, or Hankle, rotationplasty) in two patients at
the Mayo Clinic. Although in their report both patients required this procedure
due to extensive loss of the proximal femur and pre-existing deep infection, the
procedure could have oncologic indications in skeletally immature patients. In
the series from Mayo, both patients had successful reconstruction with this tech-
nique, and were able to ambulate pain free on standard above-knee amputation
prostheses [43].

4.8 Long Term Outcomes

Many studies have been published reporting on the long term outcomes in pediatric
patients who were treated for extremity sarcomas. Many of these studies compare
various techniques with one another. Generally, the oncologic and functional results
after limb salvage compare favorably to those after amputation [12, 39, 49].-

In a review published in 2002, Nagarajan and colleagues reported that, while
survival is equivalent in limb salvage and amputation procedures, complications
tend to be more frequent in the limb salvage group. Additionally, the long term
outcomes with regards to function and quality of life do not appear to be sub-
stantially different [39]. However, they noted that limb salvage procedures
remain the current practice at most tertiary centers, despite the “higher
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complication rate, questionable long term durability, and equivocal improved
function and quality of life” [39].

In contrast, Rougraff, et al. in a multi-center study of patients with distal femoral
osteosarcoma, reported higher average MSTS functional scores for patients that
underwent limb salvage as opposed to those who had amputation. There were no
differences between the groups in overall survival or post-operative disease-free
periods. There was a higher rate of reoperation in the limb salvage group, but there
were no significant differences in the patient’s acceptance of the post-operative
state, the ability to ambulate, or the amount of pain. There also were no apparent
differences in psychosocial outcomes [45].

Despite the more frequent need for reoperation in limb salvage patients (whether
for complications or for limb lengthening procedures), Wilkins and Miller found
that average MSTS functional scores were similar in those limb salvage patients that
required at least one subsequent operation compared to those who required no fur-
ther surgical intervention. In their study of 36 patients with minimum 2 year follow-
up, they found that 26 patients needed at least one reoperation (total 54 reoperations
performed), while only ten patients did not need further surgery. There were no
significant differences in functional scores in the reoperation group when comparing
before and after reoperation, and no differences between the two groups [49].

Hopyan and colleagues also compared the functional outcomes in pediatric
patients who underwent either limb salvage, rotationplasty, or amputation proce-
dures for bone sarcoma. They found that average MSTS functional scores were
significantly higher in the limb-sparing group compared to the above-knee amputa-
tion group. Additionally, although not statistically significant, the average Toronto
Extremity Salvage Scores tended to be higher in the limb-sparing group. They found
no significant differences in any psychosocial factors between the three groups [26].

Another factor for surgeons and patients to consider when choosing between
limb salvage and amputation is cost effectiveness. Grimer and colleagues evaluated
the costs associated with endoprosthetic limb salvage and compared that to those
associated with amputation, in 1997 prices. They found that, even when adjusting
for ongoing limb salvage costs relating to predicted rates of revision surgery (i.e. for
aseptic loosening, infection, or implant failure), the overall 20-year cost of amputa-
tion is significantly higher. This is likely due to the high cost of sophisticated artifi-
cial limbs, the need for regular new prosthesis fabrication, the patient’s desire to
have a spare prosthesis available as well as specialized prosthesis for activities such
as running or swimming, and others [19].

4.9 Conclusions

Significant multidisciplinary advances have been made in the ways in which we
diagnose and treat sarcomas of the extremities. Five-year survival rates have approx-
imately tripled over the last 30 years, but have now seemed to have reached a pla-
teau. Surgical techniques have also advanced considerably over this time period.
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The great majority of patients with extremity sarcoma are now candidates for limb
salvage surgery instead of amputation.

Many different techniques exist to reconstruct a limb after resection of a malig-
nant bone tumor. Each of these techniques has its own advantages and disadvan-
tages. Ultimately, no one procedure will be right for every tumor in every anatomic
location in every patient. Each patient must be evaluated on a case-by-case basis.
Multiple factors must be considered and prioritized — the patient’s life, the extrem-
ity, its function, potential leg length differences, and cosmetic appearance.
Additionally, social, socioeconomic, and cultural factors must be accounted for in
order to achieve the best outcome for the patient and his or her family [48]. Only
when all of these factors are thoroughly evaluated and discussed, can an appropriate
treatment plan be devised and embarked upon.
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Chapter 5
Location of Sarcomas Within Bone:
The Growth Plate

Francisco Forriol, Mikel San-Julian, and José Cafiadell’

Abstract Most malignant bone tumors are located in the metaphysis of the long
bones, near to the growth plate. If the joint is preserved when a tumor is resected,
the results in terms of future limb function are better. The growth plate can represent
a barrier to tumoral spread. We describe the Cafiadell technique, which can be of
benefit to patients with metaphyseal tumors but whose physis is free from malignant
cells, and which is based on epiphysiolysis by physeal distraction. Two prerequi-
sites for Canadell’s technique are that the physis is unequivocally open and that the
physis has not been invaded by the tumor.

Keywords Distraction ¢ Limb salvage ¢ Joint preservation * Growth plate *
Bone tumor ¢ Bone allograft

5.1 Pediatric Malignant Tumors Located in Long Bones

The most common tumors during childhood and adolescence are osteosarcoma and
Ewing’s sarcoma. In about 75 % of the cases of these two diseases, the lesions are
located near to the growth plate. Advances in imaging technology, especially MRI,
enable more reliable diagnosis, precise localization and determination of whether
the growth plate has been infiltrated by the tumor. If the growth plate is free of
malignant cells, it is possible to preserve the epiphysis and thereby achieve limb
salvage without having to use a joint prosthesis or having to perform arthrodesis,
two techniques that are always complicated in a child [10, 15, 43].
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Limb salvage includes two operative procedures. The first is tumor excision, the
adequacy of which can be evaluated simply by the rate of local recurrence. To cure
primary tumors it is necessary to perform en bloc resection of all macroscopic dis-
ease, including the biopsy scar. The degree of osteotomy required to allow a safe
margin is determined on the basis of the intramedullary spread of tumor as revealed
by imaging methods. There is no complete accordance among orthopedic surgeons
about what constitutes a safe margin, but most consider 5 cm beyond the tumor as
sufficient. Articular cartilage is thought to prevent tumor spread in most cases, and
therefore can be considered as a safe margin. For this reason, in tumors involving
the epiphysis, resection of the joint is adequate [6, 13-15, 27, 50, 59].

The second procedure in limb salvage is reconstruction. The selection of a
method of reconstruction must consider the effects on function of any deformity
secondary to tumor excision. Such deformity can be predicted by the amount of
physeal cartilage removed. We believe that the choice of the type of reconstruction
should be based on each patient’s age, size, functional demands and personal
wishes; the surgeon’s experience is also an important factor. Patients with a primary
tumor in the scapula, clavicle, proximal fibula or rib can be treated by simple resec-
tion and suffer only minimal functional impairment.

Resections requiring reconstruction can be subdivided into two major categories:
diaphyseal resections and articular resections. Intercalary bone grafts are the most
frequent treatment for diaphyseal resections when it is possible to preserve the
epiphysis. Functional results with intercalary reconstruction after diaphyseal
resection are better than those after articular resection (Fig. 5.1a, b). Compared
with metallic implants, bone grafts offer many advantages, including tendinous

Fig. 5.1 (a) Intercalary
reconstruction of the tibia
by using an allograft after
resection of an
osteosarcoma. Note the
holes for patellar tendon
reattachment. (b) In this
case, preservation of the
epiphysis allowed the
patient to do sporting
activities such as climbing
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reattachment, incorporation of the graft into the host bone and longevity [28, 44].
After resection with epiphyseal preservation, instead of a bone allograft, Fang et al.
[22] have used a bone transport osteogenesis technique.

The growth plate has traditionally been considered to block the spread of a tumor,
but this barrier is not impenetrable. In limb salvage procedures, although preserving
the joint near the tumor enables better functional results, it is not possible to pre-
serve the epiphysis in all cases. Articular resections pose the most complex prob-
lems of reconstruction in oncological surgery [15].

Magnetic resonance imaging (MRI) is an important tool in limb salvage proce-
dures. Plain radiographs only indirectly show growth problems caused by physeal
abnormalities and they do so long after damage has occurred. MRI, however, pro-
vides the resolution necessary to define many of the prenatal and postnatal stages of
epiphyseal development in vivo. Differentiation between the different layers of the
cartilage is well achieved with gadolinium enhancement that also identifies carti-
lage vascular canals. With MRI it is possible to differentiate epiphyseal cartilage,
physeal cartilage, the zones of provisional calcification, physis of the secondary
center of ossification, the perichondrium, vascularity of the cartilage canals, and
hematopoietic and fatty marrow [6, 33, 50].

5.2 Morphology of Growth Plate

Physeal cartilage is the growth organ of the long bones. The cells of growth cartilage
are chondrocytes, which direct the whole process of enchondral ossification and are
responsible for controlling the extent of growth in the long bones during postnatal
development. Endochondral ossification is a process involving chondrogenesis,
chondrocyte hypertrophy, matrix mineralization, and vascularization followed by
bone formation [26]. Morphologically, the growth plate is divided into zones of ger-
minal cells, columnar cells, hypertrophic cells, and metaphyseal cells. In terms of
function, we can refer to (1) the germinal zone; (2) the columnar zone with two well
defined areas: the upper proliferating zone and the lower maturation zone; (3) the
hypertrophic cell zone, with the upper 4/5 with a non-mineralized matrix and the
lower 1/5 with a mineralized matrix; and (4) the outer reaches of the metaphysis [26].

Although the two most important states of a physeal chondrocyte are prolifera-
tion and hypertrophy, which includes the mineralization of the matrix before bone
reabsorption during vascular invasion, a chondrocyte actually goes through sev-
eral phases, each of which is characterized by a predominant functional activity.
These phases occur synchronically: the youngest chondrocytes are proliferating
cells, whilst the oldest are to be found in regions of vascular invasion. The upper
hypertrophic zone is characterized by cells that have enlarged five- to tenfold
implying a reduction in matrix volume relative to total tissue volume. The cells in
this zone synthesize type X collagen [4], and the mineralized chondrocytes
undergo apoptotic cell death [18]. The chondrocytes presumably trans-differentiate
to osteocytes (although there is no evidence of in vivo one-step trans-differentiation)
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and then endothelial cells from the bone collar invade the terminal layer of apop-
totic chondrocytes to form vascular channels [7]. These changes require a molecu-
lar interaction between vascular structures and cartilage; the two types of molecules
involved in this process are proteases and growth factors [38, 48, 55]. In addition,
the transition from cartilage to bone is highly regulated by transcriptional factors
and local growth factors (Indian hedgehog (Ihh), Sox9, BMPs, and PTHrP)
[29, 34, 36, 51, 58].

The mechanical properties of growth cartilage depend on the extracellular
matrix, which is produced and maintained by the chondrocytes. In the case of many
bone types, epiphyseal plates form, in some individuals, the greatest possible angle
with the corresponding planes of shear strain. The space between the two plate sur-
faces is filled by growth cartilage, which, seen from the front, has a “V”” shape. This
arrangement minimizes the risk of shear strain separating the plates. Changes in
tension in different areas of the periosteum may be a factor that leads to increased
growth in certain parts of the physis [37].

In the event of injury that affects only the metaphyseal part of the growth carti-
lage, increased growth may be a temporary process which results in broadening of
the physis. Good metaphyseal vascularization ensures rapid regeneration [39]. The
epiphyseal part of the physis comprising the germinal layer is much more sensitive
to trauma because such trauma not only disturbs the functional balance of the physis
but can also bring about destruction of growth cartilage.

The three main sources of vascular supply to the metaphysis are (1) the feeder
artery, which brings blood to the central metaphyseal area and has peripheral
branches with small vessels that are distributed along the inside of the spongy bone
and contributes up to 80 % of the blood; (2) the arteries penetrating the metaphysis;
and (3) the arteries between the bone and the perichondrium. The central longitudi-
nal branches reach the growth cartilage, resulting in a tree-like vascular pattern.
A considerable number of metaphyseal vessels deriving from the articular arteries
also contribute to the vascular supply of long bone metaphysis and growth carti-
lage. All these vessels end in vascular knots or clusters of capillaries just beneath
the last intact transverse septum at the base of the cartilaginous part of the growth
cartilage [9, 39].

The epiphysis receives its vascular supply from one or more vessels which pen-
etrate the cartilage and branch out inside it. The epiphyseal vascular supply to
growth cartilage is characterized by small arterial branches coming from the intra-
epiphyseal arteries, which ramify to irrigate the proliferative layer of growth
cartilage. However, arterial branches of the epiphyseal vessels do not extend into the
cartilaginous part of the physis [26], and so the hypertrophic layer of growth
cartilage is free of vascularization. The two most important circulatory systems,
constituted respectively by epiphyseal and metaphyseal vessels, are separated both
functionally and morphologically [13] (Fig. 5.2).

Vascular anastomoses between the epiphyseal and metaphyseal vessels across
the growth plate occur physiologically only at the time of growth plate fusion at
skeletal maturity [57].

Vascular invasion in general leads to the removal of cartilage, formation of bone
marrow, and new bone formation and growth.
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Fig. 5.2 (a) Indian ink injection and (b) Spaltenholz technique showing no vascular anastomoses
between metaphyseal and epiphyseal vessels

5.3 Physeal Distraction in Orthopedic Surgery

Progressive lengthening is currently a common therapeutic method. Its history can
be traced back to pioneering work in 1905 by Codivilla [16], whose technique was
successively modified to make it simpler and more convenient for the patient, reduc-
ing the duration of treatment and the incidence of complications.

Distraction of the growth plate, physeal distraction or chondrodiastasis is a tech-
nique that has been used for bone lengthening and correction of angular deformity
[11, 12, 30, 47] (Fig. 5.3). In animal models, growth plate distraction at a slow rate
increases length by hyperplasia without causing epiphysiolysis; there is an increase
in physeal cell activity demonstrable in the proliferating cell layer [3, 8, 17, 19, 35,
46, 52, 53]; Arriola et al. [5] found an increase in extension of the hypertrophic cell
layer; and it has been suggested that the increase in physeal height may be caused
by an increase of the metaphyseal blood supply [1, 2, 5, 17, 19, 21, 52]. Interruption
of the metaphyseal vascular supply results in inhibited resorption in addition to a
shortage of calcium in the hypertrophic chondrocytes.

When forces are applied in traction, epiphysiolysis (of type I according to Salter
and Harris’s classification) is always achieved. When diaphyseal-epiphyseal
distraction is performed in a growing bone, breakage occurs in the zone of least
resistance, that is, in the physis (Fig. 5.4). The fracture makes it possible to lengthen
the bone in a single surgical operation and achieve rapid consolidation without the
need for osteotomy or even section of the skin.

Fjeld and Steen [24] established that daily distraction of 0.25 % of bone length,
over a period of between 5 and 9 days, brings about epiphyseal separations in ani-
mal models. In all experimental studies on physeal distraction, separation of the
growth cartilage from the metaphysis has been observed [31, 32, 45, 49].
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Fig 5.3 Physeal distraction has been widely used in orthopedics (a, b) as a bone lengthening
procedure

Fig. 5.4 Diagram showing the rupture in the metaphyseal part of a growth plate on application of
the physeal distraction technique

In the course of the separation process, the periosteum breaks where the perichon-
drial ring inserts. This break produces a hematoma which fills the gap [23, 31, 32]
and which is later replaced by fibrous tissue [40—42]. Newly formed bone deposition
proceeds from the intact periosteum as well as from the epiphyseal and metaphyseal
portions of the bone [40—42, 49, 54]. The characteristic pattern of grooves in the
lengthening area, which can be seen by radiology, reflects the mineralization of the
collagen fibers, which are arranged lengthways. Occasionally, a radiolucent area can
be observed in the lengthening callus.

De Pablos and Cafiadell [20, 21] demonstrated that distraction always produces
epiphysiolysis, irrespective of the daily distraction rate. Their research established a
relationship between morphological variations in the growth cartilage and the rate
of distraction used. In sheep femora subject to lengthening at 0.5 mm/day, the
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Fig. 5.5 These two histological images of an experimental epiphysiolysis in a lamb show the
(a) disruption is produced through (b) the layer of degenerative cells of the growth plate. Most of
the growth plate remains together with the epiphysis

cartilage remained normal (Fig. 5.5). However, femora lengthened by 1 mm/day,
and particularly those lengthened by 2 mm/day, were found to have obvious injuries
45 days and 4 months later. Sledge and Noble [52] found that stimulation of the
growth cartilage by applying distractional forces of 1-2 kg on the distal femoral
physis in rabbits resulted in hyperplasia of the physis, with an increase in cell mito-
sis and a rise in polysaccharide sulfate synthesis. Spriggins et al. [53] used fixators
equipped with instrumentation to study the forces of physeal distraction in rabbits.
They detected two patterns of behavior. In one group of cases, the forces increased
to maximum values of 20-32 N and then decreased until the next distraction. This
indicates breakage of the growth cartilage, with the associated hyperplasia. In the
other group of cases, lower forces with maximum values of 6-18 N were observed
at the end of the distraction period. This indicates hyperplasia without bone frac-
ture. Tercedor et al. [56] observed that in all physeal distractions there is an initial
hyperplasic reaction in all the cell layers of the growth cartilage, and that this is
followed by atrophy.

The so-called Cafiadell technique is applied in certain cases of metaphyseal bone
tumor in which there has been no invasion of the physis by the tumor and concerns
physeal distraction of the distal extreme of the femur or the proximal end of the tibia.
Canadell’s technique is indicated for pediatric bone sarcomas located in the metaphy-
sis. The physis has to be open and the tumor must not have transgressed the physis
[15]. If the tumor is in contact with part of the physis, physeal distraction can be tried,
but because it is possible that tumor cells have crossed the physis, intraoperative his-
tology is recommended [13]; if tumor cells are found in the physeal margin of the
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resection, surgical treatment is to be completed by transepiphyseal or epiphyseal
resection. When the tumor has crossed the physis or if the tumor is in contact with all
of the physis, the technique is contraindicated [15].

5.4 Technical Aspects of Physeal Distraction
with a Unilateral External Fixator

The external fixator is of proven effectiveness in the treatment of fractures. As a
consequence of direct experience, development and new designs, the indications for
the external fixator have broadened far beyond the original basic indications.
Nowadays, the external fixator is used by many departments in the treatment of limb
fractures, as well as in cases of retarded consolidation, pseudoarthrosis, axial cor-
rections and in limb lengthening.

On the basis of our experience, the stability of the external fixator should, at the
outset, be greater than that of the bone. The stability can later be gradually reduced
so that the weight of the load can be transmitted directly to the callus, thus stimulat-
ing bone formation. Surgical interventions involving an external fixator should be
performed in the manner of corrective surgery and carefully planned to accommo-
date the technical specifications of the apparatus being used.

The surgical technique for distraction with an external fixator is not difficult. The
mobility of the pin clamps and the fact that the length of the bar can be adjusted
make use of the fixator straightforward. Once the size of fixator to be used has been
chosen, the apparatus is placed alongside the bone that is to be lengthened, and the
fixator adjusted according to the specific measurements of the particular bone.

Technically, physeal distraction does not differ greatly from lengthening proce-
dure: the only important difference is that the two pins should be inserted at the level
of the epiphysis, this frequently being distal in the femur or proximal in the tibia. The
epiphyseal space requires that the pins be inserted one in front of the other, which
means that these pins should be inserted perpendicularly relative to the diaphyseal
pins. To carry out this particular procedure, all models of fixator apparatus include
what is known as a T-piece. Pins should be 5 or 6 mm in diameter (4-mm pins are
used only in very young children) and care should be taken to ensure that they enter
neither too close to the joint cartilage nor too close to the growing cartilage [14, 25].

Limb saving surgery by physeal distraction can be used in young patients with an
open epiphyseal plate. The advantages of the Cafiadell technique are that it is simple
surgically, it is effective, and it has relatively few complications [59]. Cafiadell et al.
[13, 15] and later San-Julian et al. [SO] have reported good results with the Cafiadell
technique in terms of both underlying disease control and limb function; the tech-
nique was not associated with local recurrence even when the tumor was in close
contact with the physis.

Yao et al. [59] reported on six patients, followed up for an average of 2.5 years
(ranging from 1 to 5 years). Primary healing was obtained directly in five patients;
the other patient suffered a superficial infection that was cured after a dressing
change. Bone healing at the metaphysis junction took 6-9 months in five cases and
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14 months in one case. Delayed union happened at the diaphysis junction in all
patients. At the most recent follow-up, limb discrepancy was 1-3 cm in four patients
and 3-5 cm in two patients; three patients had compensatory scoliosis; and two
patients had claudication. Gao et al. [27] reported for the same patients that, despite
a significant difference in limb length, the results according to the functional evalu-
ation criteria of the International Society of Limb Salvage (ISOLS) were, at the
most recent follow-up, fair in one case, good in two cases, and excellent in three
cases.
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Chapter 6

A Histological Study of the Barrier Effect
of the Physis Against Metaphyseal
Osteosarcoma

Miguel Angel Idoate, Enrique de Alava, Julio de Pablos,
Maria Dolores Lozano, Jesis Vazquez’, and José Caiiadell’

Abstract In about half of the children affected by metaphyseal malignant bone
tumors, the growth plate and epiphysis are not compromised by the tumor. Invasion
of the epiphysis by the tumor seems to occur eventually but takes time.

Keywords Physis * Osteosarcoma ¢ Barrier effect « Histology ¢ Growth plate
* Chemotherapy * Radiology * Invasion

6.1 Introduction

Osteosarcoma is a primary malignant bone tumor usually located in the metaphysis.
It tends to infiltrate adjacent bone as well as soft tissue. Traditionally, the physis has
been regarded as a barrier capable of blocking tumor extension [1, 5], and this idea
has been strengthened by experimental studies carried out in vitro, which suggest
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the barrier effect is due to certain proteins in the physis that are inhibitory of angio-
genesis [2, 10, 13, 15, 18]. In this respect, several molecules of possible relevance
are different growth factors, such as fibroblast growth factor (FGF) and insulin-like
growth factors (IGF) — which control growth of the epiphyseal growth plate growth —
and bone morphogenetic proteins and the parathyroid hormone-related peptide
[7, 14]. Doubts about the barrier function, however, have been raised by the fact
that, in skeletally immature patients with osteogenic sarcoma, physeal invasion is
observed to occur [4,9, 11, 17, 19].

Knowledge of the frequency with which osteosarcoma invades the physis is
important in assessment of tumor extension and in planning surgical resection.

In this study, the cases of a large series of skeletally immature patients with
osteosarcoma were reviewed with the objective of clarifying how effective the phy-
sis is as a barrier to tumor spread. A particular objective was to assess any correla-
tion between the pathological evaluation of the osteosarcoma in its relationship with
the growth plate and the corresponding radiological findings. A principle observa-
tion made as a result of the study was that there were three different types or stages
of behavior of osteosarcomas with regard to physeal invasion.

6.2 Materials and Methods

The series included 450 patients from whom a bone osteosarcoma was surgically
removed and diagnosed by biopsy between 1979 and 2013. In order to ascertain
tumor extension reliably at the time of diagnosis, all cases had been studied by con-
ventional radiology and digital angiography, In the 1980s, the imaging method used
was computerized axial tomography (CT); from the beginning of the 1990s, mag-
netic resonance imaging (MRI) was used. After histological diagnosis and previous
to surgical resection, all patients but one received neoadjuvant chemotherapy, with
intravenous doxorubicin, methotrexate, and cisplatin, which was administered
intra-arterially.

In order to evaluate the reliability of basing the surgical decision about physis
distraction on radiological imaging results, we studied in greater depth the cases in
which the relationship of the tumor respect to the growth plate was doubtful. There
were 170 such cases, of which a random selection of 38 were studied pathologically.
This sub-sample was split into two groups according to whether or not it was con-
sidered appropriate to rule out a surgical approach of epiphyseal preservation after
physeal distraction because the likelihood of physis invasion, as determined by the
radiological evaluation, was too high.

Group I (n=19):

Patients who received conservative surgery without physeal preservation. In 16
cases, the primary tumor was located in the distal fermur, in two cases in the
proximal humerus and in one case in the proximal femur. There were 12 girls and
7 boys. The mean age was 13 years, with a range between 9 and 17 years.
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Group Il (n=19):

Patients who received conservative surgery with physeal and epiphyseal preservation
after physeal distraction. In 13 cases the tumor was located in the femur and in 6
cases in the fibia. In all cases, on the basis of the above-mentioned imaging methods
and prior to surgery, the epiphysis was deemed to be unaffected by the tumor. There
were 4 girls and 15 boys. The mean age was 10.5 years (ranging from 4 to 15 years).

The specimens obtained by resection were studied macroscopically and micro-
scopically. In all cases the histological stains applied were the H&E and Masson’s
trichrome. Multiple sections were taken from the metaphyseal area and, when
included in the resection, from physeal and epiphyseal areas.

6.3 Results

Pathologically, the 38 osteosarcomas studied were of the following histological
types: osteoblastic (31), chondroblastic (5), and fibroblastic (2). In all cases, as a
result of the pre-operative chemotherapeutic treatment, the tumor tissue presented a
highly altered histological picture at the time of resection. Most osteosarcomas
showed a percentage of necrosis greater than 90 %. Only in cases in which osteosar-
coma showed chondroblastic differentiation was the amount of tumoral necrosis
lower. In some cases, there was only a dense mass of post-necrotic connective scar
tissue within which histologically normal bone trabeculae could sometimes be seen
(Fig. 6.1).

Physeal invasion was observed in 13 of the 38 resection specimens (34 %). Note
that in all of these cases, on the basis of imaging the occurrence of physeal invasion
had been considered to be uncertain. Of the 19 cases in Group I, 12 showed physeal
invasion (63 %). There was one case (5 %) of physeal invasion in Group II. In the

Fig. 6.1 A necrotic
osteoblastic osteosarcoma
post-chemotherapy can be
observed in the border next
to the physis (H&E, x200)
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Fig. 6.2 Left MRI of an
osteosarcoma that is
apparently close to the
physis. Right
Macroscopically, an
osteoblastic osteosarcoma
that is destroying cortical
bone and invading the
medullar bone. The tumor
is located several
millimeters away from the
growth plate

rest of the cases of Group I, tumors had a large contact area with the physis and had
eroded it to some degree, but there was no demonstrable invasion. In Group II, most
of the tumors were located at some distance from the physis; in two cases the tumors
were close: at 3 mm and 5 mm from it; and in a further two cases the tumors were
in contact with the growth plate, one of them with a large base of contact area but
without invasion.

The average age at the time of tumor resection was 14.5 years for patients with
epiphyseal involvement but 12.5 for patients without.

With regard to pathological findings, we observed the following three morpho-
logical growth patterns of tumor in relationship with the physis.

1. In 18 cases (47 %), between the tumor and the physis, there was a metaphyseal
band of variable width (3—10 mm) within which there was no detectable neoplas-
tic disease. Macroscopically, it was clear that the tumor was at a distance from
the growth plate. In these cases, magnetic resonance images also indicated that
the tumor was separate from the physis (Fig. 6.2). This disease-free metaphyseal
zone had increased vascularization, which consisted of ectatic capillaries, and
numerous osteoclastic cells flanking bone trabeculae, whose surfaces appeared
undulate (Figs. 6.3 and 6.4). In these areas, there was often pronounced VEGF
expression in both osteoblasts and osteoclasts (Fig. 6.5).

2. In eight cases (21 %) the tumor was in contact with the physis on the metaphy-
seal side. This contact without invasion was also suggested by MRI (Figs. 6.6
and 6.7). In the zone of contact, the physis appeared uniformly thinned, the
hypertrophic and calcification zones having practically disappeared. To confirm
non-invasion, a larger tissue sampling was obtained from these patients, but in no
case was tumor observed in the epiphysis.
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Fig. 6.3 (a-c) Osteoclastic activation accompanying fibrovascular proliferation in the femoral
physis of a 10-year-old patient affected by osteosarcoma. The front edge of the tumor extends
upwards to within 4 mm of the physis, which remains un-invaded (H&E, x200)

Fig. 6.4 A number of
osteoclasts and osteoblasts
are seen in the bone
trabeculae in the growth
plate. The osteoblasts have
a hypertrophic aspect
(H&E, x200)

3. The third morphological picture was seen in the remaining 13 cases (32 %),
where epiphyseal tumor invasion was observed. Macroscopically, the tumor was
seen to be within the epiphysis, and this observation was corroborated by exami-
nation of the histological section (Fig. 6.8). Morphologically there were two pat-
terns of physeal invasion. In the first pattern, epiphyseal areas were in close
contact with the tumor but not completely invaded by it: tumor cells could be
seen permeating the spaces between cartilaginous matrix columns next to dilated
capillaries (Fig. 6.9). In the second pattern, in addition to the changes indicated
above, there was perforation and thinning of the growth cartilage. The perfora-
tion was multi-focal, leaving dispersed islands of highly disorganized cartilage
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Fig. 6.5 A strong immunoreactivity against VEGF can be observed in the osteoclasts and osteo-
blasts in the physis. A high density of vessels can be distinguished (Immunohistochemistry, x200)

within the tumor tissue (Fig. 6.10). In general, the extensions of tumor into the
epiphysis appeared to have expanded evenly (Fig. 6.11). Some sections revealed
paradoxical areas in which neoplastic tissue appeared on both sides of uncom-
promised growth cartilage; the apparent lack of connection can be explained by
supposing that the plane of section did not cross the area of physeal involvement
by the tumor (Fig. 6.12).

6.4 Discussion

Three types of behavior of an osteosarcoma in its relationship with the physis can
be distinguished: tumoral contact with the physis, tumoral invasion of the physis,
and tumoral trans-physeal invasion with involvement of the epiphysis. The clinical
connotations of these growth patterns of remain to be determined, although it is
probable that a large area of contact between a tumor and the growth plate is a risk
factor for recurrence of tumor after physeal distraction. However, further studies are
required to demonstrate that contact between tumor and physis is a contraindication
for the technique of physeal distraction.
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Fig 6.6 Left Radiography of a femoral osteosarcoma that shows that the tumor is in contact with
the growth plate. Right An osteoblastic osteosarcoma in extensive contact with the physis; the
histological study determined unequivocally that the tumor had not invaded the physis

The frequency of physeal invasion by the tumor in our series is lower than that in
most series previously reported [9, 11, 17, 19]. Because physeal invasion by any
metaphyseal osteosarcoma is likely to be a matter of time, differences in the fre-
quency of physis invasion by osteosarcoma in different series can, in part, be
explained by differences in the time elapsed between the diagnosis of patients and
the evaluation of physeal invasion. In this respect, in our study we had the opportunity
to evaluate consecutive MR images from several patients who did not receive any
treatment for their tumor at or soon after the time of MRI (Fig. 6.13). These
sequences of MR images show progressive osteosarcoma growth and, eventually,
invasion of the physis. Conversely, an osteosarcoma’s capacity for epiphyseal inva-
sion was not found to have any clear relationship with its histological type.

From our results it can be concluded that it is valid to use radiological imaging as
the basis for the decision on whether or not to undertake physeal distraction. In most
cases in which conservative surgery was applied without physeal preservation, the
resected material showed that the tumor had indeed invaded the physis or to be in
extensive contact with it, and consequently the decision not to use physeal distraction
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Fig. 6.7 Left In the MRI this tibial osteosarcoma seems to be in contact with the growth plate.
Right However, macroscopically this osteoblastic osteosarcoma is found to be at a distance of
1 mm from the growth plate

was justified. There were, however, some case in which preservation of the physis was
erroneously ruled out, while the physis was subsequently found not to have been
transgressed by the tumor. From the clinical follow-up of all patients it was clear that
only rarely did the tumor recur, and in the few cases when it did, it recurred in the
diaphysis, not in the epiphysis. These data show that the radiological approach is valid
for the decision on whether or not to carry out physeal distraction for a given patient.

The significant percentage of patients with epiphyseal invasion must surely raise
doubts about the traditional notion of the physeal barrier. Two main theories have
been proposed to explain how osteosarcoma, in its spread, is able to cross the physis
[19]. According to the first, epiphyseal invasion takes place through the pre-existing
trans-physeal vascular channels, which communicate the metaphysis with the
epiphysis [9, 20]. However, Trueta and Morgan [21] and Brighton [3] observed that,
from approximately 1.5-2 years of life until the age of skeletal maturity, the human
epiphyseal and metaphyseal circulations are not connected in any way through the
physis, which is hypertrophic. Most proliferating cartilage is practically avascular.
The second theory is based on the possibility that the tumor induces an intense vas-
cular response at its periphery, which favors its spread [8]. Our findings are concor-
dant with such a mechanism. In fact, it has been demonstrated that osteoblasts [22]
can synthesis VEGF, as we have observed in the physis next to the front edge of
osteosarcoma. Vascular proliferation of the peritumoral stroma would favor tumor
infiltration of the cellular columns of epiphyseal cartilage observed in our
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Fig. 6.8 (a—c) Left Osteosarcoma in the distal tibia. Angiography and CT scan showed invasion of
the epiphysis. (Note that in the 1980s, MR imaging was not available). (d, e) This osteosarcoma is
eroding the growth plate and invading the physis. In the histological cut stained with Masson tri-
chrome, the osteoblastic osteosarcoma is clearly located in the epiphysis, but the location of physis
invasion is not observed in this section

histological studies. The final effect of vascularization would depend on the balance
between pro-angiogenic and antiangiogenic factors produced in the environment of
osteosarcoma [12]. Several pro-angiogenic growth factors, such as FGF-2 and
VEGEF, produce their effect by linking to proteoglycans, such as heparan sulfate.
Other molecules, such as syndecan or perlecan, regulate the vascular distribution
[5, 12, 23]. As well as by vascularization, tumoral infiltration would also be
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Fig. 6.9 Physeal invasion
by an osteosarcoma in a
12-year-old boy. Tumor
cells infiltrate as finger-like
growths permeating the
calcification and
hypertrophic zones of the
physeal cartilage
(Masson’s trichrome, x40)

Fig. 6.10 The remains of physeal
cartilage in the femur of an
8-year-old girl with metaphyseal
osteoblastic osteosarcoma. The
patient had received chemotherapy
before resection of the tumor.
Several islands of physeal
cartilage can be seen surrounded
by reparative tissue which
occupies the whole thickness of
the physis. This organization of
tissue has substituted the necrotic
tumor (H&E, x100)

M.A. Idoate et al.
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Fig. 6.11 Physeal tumor
invasion in the form of
finger-like projections in a
9-year-old girl with
osteoblastic osteosarcoma.
The periphery of the
osteosarcoma was not
necrotic despite pre-
operative chemotherapy.
This multi-focal type of
growth is more difficult to
detect radiologically
(H&E, x100)

enhanced by the osteoclastic reaction as a phenomenon that, hypothetically, could
precede the progress of the tumor. This cellular reaction was seen in the free zone
between the tumor and the physis. These findings have also been observed in a simi-
lar sequence of angiogenesis and osteoclastic activation in the growth plate [11].

Apart from via the trans-physeal route of epiphyseal invasion, another explana-
tion of how the tumor gets into the epiphysis is to suppose that it can establish
epiphyseal metastatic foci without alterations in the growth cartilage. This type of
metastasis, so-called skip metastasis, has been observed to occur between various
zones of a single bone [6] and even between adjacent bones of mature individuals
without affecting the articular cartilage [16]. However, there was no evidence of
such metastasis in our histological study.

Age is a factor which one might expect to influence trans-physeal spread of
osteosarcoma. Physeal involution commences shortly before skeletal maturity and,
as a result of this, at certain points, meta-physo-epiphyseal vascular communication
is re-established. Theoretically, this factor would increase the possibility of an
osteosarcoma invading the epiphysis.
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Fig. 6.12 A paradoxical
pattern of metaphyseal-
epiphyseal infiltration is
shown in which there is
apparent preservation of
the physis, at least on the
plane of this section. The
case concerns a 15-year-
old boy with osteosarcoma
(H&E, x100)
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One month
latter

(without
treatment)

ﬁ

Fig. 6.13 (a) The initial MRI scan for this patient with a bone sarcoma was made at a hospital
other than our own. Over a month later (b), he came to our center, and we took another MRI scan
in order to be sure the epiphysis could still be saved. These two consecutive scans and other such
sequential scans strongly suggest that invasion of the physis by an osteosarcoma is largely just a
matter of time
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Chapter 7

Growth Plate Involvement in Malignant Bone
Tumors: Relationship Between Imaging
Methods and Histological Findings

Jesiis Damaso Aquerreta, Mikel San-Julian, Alberto Benito,
and José Caiadell’

Abstract MRI is a reliable imaging method for detecting physeal and epiphyseal
involvement in metaphyseal malignant bone tumors. In our experience, we have had
no false negatives.

Keywords Growth plate ¢ Pediatric sarcomas ¢ Physeal involvement ¢ Imaging
methods * Sarcoma staging

7.1 Introduction

In the late 1970s and early 1980s, several advances enabled surgeons to broaden the
indications for limb salvage: better and more accurate diagnostic imaging tech-
niques became available [2-5, 7-13, 15-17], techniques of bone reconstruction
were improved, there was progress in methods for resection of pulmonary metasta-
ses, and above all, pre- and post- operative chemotherapy protocols became estab-
lished. Limb preserving procedures require knowledge of the exact extension of the
tumor, and so, in this chapter, we will consider the role of imaging methods and
how accurately and specifically they determine the intraosseous extent of tumors.
To this end, we carried out a study comparing several imaging methods that are
employed in the evaluation of physeal involvement in primary malignant bone
tumors.
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7.2 Patients and Methods

We analyzed metaphyseal malignant bone tumors in children who were treated in our
department between 1982 and 1995. Of the 65 tumors studied, 47 were osteosarcomas
and 18 were Ewing’s sarcomas. The mean age of the patients was 11 (3—16) years.

Standard radiographs were available for all patients. Computed tomography
(CT) scans were available for 51 patients, digital angiography (Fig. 7.1) images for 48,
and magnetic resonance imaging (MRI) T1- and T2-weighted sequences for 31. All
methods were evaluated by the same radiologist.
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Fig. 7.1 X-ray (a), angiography (b), and CT (c) images used for assessing tumor involvement of
the epiphysis. (d) A bone scan of a different case showing an epiphysis free of tumor
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Careful histological examination of all the resected pieces was performed, espe-
cially of the metaphyseal margin in cases in which the epiphysis was preserved.

The proximity of the tumor to the growth plate was evaluated with as many of the
different methods as possible. A tumor was considered to be at distance zero if it
was in contact or had crossed the growth plate. On the basis of the histological find-
ings, we studied the following statistical parameters of the four imaging methods:
sensitivity, specificity, accuracy, and positive and negative predictive values.

7.3 Results

The physis was affected in 53 % of cases (Figs. 7.2 and 7.3). Table 7.1 presents the
relationship between histological findings and the evaluation of growth plate
involvement based on the different imaging methods.

The sensitivity with CT and MRI was 100 %, with X-ray and angiography, over
90 %. The specificity with MRI was 78.5 %.

Predictive value and accuracy data is given in Table 7.2. The positive predictive
value (the probability of actual involvement of the growth plate given that with the
imaging method it was seen to be involved) was more than 80 % for all the methods
studied. The negative predictive value (the probability that the imaging method cor-
rectly indicated that the growth plate was not involved) was 100 % in CT and

Fig.7.2 MRI was the best imaging method for assessing tumoral involvement of the growth plate.
T1 weighted images of patients with metaphyseal osteosarcoma showing extensive contact with
the physis, but without epiphyseal involvement
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Fig. 7.3 In 50 % of the cases (a—e), the physis was not crossed by the tumor. In the other cases,
the tumor had introduced itself into the epiphysis (f, g)
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Fig. 7.3 (continued)

Table 7.1 Relationship between imaging and histological findings

133

No of cases studied with every imaging method False (-) | False (+) | Total
X-ray (65) 1 6 7 (10.7 %)
CT (43) 0 6 6(13.9 %)
Angiography (30) 1 3 4 (13.3 %)
MRI (31) 0 3 3 (9.6 %)
f cases studied with every imaging method False (—) False (+) Total
Table 7.2 Accuracy of the imaging methods

Imaging method PPV NPV Accuracy

X-ray 82.7 94.7 87.5

CT 81.5 100 86.5
Angiography 85.1 80 84

MRI 87.1 100 90.3

MRI. The greatest accuracy (the average of the positive and negative predictive
values) was obtained with MRI (90.3 %). With MRI, we found that it was possible

to distinguish three types of lesion:

* The tumor was not in contact with the growth plate. In some cases, the radiolo-
gist could discern edema between the tumoral lesion and the growth plate, and

this was an important feature in determining the surgical approach.

* The tumor was in contact with part or all of the growth plate. In some of these cases,
it was possible to resect the tumor while preserving the epiphysis (see Chap. 9).

* The tumor transgressed the physis.
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7.4 Discussion

Despite the general low specificity of X-rays, over a century of experience with
X-ray imaging make it the primary and indispensable methodology for visualization
of bone pathologies. CT can be regarded as a complementary technique to X-ray
because it provides better imaging of complex zones such as pelvic bones. Currently,
CT can provide high-quality multi-plane reconstructions. However, this requires
acquisition of images with fine slices, which in turn requires higher radiation doses.
Although CT enables detection of injury to the edge of the physis, it does not enable
evaluation of physeal invasion as reliably as magnetic resonance imaging (MRI).

A technique not included in our study is scintigraphy, which, due to its very high
sensitivity, is more generally used in cancer patients to determine whether or not
there is multiple bone involvement. For the purpose of evaluating involvement of
the growth plate, the low specificity of scintigraphy means it is not particularly use-
ful: in most cases, both the lesion and the growth plate show increased up-take of
the radiopharmaceutical (Fig. 7.1d).

Angiography shows the vascular supply to tumors and facilitates staging a tumor.
Angiography is also helpful for evaluating the likely effectiveness of intra-arterial
chemotherapy, which is useful in the treatment of bone tumors, above all in
osteosarcoma.

Pre-operative chemotherapy, which initially confirmed the action in vivo of
drugs on tumor tissue, can improve limb preservation. Angiography may also facili-
tate evaluation of whether or not a tumor has involved the epiphysis, since neovas-
cularization can be observed in this area. With digital subtraction angiography,
however, it is more difficult to distinguish bone structures, and thus this method is
less useful for the purposes of evaluating growth plate involvement.

In our study, there were more false positive results than false negative ones. With
CT and MRYI, there were no false negatives. We conclude that, for our purposes, CT
and MRI are safe and reliable diagnostic techniques [2-5, 7-13, 15-17], (Figs. 7.4
and 7.5).

Although diagnosis should never be based solely on MRI, it is the best available
technique for staging a bone tumor because of its high sensitivity and the possibility
of multi-planar imaging. MRI provides a clear delineation of tumor extension and
shows the association between the tumor and the growth plate. We prefer the
T1-weighted image in coronal sections because it enables the use of thin slides with
which high contrast between fat and tumor signal intensity can be achieved. The
accuracy of this technique in determining physeal involvement was better than that
of the other techniques [11, 14] (Figs. 7.1, 7.2, and 7.3).

The application of contrast media does not improve the specificity and accuracy
of the sequences without contrast to differentiate between tumor and edema [6].

PET is now a well-developed imaging technique of considerable importance in
the study of tumors. PET enables assessment of the degree of metabolic activity of
a tumoral lesion and can be used to determine the level of response to treatment
(chemotherapy) based on the quantification of the SUV (standard uptake value).
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.

Fig. 7.4 (a) Sagittal T2-weighted images showing contact between the metaphyseal injury and
physeal cartilage in the anterior region. (b) Sagittal section of the surgical specimen showing integ-
rity of the physis

Fig. 7.5 An example of metaphyseal osteosarcoma extending across the growth plate
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Fig. 7.6 Clinical aspect
(a) and PET image (b) of a
metaphyseal bone sarcoma
that is not crossing the
physis. The metabolism of
FDG is increased in the
metaphysis, but not in the
epiphysis. Note the up-take
in every growth plate

The spatial resolution of PET is not always sufficient to make it a reliable technique
for assessing the involvement of physeal cartilage, although the involvement of the
epiphysis and the presence of bone metastases can be determined [1] (Fig. 7.6).
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Chapter 8
Consequences of Delayed Diagnosis

Blanca L. Vazquez-Garcia, Mikel San-Julian, Ana Patifio-Garcia,
Luis Sierrasesiimaga, Antonie H.M. Taminiau, and P.D. Sander Dijkstra

Abstract Background: To determine for pediatric patients with high grade metaph-
yseal osteosarcoma whether there are any correlations between delay in diagnosis
(time between appearance of symptoms and start of treatment), tumoral spread
across physis and outcome.

Procedure: The clinical records, imaging methods and histology reports of 157
patients with high grade metaphyseal pediatric osteosarcoma of a long bone were
reviewed. The mean follow-up time was 102 months. Location, histological sub-
type, time from initial symptoms to start of treatment, major diameter, percentage of
necrosis, whether the physis was crossed by the tumor, and outcome (recurrence,
metastasis and status) were collated and statistically analyzed with SPSS v15.0.

Results: Compared to the group of patients with unbreached physis, the group
with tumors that had crossed the physis (58 % of patients) was older (13.4 vs 11.9
years; p=0.05), had longer diagnostic delay (4 vs 2 months; p<0.0001), had almost
twice the incidence of metastasis at diagnosis (38 % vs 22 %, p=0.043) and had
poorer outcome (overall survival 49 % vs 67 %). Statistical analysis demonstrated
an age-independent correlation between diagnostic delay and tumoral spread across
the physis (p<0.0001).

Conclusion: Breach of the physis by a metaphyseal pediatric osteosarcoma is a
matter of time. Outcomes for patients with tumors that had crossed the physis were
worse than for patients with tumors that had not. Diagnostic delay of over 2 months
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was associated with poor prognosis. We urge that a major effort be undertaken to
facilitate early diagnosis of all patients who might be suffering from this lesion.

Keywords Delay diagnosis ® Osteosarcoma ¢ Physis

8.1 Introduction

Pediatric osteosarcoma usually arises on the metaphysis of long bones, the most
common site being around the knee (in the distal femur or proximal tibia). The
standard treatment includes wide surgery and chemotherapy. The type of surgery
differs according to such considerations as the age, extension of the tumor, the
involvement of the joint, and the need for growth plate removal [1].

Tumors arising on the metaphysis sometimes proceed to invade the epiphysis by
crossing the growth plate, which can be regarded as representing a temporary and
somewhat imperfect barrier to tumoral spread. According to previous studies [1-7]
such breaching of the growth plate and spread into the epiphysis occurs in between
50 and 70 % of cases. The large difference in these percentages can be explained in
several ways: by variation in aggressiveness of tumors, by the age of patients (the
younger the patient the thicker the growth plate), or by delay in starting treatment
(the longer the tumor is allowed to develop the greater its chances of breaching the
temporary barrier that the growth plate implies). In this respect it would be useful to
establish whether tumors that cross the physis are qualitatively different from those
that do not. The question arises: are tumors that invade the epiphysis more aggres-
sive? Alternatively, do the cases with invasive tumors tend to be the cases that were
diagnosed later? The outcomes for patients with tumors confined to the metaphysis
are better than those for patients with epiphyseal involvement, is this attributable to
differences in tumor aggressiveness or to earlier diagnosis?

The diagnostic and staging process for an osteosarcoma case includes obtaining the
clinical history, imaging (x-ray, CT, MRI, bone scan) and a biopsy study. In the centers
at which the authors work, all diagnostic tests, can be performed within 1 or 2 days. In
non-reference centers, however, the diagnostic process can take up to several months.

The aim of this study of pediatric patients with high grade metaphyseal osteosar-
coma is to determine whether there are any correlations between delay in diagnosis,
tumoral spread across the physis, and final outcome. We define delay in diagnosis as
the interval between appearance of initial symptoms and the beginning of treatment.

8.2 Patients and Methods

We reviewed the clinical data by patient records, imaging methods and histology
reports for the pediatric osteosarcoma patients treated at two large tumor refer-
ence centers in two different countries (referred to here as hospitals A and B)
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between 1980 and 2009. For inclusion, patients had to be of pediatric age (under
15 years old for girls and under 17 years old for boys), to have a diagnosis of clas-
sic high grade osteosarcoma with a metaphyseal location in a long bone, and to
have been treated in standard manner, that is, with neoadjuvant chemotherapy,
surgery and adjuvant chemotherapy. Patients with metastasis at diagnosis were
included. Patients of adult age were excluded as were patients with tumors affect-
ing flat bones, of low grade or located in the diaphysis. Data for location, histo-
logical subtype, time from initial symptoms to start of treatment, major diameter,
percentage necrosis, whether the physis had been crossed by the tumor or not, and
outcome (recurrence, metastases and status) were collated. Statistical analysis
was by SPSS v15.0.

The study included 157 patients, with a mean follow-up of 102 months. The
characteristics of these patients are given in Table 8.1.

8.3 Results

The tumor crossed the physis in 56 % (89/157) of patients. Comparison of patients
in whom tumors crossed the physis and patients in whom tumors did not revealed
statistically significant differences in age, time from initial symptoms to start of
treatment, presence of metastases at diagnosis and outcome (Table 8.2).

Patients in whom tumors did not cross the physis were younger than those in
whom the epiphysis was involved. The mean age at diagnosis was slightly lower in
patients from hospital A (12.5 years vs 13.2 years), and the percentage of patients
with tumors crossing the physis was correspondingly lower for hospital A than for
hospital B (54 % compared to 61 %, respectively).

For the group of patients with epiphyseal involvement, the median time
between initial symptoms and start of treatment was 4 months (range 1-16
months). For the group in which the physis was not crossed, the median diagnos-
tic delay was 2 months (range 1-7 months). The difference is statistically signifi-
cant (p<0.0001).

In order to control for confounding factors, a regression analysis with age strati-
fication was performed (Table 8.3 and Table 8.4). Regardless of the age at diagnosis,
there was a statistically significant correlation (p<0.0001) between delay in starting
treatment and tumoral spread across the physis.

Clinical outcome in terms of survival, local recurrence and metastasis was
impaired when the physis was crossed by the tumor (p=0.04, 0.07 and 0.04, respec-
tively). In the group of patients with tumors that crossed the physis, the number of
cases with metastasis at diagnosis was almost twice that in the group with unbreached
physis (42 % vs 22 %) (Table 8.2).

Metastasis at diagnosis was the prognostic factor (p<0.0001) most indicative of
poor survival (Figs. 8.1 and 8.2). Local recurrence was almost three times higher in
patients with tumors that crossed the physis (14 % vs 5 %). Overall long-term sur-
vival in the group of patients with tumors that crossed the physis was almost 20 %
worse than that in the group with unbreached physis.
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Table 8.1 Clinical Osteosarcomas (n= 157)
characteristics of the patients

included in the study No. %
Age at diagnosis (years)
Median 13.3
Range (0-44)
Sex
Female 68 43.3
Male 89 56.7
Location
Proximal femur 9 5.7
Distal femur 79 50.3
Proximal tibia 39 24.8
Distal tibia 11 7
Proximal fibula 5 32
Proximal humerus 11 7
Distal humerus 2 1.3
Distal radio 1 0.6
Necrosis
Good (>90 %) 59 37.6
Poor (<90 %) 86 54.8
Not available 12 7.6
Histologic subtype
Osteoblastic 132 84.1
Chondroblastic 16 10.2
Fibroblastic 3 1.9
Telangiectasic 6 3.8
Metastasis at diagnosis
No 105 66.9
Yes 52 33.1
Status
Alive 101 64.3
Dead 48 30.6
Not available 8 5.1
Follow-up (months)
Mean 102
Median 69.5
Range (2.6-363.7)

8.4 Discussion

We have studied the relationships between breach of the physis by metaphyseal
pediatric osteosarcoma, delay in diagnosis and clinical outcome. Our main finding,
that outcomes for patients with tumors that had crossed the physis were worse than
for patients with tumors that had not, is, to the best of our knowledge, the first
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Table 8.2 Differences between patients grouped according to whether the tumor crossed the
physis or not. (Contingency tables)

Physis crossed (%) Physis not crossed (%)

Number 89 (56 %) 68 (44 %)

Mean age 13.4 11.9 p=0.05
Diagnostic delay® 4 months 2 months p<0.0001
Metastasis at diagnosis 37 (42 %) 15 (22 %) p=0.04
Local recurrence 12 (14 %) 3(5%) p=0.07
Overall survival 44 (49 %) 46 (67 %) p=0.04

2Mean time in months between initial symptoms and start of treatment

Table 8.3 Regression analysis with age stratification

Diagnostic delay (months)

Crude mean (95 % CI) Age-adjusted mean®
With physis-crossing 2.21(1.90-2.53) 2.20 (1.58-2.82)
Without physis-crossing 4.05 (3.40-4.69) 4.06 (3.53-4.58)

Analysis of covariance (ANCOVA)

Model: the dependent variable is time; independent variables are physis-crossing (dichotomous)
and age (continuous)

2Analysis of Covariance ANCOVA (equivalent to linear ordinary least-squares regression).
p<0.0001

Table 8.4 Regression analysis with age stratification

Time N | OR (95 % CI) Age-adjusted OR* (95 % CI)
<1 31 1 (ref) 1 (ref)

1.5-2 37 1199 (0.71-5.53) 1.88 (0.67-5.29)

2.5-3 31 4.04(1.38-11.86) 4.67 (1.54-14.14)

4-16 49 19.14 (3.13-26.69) 9.36 (3.16-27.7)

* Odds ratio (95 % CI) for physis-crossing according to time between initial symptoms and start
of treatment

demonstration of the veracity of the supposition, based on experience with other
pediatric cancers, that the earlier a pediatric osteosarcoma is diagnosed and treated,
the better the oncological outcome.

The current study confirms the suggestion present in other published reports that
invasion of the physis by a metaphyseal osteosarcoma is likely to be a matter of time
[1, 3] osteosarcoma usually arises in the metaphysis of long bones, and the growth
plate is thought to represent a temporary barrier to tumoral spread across the physis
and into the epiphysisis. We found that for tumors that had crossed the physis, the
mean time between initial symptoms and start of treatment was approximately
twice the mean for tumors constrained in the metaphysis.

The physis can be regarded as representing a temporary barrier to tumoral spread
from metaphysis to epiphysis. Because the thickness of the physis decreases with
age, it is reasonable to hypothesize that breaching of the physis by a metaphyseal
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osteosarcoma may depend to some degree on a patient’s age. One would expect that
the younger the patient, the better the barrier to epiphyseal invasion posed by the
physis. In view of the fact that diagnostic delay increases correspondingly a patient’s
age, could this putative age effect confound our results? After taking into account
patient age by applying regression analysis with age stratification to our data, we
found that patients in whom the tumor had crossed the physis were still associated
with significantly longer diagnostic delay than patients in whom the tumor remained
constrained in the metaphysis.

Patients with tumor crossing the physis had worse outcomes than those with a
tumor that had not crossed the physis: the percentages with metastases at diagnosis
and with local recurrence were higher, and overall survival was impaired (49 % vs
67 %).

From the point of view of surgical technique, surgery is simpler when the epiph-
ysis is free of tumor. There is no need for joint resection, reconstruction is simpler,
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and clinical results are usually better in terms of function [7-9]. Preserving the joint
and, when possible, the potential for growth is the best way to avoid further compli-
cations and further surgery, especially in young children.

In children, tumor breaching of the physis is not only bad news in terms of post-
treatment joint function, it is also a strong indicator of poor prognosis. As demon-
strated by this study, whether a tumor breaches the physis depends on the speed with
which treatment is started. It is of paramount importance to minimize the time inter-
val between appearance of symptoms and start of treatment, because the conse-
quences of a diagnostic delay of 2 months are, quite frankly, terrible.

It may not be possible to change the behavior and other characteristics of a tumor,
but we can improve time intervals of the diagnostic procedures and avoid delays.
The use of screening protocols in oncological centers is mandatory. In addition, we
suggest implementation of educational measures so that general physicians and
general orthopedic surgeons become the sufficiently aware of this pathology to send
possible patients immediately to reference centers. This will improve prognosis and
functional outcome in pediatric osteosarcoma.

8.5 Conclusion

Breaching of the physis by a metaphyseal pediatric osteosarcoma is a matter of time.
Outcomes with tumors that have crossed the physis are worse than outcomes with
tumors that have not. Regardless of age, a delay of 2 months between the appearance
of symptoms and the start of treatment worsens the clinical outcome drastically. For
this reason, we urge implementation of measures to guarantee early diagnosis of all
patients who might be suffering from metaphyseal pediatric osteosarcoma.
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Chapter 9
Imaging-Based Indications for Resection
with Epiphyseal Preservation

Mikel San-Julian and José Canadell’

Abstract The findings of imaging methods can be used to select cases in which we
can try to preserve the epiphysis during tumor resection. In the 1980s, we were more
cautious; with time and experience we have enlarged the indications for the
technique.

Keywords Epiphyseal distraction * Limb salvage * Bone sarcomas ¢ Growth plate ®
Epiphysis preservation ¢ Indications * Imaging methods

9.1 Introduction

On the basis of the findings of the various imaging methods considered in Chap.
7, we can identify cases in which the tumor does not involve the epiphysis and
in these cases adopt an approach to tumor resection which attempts to preserve
the epiphysis. Such an approach involves a carefully coordinated chemotherapy
program before resection, with the aim of minimizing the risk of local
recurrence.

We carried out a study comparing several imaging methods that are employed
in the evaluation of physeal involvement in primary malignant bone tumors. By
correlating our findings with the histological features of each case, we were able
to establish indications for our technique of epiphyseal preservation through phy-
seal distraction (epiphysiolysis) before excision of metaphyseal bone tumors in
children [1].

In our imaging study (Chap. 7), there were more false positive than false negative
results; in the CT and MRI studies, there were no false negatives which confirms
that MRI and CT scan are safe and reliable diagnostic techniques that allow us to
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Fig. 9.1 (a) Osteosarcoma in the distal metaphysis of the femur of a 15-year-old boy. The tumor
seems to have crossed the physis in the MRI image. (b, ¢) However, the histological study found
no tumor cells in the physis

predict the location and extent of a tumor and, where oncologically appropriate,
reduce the amount of bone resected [3—14]. The problem of false positives with CT
and MRI (Fig. 9.1), however, could lead us to a sub-optimal treatment of certain
tumors in terms of limb function preservation.



9 Imaging-Based Indications for Resection with Epiphyseal Preservation 149
9.2 Stages of Invasion of the Epiphysis

Several years ago, in our department, we carried out a retrospective histological
study of a series of malignant bone tumors in children [2] (see Chap. 6). The propor-
tion of cases in which the tumor infringed the physis, about 50 %, was similar to that
found with our subsequent study of imaging methods (see Chap. 7). In the histologi-
cal study, we found that morphological lesions at the physis could be categorized
into three types:

* The growth plate was not in contact with tumoral tissue.

* Areas of the growth plate were in contact with tumor tissue but were not pene-
trated by the tumor. Voluminous capillary sinusoids had introduced themselves
between the columns of the matrix of the cartilage. The remainder of the physis
appeared to be free of alterations.

* The physis was clearly invaded by the tumor. The areas crossed by tumor were
surrounded by zones of thinned cartilage, similar to what was observed in the
second type of lesion.

The implication of these observations is that invasion of the epiphysis by the
tumor progresses in a predictable manner: first there is a hypervascularization reac-
tion which leads to an early ossification of the growth plate, and after that the tumor
crosses the physis.

9.3 Surgical Treatments

The surgical treatment we recommend for these tumors depends on the stage of
invasion of the epiphysis as revealed by MRI. The three possibilities are presented
below.

1. The tumor has crossed the physis.

In such cases, preservation of the epiphysis is not possible (Fig. 9.2).
2. The tumor is in contact with the physis.

There are three scenarios:

 If all of the physis is affected (Fig. 9.3), the probability that tumor cells have
crossed over the physis is high (see Chap. 5). However, most Ewing sarcomas
and many osteosarcomas respond well to neoadjuvant chemotherapy, and if
this response is particularly strong, preservation of the epiphysis should not
be ruled out.

 If the tumor is only in contact with part of the growth plate, tumor cells are
less likely to have crossed over the physis and consequently we can try to
preserve the epiphysis. After resection, external fixation can be maintained
until intraoperative histological studies determine whether tumor cells are
present in the physeal margin of the resection (Fig. 9.4). Then, on the basis of
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Fig. 9.2 (a) The growth plate has been crossed by this osteosarcoma in the proximal metaphysis
of the tibia. (b) Reconstruction with a composite allograft-prosthesis

the histology, the appropriate manner in which to complete the surgical treat-
ment (see Chap. 10) can decided. Before the advent of MRI, due to the lower
accuracy of the other imaging methods employed, we used this methodology
more frequently.

* An alternative method for preserving the epiphysis in cases when a tumor is
in contact with only a part of the physis but does not cross it is intra-epiphy-
seal osteotomy, which may be useful especially in certain cases in children
who are nearing the end of growth.

3. The tumor is near to but not in contact with the physis.
Physeal distraction before excision is, in our experience, the best technique in
such cases (Fig. 9.5). The safety of physeal distraction and the fact that it can
preserve the whole epiphysis and most of the growth plate make it superior to
other techniques such as epiphyseal osteotomy.
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Fig. 9.3 Osteosarcoma in
contact with the whole of
the physis

9.4 Other Considerations

The fact that there are no anastomoses between epiphyseal and metaphyseal vessels,
the possibility of using imaging methods to determine whether or not the tumor has
involved the epiphysis, and the Cafiadell technique for resection through physeal
distraction [1, 11] together make it feasible, in selected cases, to preserve the epiph-
ysis and the joint during tumor resection.

Physeal distraction is used in tumors of the distal femur, proximal tibia, proximal
humerus, distal radius, distal tibia, and distal fibula. In locations such as the proxi-
mal fibula or proximal femur, physeal distraction is not used for obvious reasons
(Fig. 9.6). In tumors involving the proximal metaphysis of the humerus, the
particular morphology of the growth plate makes it possible to employ physeal dis-
traction (Fig. 9.7).

The presence of a pathological fracture (Fig. 9.8) contraindicates physeal dis-
traction because the distraction will occur through the fracture instead of through
the growth plate. In such cases, intra-epiphyseal osteotomy could be used to con-
serve the epiphysis. However, if a fracture heals during the period of neo-adjuvant
chemotherapy, it is still possible to perform physeal distraction (Fig. 9.9).
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Fig. 9.4 Physeal distraction according to Cafiadell’s technique in a case in which involvement of
the physis was uncertain, before the MRI era. (a) External fixation was kept in place after resection
until histological study of the resection margins had been carried out. (b) After histological confir-
mation of the absence of tumor cells in the metaphyseal margin of the resection, the reconstruction
was carried out with an intercalary allograft

Finally, note that physeal distraction serves no purpose in cases of diaphyseal
tumors with a safe margin between the tumor and the physis [5] (Fig. 9.10).

Figure 9.11 provides a summary of the MRI-based indications and contraindica-
tions for tumor resection with physeal distraction in order to preserve the epiphysis.
Of the patients we have operated on in accordance with the prescriptions of the
Caifiadell technique, none have suffered a local recurrence of the tumor in the
retained epiphysis.
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Fig. 9.5 (a) Osteosarcoma in the distal femur. The tumor is not in contact with the growth plate.
There are some areas of edema between the tumor and the physis. (b, ¢) Physeal distraction was
performed. (d) Reconstruction was by intercalary allograft. (e) Macroscopic appearance
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Fig. 9.6 X-Ray (a) and macroscopic view (b) of an osteosarcoma in the proximal metaphysis of
the fibula of a 15-year-old girl. In such cases, it would not be appropriate to attempt to use physeal
distraction and to preserve the epiphysis because of the risk of lesion to the peroneal nerve when
placing the pins. Aside from this consideration, in this patient, the loss of the epiphysis does not
imply any impairment in knee function
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Fig. 9.7 The particular
morphology of the growth
plate of the proximal
humerus allows placement
of pins for physeal
distraction
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Fig. 9.8 (a) Pathological fracture in the distal tibia of a 9-year-old boy with an osteosarcoma. (b)
The tumor did not transgress the physis. (¢) X-ray of the resected piece. (d) Reconstruction was
done by osteoarticular allograft
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Fig. 9.9 (a) Ewing’s sarcoma in the distal femur of a 10-year-old boy. Note the osteolysis in the
metaphysis and the Codman triangle in the middle shaft. (b) A few days after diagnosis, this
patient suffered a pathological fracture which healed after a few weeks. (¢) The external fixation
was placed. (d) Note the varus and shortening due to the fracture. (e) Epiphysiolysis was success-
ful. The tumor was resected and the limb was reconstructed. The allograft healed. (f) The resected
piece; note a fine layer of growth plate tissue covering the distal margin of resection
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Fig. 9.10 Clinical picture (a) and X-ray (b) of an osteosarcoma in a 15-year-old boy. There was a
safe margin between the tumor and the growth plate (c¢). The tumor was resected and reconstruc-
tion was carried out with an intercalary allograft (d)

Absolute
Indications relative contraindications contraindication

Fig. 9.11 MRI-based indications and contraindications for physeal distraction before resection of
metaphyseal tumors
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Chapter 10

Conservation of the Epiphysis While
Removing Metaphyseal Bone Tumors:
Epiphysiolysis Before Excision

José Caiiadell’, Mikel San-Julian, Jose A. Cara, and Francisco Forriol

Abstract Physeal distraction — when used for epiphysiolysis rather than for length-
ening — provides a safe margin of resection in appropriate patients. The technique
does not delay tumor treatment. Placement of the external fixator requires only
15 min and should be done a fortnight before the date established for surgery.
We include in this chapter a video tutorial of the placement technique.

10.1 Introduction

Physeal distraction has been extensively used for bone lengthening [4-6] and for
correcting angular deformities [1, 2, 8]. We now describe its use in facilitating the
excision of malignant bone tumors of the metaphysis. Such use can enable preserva-
tion of the epiphysis.

The absence of anastomoses between epiphyseal and metaphyseal vessels means
that in those cases where imaging methods determine that the epiphysis has not
been affected by the tumor, it is possible to conserve the epiphysis and the joint
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while resecting the tumor. This is made possible by physeal distraction according to
Cafiadell’s technique.

10.2 Patients and Methods

Between March 1980 and December 2014, we operated on more than 1000 patients
with pediatric bone sarcomas. Intercalary reconstructions were carried out in 168
patients, and many of these reconstructions were made possible by means of physeal
distraction. Of these 168 patients, the mean age was 9.4 years; there were similar
numbers of males and females. The histological diagnosis was osteosarcoma in
two-thirds of the patients (n: 109) and Ewing’s sarcoma in the remaining one-third
(n: 59).

10.3 Indications Conservation of the Epiphysis While
Removing

The indications for Cafiadell’s technique were:

1. Location of the tumor in the metaphyseal region.

2. The physeal cartilage had to be open. A patient’s age is an important consider-
ation here. In about half of our pediatric patients, the tumor had not involved the
physis; the mean age of this group was 11 years. In patients who have nearly
finished growing, the probability of tumoral cells having crossed the physis is
higher, and it is more difficult to achieve physeal distraction. Other authors [7]
have reported a similar incidence of micro- or gross- extension to the epiphysis
from metaphyseal bone tumors.

3. The tumor must not have transgressed the physis. Radiography, arteriography,
CT, and particularly MRI were used to demonstrate this pre-operatively, and
histological examination was then used to corroborate the findings of such imag-
ing studies [3].

10.4 Operative Technique (Video 10.1)

The surgical technique usually consists of two phases:

Phase one (Fig. 10.1). Two pins are inserted into the epiphysis and another two into
the diaphysis at a distance from the tumor (8—10 cm away if possible). An exter-
nal monolateral fixator with a T-shaped piece (Fig. 10.2) for the epiphyseal pins
is attached (Fig. 10.3). We usually use Schanz pins of 5 or 6 mm diameter. In
very young children, 4 mm pins could be strong enough for epiphysiolysis.
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Fig. 10.1 Diagram First surgical step 10-15 days
showing the first surgical
step

Fig. 10.2 (a—c) Devices used in young children for distal tibia, distal fibula, and distal radius
(yellow) and in adolescents for proximal tibia and humerus (blue) and distal femur (red). All
devices have a T-shaped piece in order to put the two epiphyseal pins perpendicular to the
diaphysis
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Fig. 10.3 Diagrams showing the placement of the pins in distal femur, proximal and distal tibia,
proximal humerus, and distal fibula

Distraction is begun in the operating room and continues at the rate of 1-1.5 mm/
day until 1 or 2 cm of distraction is achieved. During the first few days nothing
happens, but after between 7 and 14 days of distraction the patient usually reports
pain, and this indicates rupture of the growth plate: radiography will show dis-
ruption of the physis. In our series, the mean time over which distraction was
applied was 10 days. This first phase can be carried out while the patient is finish-
ing the course of neoadjuvant chemotherapy; despite the external fixator being in
place, even intra-arterial procedures can be used without problems [9] (Fig. 10.4).
We usually operate on a patient the day after the final intraarterial neoadjuvant
procedure.

Phase two. En-bloc resection of the tumor is performed by diaphyseal osteotomy,
leaving a wide margin. The metaphyseal end of the resection is already effected
by the distraction. If the prior imaging methods clearly indicated an absence of
tumor in the epiphysis, the operation is completed, in this second surgical step,
by reconstruction with an intercalary graft (Fig. 10.5).

In the past, before the advent of MRI, with cases for which we could not be sure that
the tumor had not involved the epiphysis, the resected tumor was sent immedi-
ately for histological examination, and chains of PMMA containing gentamicin
were inserted into the space held open by the fixator. If the pathologist reported
absence of tumor at the edges of the resected segment, the chains of beads were
withdrawn and a bone graft was inserted (Fig. 10.4). If, on the other hand, the
pathologist were to find tumor cells, the procedure would be to resect the
epiphysis and reconstruct the limb by other means: prosthesis, osteoarticular
allograft, or arthrodesis. In our series the latter scenario was only necessary in
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postperatie chamathranc pocd

Fig. 10.4 (a) It not necessary to delay the protocol of treatment. The first surgical step is carried
out during the pre-operative chemotherapy period. (b, ¢) In osteosarcoma patients, we use intra-
arterial cisplatin as a part of the neo-adjuvant chemotherapy protocol. The angiogram also clearly
shows that vascularization of the epiphysis is not connected with that of the metaphyseal tumor. We
usually carry out resection of the tumor the day after the last intra-arterial neoadjuvant procedure

Second surgical step

Fig. 10.5 Diagram
showing resection and @ Retained epiphysis together
reconstruction whit most of the growth plate
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Fig. 10.6 After distraction (a), surgery is easier. The perichondrium is cut (b—d). Only diaphyseal
osteotomy is required (c), because the metaphyseal “osteotomy” is already done. The resected
piece is covered by a thin layer of growth plate which constitutes a safe margin (e), while most of
the growth plate remains attached to the epiphysis in the patient (f)

one patient, whose prosthetic reconstruction proceeded without problem, and
who suffered no local recurrence. MRI has removed the uncertainty over epiphy-
sis involvement, and the so the three-step technique described in this paragraph
is no longer generally required (Figs. 10.6 and 10.7).
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Fig. 10.7 Osteosarcoma involving two-thirds of the femur in a 13-year-old boy. MRI (a) shows
some edema between the tumor and the growth plate. In this particular case, the proximal pins
were placed in the femoral neck due to the tumoral extension (b—d). Physeal distraction was
achieved (e). Reconstruction was carried out with an intercalary allograft in the second surgical
step (f). The allograft used was 2 cm longer than the resected piece (g, h). The resected piece (g)
together with the biopsy scar. Staining of the distal margin with Indian ink (h) shows that the mar-
gin is free of tumor, because there is a thin layer of growth plate cells covering the resected bone

In cases of large femoral tumors, sometimes the proximal pins have to be inserted
in the femoral neck (Figs. 10.7 and 10.8).

The choice of the kind of osteosynthesis device in the graft and in the remaining
physis and epiphysis can play an important role in the final leg-length discrepancy
(see Chap. 12). In this respect, for children near the end of growth, it may be appro-
priate to insert an allograft longer than the resected piece.

10.5 Discussion

When resecting a tumor, the surgeon must be certain that no malignant tissue is left
behind. Many authors agree that a 2—-3 cm margin is safe in bone sarcomas. This
means that, when the tumor is in the metaphysis close to the growth plate, resection
with such a margin implies loss of the adjacent joint.


http://dx.doi.org/10.1007/978-3-319-24220-0_12
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Fig. 10.8 (a) A huge osteosarcoma in the right femur of a 12 year-old boy. A large transquadri-
cipital open biopsy was performed elsewhere, and amputation was advised. MRI shows extension
of the tumor near the distal epiphysis. (b) After neoadjuvant chemotherapy an external fixator was
placed. Note the location of the proximal pins. Epiphysiolysis was achieved. (¢) An intra-operative
picture showing dissection of the vessels. (d) Postoperative x-ray. (e) The patient’s leg function 7
years later was acceptable
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Fig. 10.8 (continued)
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Fig. 10.8 (continued)

However, by definition, the wide margin is assumed to refer to a layer of normal
tissue, as opposed to reactive or inflammatory tissue surrounding the tumor.

In tumors that do not cross the growth plate, our technique based on previous
physeal distraction, provides a safe margin while averting loss of the epiphysis.
When present, the growth cartilage itself provides a dependable margin of safety:
the 2-3 cm margin suggested by most authors is unnecessary in this specific con-
text. This view is supported by the fact that in our series as well as in other series
(see Chap. 14) no tumor has been observed to recur locally in epiphysis that has
been conserved in accordance with the procedure we describe.
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Chapter 11
Complications of the Technique and Solutions

Blanca L. Vazquez-Garcia and Mikel San-Julian

Abstract Limb salvage in children with bone tumors consists in a long surgical
intervention divided in two-steps. The first step is to resect the tumor; the second
step is to reconstruct the limb. In appropriate cases, Cainadell’s technique has been
demonstrated to be a safe and effective technique that facilitates resection of the
tumor whilst providing a safe margin. Reconstruction after the use of Cafiadell’s
technique has similar rates of complications as reconstructions after other surgical
procedures.

With distraction of the growth plate at a rate of 1 mm per day, the physis usually
breaks through the layer of degenerative cells. This chapter will focus on an unusual
complication of the Cafadell technique: rupture in the wrong site. The solution
should this occur is intra-epiphyseal osteotomy, which can be undertaken without
sacrificing the articulation.

Keywords Complications ¢ Epiphysiolysis distraction ¢ Intra-epiphyseal osteotomy

11.1 Introduction

Bone sarcoma surgery consists of two steps: resection and reconstruction San-Julian
et al. [5]. Complications in the reconstruction step are the same as with reconstruc-
tion after other surgical procedures or pathological conditions, such as, fractures,
pseudoarthrosis, and infections. For more information see Chap. 12: “Clinical
Results”.

As a tumor resection technique, epiphysiolysis before excision has, over time,
proved to be a safe and effective technique. It has, however, had critics, who have
expressed concern about the possibility of higher rates of complications (infection,
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for example) that might result from placing an external fixator so close to the tumor.
Another concern has been the possibility that tumor cells might be left in the joint
area. These considerations have been cautiously investigated over the years and the
security and efficacy of the technique has been established (Cafiadell and San Julian
2009) [2]. There is no increased risk of local recurrence or infection as a result of
the use of an external fixator before resection (Xu et al. 2014) [6]. In this chapter we
take a look at a different complication of the Cafiadell technique: distraction through
an unexpected plane.

When distraction is through the physis at a rate of 1 mm/day, the break usually
occurs through the calcified layer in the metaphyseal zone of the growing plate (de
Pablos 1986) [1]. This is the desired site of rupture. On some occasions (about
2-3 % of cases), however, the break occurs in a different place. In this chapter we
analyze this unusual scenario, and explain how to detect it and what to do in
response.

11.2 Material and Methods

We have reviewed our series of more than 160 cases during the last 30 years.

11.3 Results

In our series, there were only two cases of complications related to epiphysiolysis
before excision, and both of these cases were distraction in an unexpected site:
through the tumor. Our colleagues in Switzerland have reported a third case of such
distraction (Betz et al. 2012) [1].

There were no complications related to the external fixator, which was in posi-
tion for only 10—12 days. The infection rate was 9 %/low, comparable to that for the
cases in which epiphysiolysis was not used

11.3.1 Casel

Case 1 was a 10-year-old boy who presented with pain in his left knee and a limp,
which had been ongoing for 2 months. Initially, the patient attended a hospital other
than ours. An X-ray was taken and a cortical defect observed (Fig. 11.1).

Suspecting a bone tumor, an MRI scan was taken. Subsequently, the boy under-
went open biopsy (of 6 cm of length) with curettage. After this procedure the patient
was not able to walk with that leg due to the pain. The tumor was diagnosed as
osteosarcoma.
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Fig. 11.1 XR and MRI of a 10 y-o male who complains of knee pain. Bone alteration is seen on
the XR. MRI shows no affectation of the physis. So limb salvage is the indication in this cases

At this point, the boy was brought to our center to receive treatment. After evalu-
ation of the case (Fig. 11.2), we decided that limb salvage was possible by means of
the Cafiadell technique and posterior reconstruction. The patient started chemo-
therapy and received three sessions of intra-arterial chemotherapy. We placed the
external fixator and distraction was carried out at a rate of 1 mm per day.

After between 7 and 10 days of distraction or if the patient reports pain, we typi-
cally request an X-ray to confirm rupture through the growth plate. In this case, the
X-ray revealed that separation had occurred through the biopsy tract (Fig. 11.3).

The external fixation was removed and intra-epiphyseal osteotomy under-
taken. We were able to preserve the proximal tibiae epiphysis and the knee joint.
We reconstructed with an intercalary allograft with an intramedullary nail
(Fig. 11.4 and 11.5).

Postoperatively, the patient recovered in a normal way. He continued with che-
motherapy treatment. The excised tumor had 100 % necrosis. The patient started
walking with crutches and then with full weight-bearing and demonstrated com-
plete range of motion of the knee.
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Fig. 11.2 XR and MRI after open biopsy elsewhere. The tumor has grown without the treatment

Nine months after completion of chemotherapy (one and a half years after sur-
gery) the patient reported a pain in the contralateral knee (Fig. 11.6). This turned out
to be a single bone metastasis without lung affectation. We decided to treat the
metastasis as if it were a primary tumor. Intra-venous and intra-arterial chemother-
apy was initiated. As the tumor was in contact with all of the physis, we performed
intra-epiphyseal osteotomy rather than the Caiiadell technique. Then we proceeded
with reconstruction (Fig. 11.7)

The tumor was 90 % necrotic. The patient continued to receive chemotherapy,
but 3 months later developed lung metastases and further bone metastases. He died
4 months later.

11.3.2 Case 2

This concerns a 9 year-old boy who presented with pain and a limp, without any
trauma, in his right leg. At that time, the symptoms had persisted for 4 months. He
was taken to hospital (not initially our hospital) because of an increase in the inten-
sity of pain and the fact that pain continued even during the night (Fig. 11.8a). By
means of closed biopsy, the diagnosis of osteosarcoma was established. There was
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Fig. 11.3 Control XR of the external Fixator. We observed that the distraction has not been done
through the physis, is been done through the biopsy tract. At this point we remove the EF

no lung metastasis. He started chemotherapy, and with two courses of intravenous
chemotherapy there was a clear decrease in the pain. His referral center proposed
amputation as surgical treatment, and it was in search of other possibilities that he
came to our hospital.

After evaluation of the case (Fig. 11.8b, c), we decided that limb salvage was
achievable by means of epiphysiolysis (Fig. 11.9) before excision (Canadell’s tech-
nique). We gave just one session of intra-arterial chemotherapy before placing the
external fixation, because, as mentioned above, he had already started neoadjuvant
chemotherapy elsewhere, with an apparently good response.

During the preoperative planning session, we saw the possibility that the distrac-
tion had not occurred in the expected place, and that the rupture was through the
tumor; a CT scan confirmed our suspicion (Fig. 11.10).

To save the articulation we performed intra-epiphyseal osteotomy. As the growth
plate is not tibial plateau, for surgeons with less experience in intra-epiphyseal oste-
otomy we recommend the use of a k-wire under fluoroscopy control to be more
accurate with the saw when performing the osteotomy (Fig. 11.11). In the case of
this patient, we had to sacrifice the patellar tendon insertion. For reconstruction we
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Fig. 11.4 Specimen. We performed an
intra-epiphyseal osteotomy. See how we get
a secure margin above the physis. Histology
showed complete necrosis of the tumor

Fig. 11.5 Postoperative RX of the
reconstruction with allograft and
intramedullary nail and scaffolding with a
plate fixing the rest of the epyphisis.

We conserve the articular surface

B.L. Vizquez-Garcia and M. San-Julidn
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Fig. 11.6 Xr and MRI

of the right tibiae. The
patient presented a bone
metastasis in contact with
the whole physis without
lung mets. We decided to
do an intra-epiphyseal
osteotomy as he has before
in the other leg

used a humerus intercalary allograft, as this was the most suitable for this patient.
Because we had not been able to preserve the growth plate, we used a slightly larger
allograft in order to compensate for future dissymmetry (Fig. 11.12).

The tumor was 99 % necrotic. The patient continued with standard chemother-
apy and follow up. He had complete articular range of motion and walked without
crutches. He had slightly instability in varus-valgus angulation of the knee. After 3
years the patient developed lung metastasis. He underwent thoracotomy of the left
lung and then, 4 months later, video-thoracoscopy of the right lung. One year later
he developed bone metastasis. Currently, 4 years after the initial surgery, the patient
is alive but with disease that is still under treatment with chemotherapy and
radiotherapy.

11.4 Discussion

The two complications that we have observed with epiphysiolysis were by no means
catastrophic and had an easy work-around.

The two cases described are surprising in that we would not expect metastatic
disease when the rates of necrosis of the tumor in response to chemotherapy were
so high (99 % and 100 %). In this sense these two cases are exceptional.
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Fig. 11.7 XR control of
both legs

Both patients had complete range of motion of the knee, could walk, and returned
to their normal way of life. In view of the short follow-up, we were not able to
evaluate residual dissymmetry due to loss of the growth plate.

11.5 Conclusions

Epiphysiolysis before excision has been shown to be a safe technique (Eralp and
Enar 2013) [4] (Zhang et al. 2014) [7]. Distraction at an unexpected site occurred in
only 2-3 % of cases. Should this happen, treatment can proceed with intra-epiphy-
seal osteotomy, and so there is still a chance to preserve the joint, without increasing
the local recurrence rate. In case of doubt about the location of the distraction, we
recommend taking a CT scan.
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Fig. 11.8 (a) 9 yo boy who complains of knee pain. A simple XR showed a cortical bone defect
and soft tissue mass. Diagnosed of osteosarcoma. (b) XR post chemotherapy. We observed how the
tumor has not grown and is delimitate. (¢) T1 and T2 sequences of the tumor which is in contact to
50 % of the physis
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Fig. 11.9 We decided to do limb salvage with epiphysiolysis. We place the external fixation

Fig. 11.10 CT were we
observe the Fracture line
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Fig. 11.11 (/) K-wire helps us to do the osteotomy, (2) Removal of the tumor, (3) Reconstruction
with allograft with intramedullary nail and plate

Fig. 11.12 Postop XR
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Chapter 12
Clinical Results

Mikel San-Julian and Jose Canadell

Abstract There were no cases of local recurrence in the retained epiphysis. The
rate of complications was similar to that with other reconstruction procedures. The
retained growth plate can continue growing. Functional results are excellent.

Keywords Overal survival ¢ Local control * Recurrence rate * Functional results ®
Complications ¢ Infection ¢ Fracture * Non-union * Subsequent growth ¢ Limb
length discrepanvies

12.1 Control of Disease

In this chapter, we present a review of the clinical results obtained with the Cafiadell
technique for patients who were treated according to the protocol of treatment for
osteosarcoma and Ewing’s sarcoma at the Clinica Universidad de Navarra [28, 36, 37].
Mean follow up was 146 months (ranging from 12 to 366 months), and most patients
were followed up for at least 2 years. There were no cases of local recurrence in the
epiphyseal region, and only three cases of recurrence in the diaphysis, which occurred
18, 22 and 36 months after the operation. (A colleague working in Brazil has reported
a case of local recurrence in the metaphysis; this occurred after reconstruction with
recycled/sterilized tumoral bone [see Chap. 14].) The rate of local recurrence is actu-
ally lower than that for our complete series of osteosarcomas. This low rate might be
explained under the hypothesis that tumors not crossing the physis are less aggressive
than those that do. Another possible explanation is that these tumors contained within
the metaphysis, without invasion of the physis, were diagnosed earlier (see Chap. 8).
Aponte et al. [1] published similar results, but in their series they only included

Electronic supplementary material The online version of this chapter (doi:10.1007/978-3-
319-24220-0_12) contains supplementary material, which is available to authorized users.

+ Author was deceased at the time of publication

M. San-Julian, MD, PhD (<) ¢ J. Canadell?, MD, PhD
Department of Orthopaedic Surgery, University of Navarra, Pamplona, Navarra, Spain
e-mail: msjulian@unav.es

© Springer International Publishing Switzerland 2016 185
M. San-Julian (ed.), Cafiadell’s Pediatric Bone Sarcomas:
Epiphysiolysis before Excision, DOI 10.1007/978-3-319-24220-0_12


http://dx.doi.org/10.1007/978-3-319-24220-0_14
http://dx.doi.org/10.1007/978-3-319-24220-0_8
http://dx.doi.org/10.1007/978-3-319-24220-0_12
http://dx.doi.org/10.1007/978-3-319-24220-0_12
mailto:msjulian@unav.es

186 M. San-Julian and J. Canadell

osteosarcomas that responded well to chemotherapy, a finding that could be interpreted
to support the hypothesis that tumors that do not cross the physis are less aggressive.

At present (2015), the disease-free survival rate is 85 %. This rate is slightly bet-
ter than that for the overall series of osteosarcoma and Ewing’s sarcoma patients
treated in our hospital (Fig. 12.1); tumors that did not cross the physis may have
been less aggressive than those that did. Other authors, reporting on surgery without
preservation of the epiphysis in tumors that did not cross the physis, present similar
results (85 % of survival) [21].

12.2 Histological Study of Margins

Previous studies by our team indicate that invasion of the epiphysis by a tumor
seems to be a question of time: there is a hypervascularization reaction which leads
to an early ossification of the growth plate, and after that the tumor transgresses the
physis. However, for epiphysiolysis to be indicated, the tumor must not have crossed
the physis. For the series of patients reported here, imaging methods accurately
revealed whether or not the physis had been involved by the tumor.

Histological examination of resected pieces confirmed in all cases that the tumor
had not involved the growth plate. We used Indian ink staining to study the physeal
margin of resection, where — because at the rate of distraction employed (1 mm/day)
the growth plate is disrupted at the degenerative layer of cells — there is a thin layer
of growth plate cells covering the bone (Fig. 12.2). Note that the 1 mm/day rate of
distraction results in most of the growth plate being retained with the epiphysis.

12.3 Limb Function (Videos 12.1 and 12.2)

In most patients, preservation of the epiphysis has resulted in an excellent functional
outcome. In addition, the long-term complications of joint substitution are avoided
[3-5,29-31] (Figs. 12.2, 12.3, 12.4, 12.5, and 12.6). The rates and natures of com-
plications due to reconstruction procedures are similar to those encountered with
other limb salvage techniques.

12.4 Complications

12.4.1 Infection

This occurred in 7 % of patients, and therefore we conclude that the risk of infection
is the same as in other limb salvage procedures. The risk is not higher because the
external fixator is placed for only 10-15 days (Fig. 12.7). Most infections occurred
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Fig. 12.1 Long term survival of osteosarcoma (a) and Ewing’s sarcoma patients (b) treated at our
institution. Percentage of DFS at 15 years is 72 % for osteosarcoma patients and 68 % for Ewing’s
sarcoma patients



188 M. San-Julian and J. Canadell

after secondary operations performed in response to some other complication, such
as, non-union or fracture of the graft. Therefore, in our series, infections were not
related to the external fixator.

Of the cases with infection, some were cured by systemic antibiotic therapy,
but most required removal of an allograft, reattachment of the external fixator,
insertion of gentamicin-impregnated cement, systemic antibiotic therapy [8], and,
after elimination of the infection, implantation of a new allograft. The risk of
infection is higher in allografts in comparison to autografts. This is another reason

Fig. 12.2 Proximal tibia osteosarcoma apparently in contact with the growth plate. (a) After
epiphysiolysis (b). This is, by definition, a wide margin (that is, there is no reactive tissue) (c—f)
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Fig. 12.2 (continued)

for choosing autografts for reconstruction in young children or after resection of
small tumors.

12.4.2 Non-union of the Graft

About 14 % of patients required a further operation, with the addition of autologous
grafts, to achieve union between the allograft and the host bone. Healing was
achieved in all but one case.

12.4.3 Other Complications

As with other tumoral resection procedures, peroneal nerve palsy can occur; the
neurotoxicity of chemotherapy is also involved in this palsy. Another complication
is fracture of the united allograft, which can usually be successfully treated by
osteosynthesis with a plate and screws and autologous graft.

Despite the number of complications, the results of intercalary reconstructions are
better than those from other kinds of limb salvage surgery in growing children. The
results published for old models of expandable prosthesis are generally poor. For exam-
ple, recently, Manfrini et al. [15] reported that nine out of ten expandable prostheses
required revision surgery (in some cases even twice) before the end of growth. The high
price of expandable prostheses is another important factor to take into account.
Nowadays, however, results are improving as new models are developed (see Chap. 3).
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Fig. 12.3 (a) Physeal distraction in a metaphyseal osteosarcoma of the femur. (b) The reconstruc-
tion was carried out with autografts from the tibia and iliac crests. Twenty-three years after opera-
tion, the joint (b) and the functional results (¢, d) remain excellent

12.5 Incorporation of Graft

Before 1986, as we did not have a bone bank, we used autografts from the ipsilateral
or contralateral tibia, and iliac crests (Fig. 12.8). Since 1986, for most patients with
big tumors [32-34], we have used allografts [25].

The use of autografts resulted in an average of 2.8 operations per patient before
graft consolidation [6, 40]. With allografts this average was reduced to 0.74, but it
should be noted that patients were affected by other complications.
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Fig. 12.4 (a) Ewing’s sarcoma in the proximal metaphysis of the tibia. Physeal distraction was per-
formed. (b) The reconstruction was carried out with an intercalary allograft. (¢, d) Functional result

Consolidation at the metaphysis generally occurred before 6 months had elapsed,
but at the diaphyseal end it often took longer than a year. In metaphyseal unions we
used several types of osteosynthesis devices, such as, Kirschner wires, Enders,
screws, and staples. Diaphyseal osteotomy and osteosynthesis devices are discussed
at the end of this chapter.

Since 1987, at the Clinica Universidad de Navarra, we have used more than 1000
massive bone allografts in the conservative treatment of malignant bone tumors.
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Fig. 12.5 (a—c) In the proximal humerus, due to the particular morphology of this growth plate,
the pins should be placed anteriorly in the humeral head (see also Fig. 7.7), and posteriolaterally in
the distal part, in order to avoid radial nerve damage. (d) After distraction, reconstruction was car-
ried out (e) with an allograft. (f) Because it was possible to preserve the joint, the attachment of the
rotator cuff and the axillary nerve, abduction of the shoulder is almost complete
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Fig. 12.5 (continued)

The allograft type used depended on how the cartilage growth plate was affected
and on the possibilities of preserving the joint near the tumor.

Monthly radiological follow-ups were carried out during the first year of sys-
temic chemotherapy, with diagnostic studies to assess the local and systemic control
of disease. Afterwards, follow-ups were every 3 months for another year, and sub-
sequently every 6 months. In all cases, chemotherapy and radiotherapy were in
accordance with the hospital’s cancer protocol [36] for the type of tumor.

12.5.1 Radiological Study

We used the ISOLS criteria (Table 12.1) to evaluate consolidation results [20] and
analyzed the following factors which can influence consolidation: host and donor
age, allograft length and location, osteotomy and osteosynthesis type, intra-arterial
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Fig. 12.6 (a) Osteoarticular allograft for reconstruction of the shoulder after resection of a
Ewing’s sarcoma in the proximal humerus. When the joint cannot be preserved, abduction of the
shoulder, both active (b) and passive (c), is poor
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Fig. 12.7 (a) The risk of infection is not higher because the external fixator is only in place for
10-15 days. (b) In this case, one pin tract was removed in the surgical approach

and systemic chemotherapy, and intraoperative and external radiotherapy. We per-
formed a multi-variant statistical analysis with StatView software.

The mean consolidation time of metaphyseal osteotomies (including those cases
in which physeal distraction was used before excision of the tumor) was 6.5 months;
none of the factors studied had a statistically significant influence on consolidation.
In metaphyseal osteotomies consolidation was achieved with minimal osteosynthe-
sis (Fig. 12.9).

The mean consolidation time of diaphyseal osteotomies was 16 months
(Fig. 12.10). We found no statistically significant differences in consolidation with
the use of intra-arterial chemotherapy, intraoperative radiotherapy, donor age, osteo-
synthesis type (plates vs. intramedullary devices), osteotomy type (horizontal vs.
oblique), type of tumor, or location of the tumor.

The mean consolidation time of metaphyseal osteotomies (6.5 months) is similar
to that reported by others [16, 39]. Systemic chemotherapy delayed consolidation
and this finding is supported by clinical data from other series [9-11, 17, 37, 38].
Experimental studies [14, 42] have also demonstrated that chemotherapeutic agents
impair bone healing, and that allogeneic cortical bone grafts incorporate more
slowly when chemotherapy is administered. External radiation also delayed con-
solidation. Radiation damages small and medium-sized blood vessels that supply
nutrients to the bone, making it more difficult for the irradiated bone to heal [12].
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Fig. 12.8 (a) Radiograph showing an osteosarcoma of the femur in a 14-year-old boy after phy-
seal distraction. (b) After resection of the tumor and autografting from the left tibia. The same
frame was used for stabilizing the graft. (c) Twenty-two years later, the knee joint has an excellent
aspect. (d, e) The function of the knee remains excellent. This patient plays sports without
restrictions
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Table 12.1 ISOLS criteria

Excellent: Fusion complete. Osteotomy line not visible
regarding fusion of allografts

Good: Fusion >75 %. Osteotomy line still visible
Fair: Fusion 25-75 %
Poor: Fusion <25 %. No evidence of callus

Fig. 12.9 (a, b) Osteosarcoma in the distal metaphysis of the femur of a 14-year-old boy. (c)
Physeal distraction was performed and (d) an intercalary allograft was used for reconstruction. The
healing at the distal junction was achieved with two Kirschner wires, while the diaphyseal junction
required stronger osteosynthesis. (e) The same patient surfing
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Fig. 12.9 (continued)

Bone growth retardation resulting from irradiation is clearly a dose-dependent phe-
nomenon [2, 13,22, 41]. We believe that if the fracture of an allograft can heal with
a standard treatment for fractures, it is because the allograft is revascularized at the
time of the fracture [24].

12.5.2 Isotopic Study

In 36 patients a prospective isotopic study was performed [27] with 9mTc MDP in
order to evaluate the revascularization of allografts. Bone scintigraphy with 99mTc
HDP was performed 3 h after injection. Anterior and posterior views over both
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Fig. 12.10 Excellent fusion in a diaphyseal allograft-host bone junction

limbs were evaluated qualitatively by two physicians. Semi-quantitative measure-
ments were performed with a region of interest (ROI) technique. Labeling was
scored by location: over the bone allograft (A1); over the area just above the allograft
(A2); as Al butin opposite limb (A3); as (A2) but in opposite limb (A4). Background
over soft tissues was considered and subtracted from all the ROIs. The allograft
uptake was related with the uptake over A2 and A3, and two indices were obtained:
11=A1/A2 and I2=A1/A3. A further index, A2/A4, was also calculated.

All patients showed objective uptake of the 99mTc-MDP (Fig. 12.11). The val-
ues of the allograft/host bone index were conditioned by the allograft site and by the
analyzed areas. As in normal bone, uptake in the metaphysis and the epiphysis was
greater than in the diaphysis. Areas over an allograft with an intramedullary nail
showed less uptake than the contralateral area. In areas near an allograft, uptake was
greater surrounding the osteosynthesis device, due to increased metabolism. In most
cases, the allograft-host bone junction showed more uptake. Five patients suffered
fracture of their allograft; no relation was found between uptake indices and frac-
ture. Uptake was greater in allografts with longer follow-ups.

The isotopic study showed objective uptake in all the allografts, and this uptake
increased with time since grafting. Uptake can be related to allograft revasculariza-
tion and demonstrates active metabolism in the allograft. The uptake pattern is simi-
lar to that of normal bone. The high uptake at the allograft-host bone junction in the
cases subjected to study shortly after grafting can be attributed to metabolic pro-
cesses associated with the healing process. This study also allowed us to evaluate
activity of the retained growth plate (Fig. 12.11).
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Fig. 12.11 (a) Telangiectatic osteosarcoma in the distal tibia of a 10-year-old girl. (b) Physeal
distraction was performed before excision (c) of the tumor. (d) Reconstruction was carried out with
an intercalary allograft. (e) Three years after surgery, the growth plate remains active. Isotopic
uptake in the allograft is similar to that in the contralateral tibia. (f, g) This patient has no dissym-
metry 12 years after treatment
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Fig. 12.11 (continued)
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Fig. 12.12 (a) Macroscopic image of the periosteal callus at the allograft-host bone junction. (b)
Masson’s Trichrome staining of a retrieved allograft, showing vessels into the cortex of the graft

12.5.3 Histological Study

In order to study allograft incorporation, retrieved allografts and especially their
allograft-host bone junction area were examined histologically. In some cases, patients
received tetracycline (Tetra-Hubber®) for 4-6 days before removal of the allograft.

In all cases, the healing process at the allograft-host bone junction involved peri-
osteal callus from the receptor bone (Fig. 12.12). Histological examination of
allografts revealed necrotic bone, except in the areas near the host bone, and an
external surface invaded by vascular buds from adjacent soft tissue.

Apart from showing healing progressing by periosteal callus, these histological
studies confirmed the findings of the isotopic study regarding the revascularization
of allografts from the surrounding tissue.

12.6 Subsequent Growth

When treating a bone sarcoma, an orthopedic surgeon’s first concern is to preserve
the life of the patient. In most cases, the surgeon can also preserve the limb, although
there is little sense in preserving a limb if it will be non-functional. Better functional
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Limits of

irradiation

Fig. 12.13 This Ewing’s sarcoma in the proximal left tibia was treated by preoperative radio-
therapy. Note the limits of the irradiation field in comparison with the right tibia. The preservation
of this growth plate would not prevent a limb length discrepancy

results are achieved when the joint of the patient can be preserved. When treating
children and considering how to conserve functionality, it also necessary to bear in
mind the future growth of the limb.

Subsequent growth of a limb is not only affected by the surgical technique
employed in terms of the resection of one or more growth plates. Even in cases where
the growth plate is left intact, the osteosynthesis device or radiotherapy [18-20, 35]
could cause arrest of growth (Fig. 12.13). In addition, high doses of chemotherapy
have been reported to cause a decrease in GH secretion.

In the last few years, various different methods to preserve the joint of a patient
with a metaphyseal bone tumor have been described. Physeal distraction before
excision of the tumor, as described by Caiiadell in 1984, has, in our opinion, the
advantage of safety: the growth plate is not a flat plane, but an irregular surface,
and therefore an intra-epiphyseal osteotomy could leave parts of the tumor.
Furthermore, with Cafiadell’s physeal distraction the whole epiphysis can be pre-
served, thereby increasing the joint’s stability; facilitating resection and osteosyn-
thesis of the graft; and avoiding damage to the femoropatellar joint in distal femur
tumors, patellar tendon attachment in proximal tibia tumors, or the rotator cuff in
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Resected tumor covered
by a thin[ayer of growth

aspect |

Fig. 12.14 (a) This osteosarcoma in the distal femur does not involve the growth plate, as shown
on the MRI. (b) Epiphysiolysis was performed. (¢) Intraoperative view during resection showing
the epiphysis covered by a white surface, the growth plate, preservation of which can allow poten-
tial for growth. A thin layer of growth plate cells covers the resected tumor, and this constitutes a
wide margin. Note the undulations in the growth plate

proximal humerus tumors. Finally, physeal distraction before excision can pre-
serve most of the growth plate because the physis breaks in the metaphyseal border
of the growth plate as a result of the degenerative lack of cells there (Figs. 12.14,
12.15, and 12.16).

Physeal distraction is indicated in cases of metaphyseal bone tumors in children
when the growth plate is still open and the surgeon is sure that the tumor has not
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invaded the epiphysis. Other applications for external fixation in tumoral cases
include distraction callotasis for limb length discrepancy, tumor resection and bone
transport, combined distraction callotasis and compression for limb length discrep-
ancy, and concurrent diaphyseal non-union.

=

Fig. 12.15 (a) A Ewing’s sarcoma in the proximal metaphysis of the left tibia of a 4-year-old girl.
(b) After distraction (c), reconstruction was performed with an autograft from the contralateral tibia
and fibula. (d) After healing of the graft, the external fixator was removed. Details of the preserved
growth plate after resection (e), after healing of the graft (f), and 4 years later (g), showing normal
growth. (h) Bone scan showing normal uptake in the distracted physis, 4 years post-op



206 M. San-Julian and J. Canadell

Fig. 12.15 (continued)

Distraction callotasis [23] was indicated in patients with serious dissymmetry
(more than 4 cm) who had been free of disease for at least 3 years after the first limb
salvage procedure [7]. The average age for this procedure was 17 years. Other patients
with limb length discrepancy had equalization by other means, such as, epiphysiode-
sis on the contralateral limb or changing of the allograft (Fig. 12.17). The mean length
gained was 9.5 cm (in the range of 7—12 cm) with an average healing index of 34 days/cm.
The Mankin limb function grade was excellent or good in 63 % of the cases.



12 Clinical Results 207

Fig. 12.16 (a) A Ewing’s sarcoma in the distal metaphysis of the left fibula of a 4-year-old boy. In
1985, given the age of the patient, many orthopedic surgeons would have considered an amputation.
(b, ¢) However, we performed a physeal distraction. (d) The tumor was resected, and the external
fixator was maintained until histological assessment corroborated that the tumor did not involve the
growth plate: in 1985 MRI was not available. (e) The limb was reconstructed with a graft. Note the
Kirschner wire protruding a few centimeters below the joint. (f) 12 years later the ankle was still
normal. The Kirschner wire has gone up, demonstrating the normal growth of this physis. (g) This
is a comparative X-ray of the two ankles taken in 2007. (h—j) After 22 years the patient has no dis-
symmetry and function is normal; the patient plays soccer for his local village team
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Fig. 12.16 (continued)
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Fig. 12.16 (continued)

When the growth plate cannot be preserved, it is more difficult to avoid dissym-
metry. In such cases an osteoarticular allograft can be used as a temporary solution
until the end of growth (Figs. 12.18 and 12.19). Growing prostheses are another
option.

12.7 Osteosynthesis of Grafts in Children

Osteosynthesis of the allograft should be borne in mind in order to prevent a final
limb length discrepancy.

Previous studies in our department [26] showed that, whatever the osteosynthesis
device used, consolidation in the metaphysis occurred before 6 months. At the
diaphyseal end, however, consolidation often took over a year, due to chemotherapy.
In addition, for the diaphyseal union when allografts are used, the “osteosynthesis
ad minimum law” is not applicable, even in children. On the other hand, fractures of



210 M. San-Julian and J. Canadell

allografts are more often seen when non-intramedullary devices are used for stabi-
lization at the allograft-host bone union [24]. Therefore, we prefer the use of locked
intramedullary nails for stabilization of allografts; the nail should be locked in the
epiphysis in cases of preservation of the joint. However, the locked nail will not
allow growth from the preserved growth plate.

Minimal osteosynthesis devices, for example Kirschner wires, are sufficient to
stabilize the metaphyseal junction and present no problems in terms of achieving
union. However, such minimal devices will not allow early mobilization of the joint.

In summary, the osteosynthesis device at the diaphyseal union should be stable
enough to achieve union, and, in order to avoid fracture of the allograft, intramedul-
lary nails are preferable. Healing at the metaphyseal union can be achieved with
much simpler osteosynthesis devices, which could preserve the potential for growth
but will not allow for early mobilization of the joint. Therefore, when the patient is
near the end of growth or radiotherapy has been or will be used, we recommend the
use of locked intramedullary nails (with a locking screw in the retained epiphysis)
and an allograft longer than the resected piece. In young patients, a simple osteosyn-
thesis device could be used at the metaphyseal junction in order to preserve the
growth potential of the retained growth plate.

Fig. 12.17 Limb length discrepancy 6 years after intercalary reconstruction of an osteosarcoma in
the distal metaphysis of the femur of an 8-year-old girl. (a) The osteosynthesis device was removed
and distraction was performed through the shaft of the allograft. After discrepancy was corrected
(b), a new allograft was implanted (c). The allograft healed (d) and function was excellent (e—g)
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Fig. 12.17 (continued)
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FEOMNT

Fig. 12.18 (a, b) An 8-year-old boy with a large osteosarcoma on his left femur. (¢) The tumor
was resected (d), and the limb was reconstructed with an osteoarticular allograft. (e) Over time a
leg length discrepancy developed. (f, g) After 5 years we performed bone lengthening in both the
femur and the tibia. (h) The patient is alive and free of disease 21 years after the first limb salvage
procedure
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Fig. 12.18 (continued)
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Fig. 12.19 (a) A 7-year-old girl with an osteosarcoma on her right distal femur; the tumor involves
the epiphysis. (b) The tumor was resected and the limb was reconstructed with an osteoarticular
allograft. (¢) Over time, fracture of the allograft developed. (d) At the end of the girl’s growth
period, lengthening was performed, and a prosthesis was implanted (e) function 11 years later
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Fig. 12.19 (continued)
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Fig. 12.19 (continued)

12.8 Conclusion

In young children, physeal distraction prior to limb salvage is a viable and safe way
to preserve a normal joint. In our series of patients with a metaphyseal tumor and
intact physis, limb function subsequent to limb salvage with physeal distraction was
graded as excellent or good in two thirds of cases. The use of this technique does not
increase the rate of local or distant tumor spread. The majority of complications
encountered are due to difficulties inherent in reconstruction with structural bone
grafts. Distraction callotasis can resolve leg length discrepancy following limb sal-
vage. In our series of patients, complications and healing rates after distraction cal-
lotasis are similar to those with standard lengthening procedures. In selected cases
of leg length discrepancy and non-union, external fixation may be used to compress
and heal the non-union site while lengthening at another.
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Chapter 13
Other Techniques for Epiphyseal Preservation

Mikel San-Julian

Abstract Most pediatric bone sarcomas are located at the metaphysis of long
bones. In selected cases, the epiphysis can be preserved by metaphyseal or intra-
epiphyseal osteotomy. Compared to intra-epiphyseal osteotomies, physeal distrac-
tion before excision of the tumor has some advantages, but in some cases osteotomy
is indicated.

Keywords Limb salvage * Metaphyseal osteotomy ® Intraepiphyseal osteotomy
* Joint preservation

13.1 Metaphyseal Osteotomy

With diaphyseal tumors, preservation of the epiphysis is not a problem. With
metaphyseal tumors, however, preservation of the epiphysis is not always possible
although there are still some metaphyseal locations from which a tumor can be
safely excised by metaphyseal osteotomy, thus avoiding damage or resection of the
growth plate.

In young children, the biological impetus towards growth and bone formation is so
strong that even chemotherapy does not stop it; a tumor that is originally near or in
contact with the growth plate can be displaced by new bone formation to the diaphy-
sis during the neoadjuvant chemotherapy period, and thus intra-epiphyseal osteotomy
can preserve not only the joint, but also the entire growth plate (Figs. 13.1 and 13.2).

13.2 Intra-epiphyseal Osteotomy

Prior to the first publications of our work, the possibility of preservation of the
epiphysis in metaphyseal bone tumors was apparently largely overlooked, and
alternative techniques, such as intra-epiphyseal osteotomy [9], have only been
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Fig. 13.1 (a) Ewing’s sarcoma in the distal metaphysis of the femur of a 9-month-old baby. MRI
shows is in contact with the physis. Most of our colleagues dealing with bone tumors would advise
an amputation. (b, ¢) Neoadjuvant treatment was very succesful. Note the new bone formation
from the distal femur growth plate. (d, e) Resection was performed through metaphyseal and
diaphyseal osteotomies in order to preserve the joint. Autografts from ipsilateral fibula and tibia
were used for reconstruction. (f) Follow-up: 13 years later, limb function is excellent (Reproduction
from San-Julian et al. [14])
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Fig. 13.1 (continued)
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Fig. 13.1 (continued)
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2 sept 2010

Fig.13.2 (a) Osteosarcoma in the distal metaphysis of the femur of 8-year-old girl. (b) She started
chemotherapy elsewhere and suffered a pathological fracture. (¢) After neoadjuvant chemotherapy
in our center. Note the growth in the distal femur growth plate that has displaced the tumor to the
diaphysis. (d) Resection and reconstruction with an allograft. Good healing was obtained
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July 2011

Fig. 13.2 (continued)
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suggested subsequently. We have used intra-epiphyseal osteotomy in some cases, in
which epiphysis could be preserved but physeal distraction was contraindicated
(Figs. 13.3 and 13.4).

Fig. 13.3 (a) Osteosarcoma in the distal metaphysis of the femur of a 16-year-old boy. MRI shows
the tumor in contact with the physis. This patient was treated in 1987. (b, ¢) Intra-epiphyseal oste-
otomy was performed in order to preserve the joint. Note that the growth plate is very thin
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Fig. 13.4 (a, b) Osteosarcoma in the proximal metaphysis of the tibia of a 17-year-old boy. The
tumor is in contact with the growth plate. (¢) After careful consideration of epiphysiolysis before
resection, we chose intra-epiphyseal osteotomy in view of the age of the patient. (d, e)
Reconstruction with an intercalary allograft stabilized with both a plate and a nail
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Fig. 13.4 (continued)

In the more recent reports of intra-epiphyseal osteotomy [2, 68, 10-12], the tech-
nique has been used mainly in proximal tibia locations. Tumor involvement of the
physis is assessed by preoperative MRI. If intra-epiphyseal osteotomy is indicated, it
is done under X-ray control in order to include the growth plate in the resected speci-
men. The residual epiphyseal bone segment is less than 2 cm thick and reconstruc-
tion is by a combination of vascularized fibula and allograft [3]. Authors report that
local recurrence has not been observed to occur in the retained epiphysis [2, 13].
Other authors [1, 5] have employed metallic implants for reconstruction of the inter-
calary region, but follow-up is not yet long enough to know the long-term results
with such implants. An epiphyseal osteotomy is fixed with small fragment screws.

In our opinion, the advantages of physeal distraction over intra-epiphyseal oste-
otomy are:

1. Safety. The growth plate is not a flat surface — it has indentations and protuber-
ances (Figs. 13.5 and 13.6) — and consequently intra-epiphyseal osteotomy could
leave bits of tumor.

2. Easier resection. Physeal distraction before excision of a metaphyseal bone
tumor removes the need for metaphyseal osteotomy. Therefore, resection requires
only one osteotomy — the diaphyseal one.
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Fig. 13.5 (a) Because of the morphology of the growth plate, intra-epiphyseal osteotomy could
leave tumor cells in the hollows of the surface. (b) Experimental epiphysiolysis in a lamb. Note the
undulate appearance of the growth plate

Fig. 13.6 The morphology
of the growth plate in the
proximal humerus
contraindicates, in our
opinion, intra-epiphyseal
osteotomy

3. Preservation of the whole epiphysis. This has several advantages:

» Joint stability is better maintained because most ligaments, tendinous attach-
ments, capsules, etc. are preserved (Fig. 13.7).
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Graft osteosynthesis is facilitated because the epiphyseal segment of bone is
bigger.

In distal femur locations, the trochlea femoralis is preserved. Intra-epiphyseal
osteotomy implies the loss of part of the trochlea femoralis (Fig. 13.8), which
can lead to a loss in knee function. Similarly, the patellar tendon attachment
in the proximal tibia (Fig. 13.9) and the rotator cuff in the shoulder can be
preserved.

4. Preservation of most of the growth plate. Epiphysiolysis occurs through the
layer of degenerative cells on the metaphyseal side of the growth plate. Therefore,
most of the growth plate is retained, together with the epiphysis (Fig. 13.10).
When the distraction procedure is performed at a rate of 1-1.5 mm/day, the
retained physis remains active [4].

We believe that intra-epiphyseal osteotomy is indicated in the following

situations:

For resection of metaphyseal tumors with no involvement of the physis in
which a pathological fracture has occurred. In such cases, unless the fracture
heals during neoadjuvant treatment, physeal distraction is contraindicated
because of the risk of distraction through the tumor instead of the growth plate
(Fig. 9.9).

For resection of metaphyseal tumors in contact with part of the growth plate.
In this scenario, intra-epiphyseal osteotomy could be an alternative to the
standard Cafiadell technique (see Chap. 10).

For resection of metaphyseal tumors without involvement of the physis, but in
patients who are close to the end of growth: in such patients it is more difficult
to achieve physeal distraction.

Some example cases relating to the second and the third of these criteria are

shown in Figs. 13.3 and 13.4.


http://dx.doi.org/10.1007/978-3-319-24220-0_9
http://dx.doi.org/10.1007/978-3-319-24220-0_10
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J

Fig. 13.8 (a) The growth plate extends to the cartilage of the condyles and trochlea femoralis. (b,
¢) The patient came to our hospital after pulmonary metastases had been detected by another insti-
tution. The previous X-rays were not available to us. Apparently, intra-epiphyseal osteotomy had
been performed to preserve the joint. The functional result was poor because the osteotomy line cut
the trochlea
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Proximal tibia:

Patellar tendon _

T—
atachment

Fig. 13.9 Intra-epiphyseal osteotomy does not allow for preservation of the patellar tendon
attachment
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Fig. 13.10 (a, b) Physeal
distraction before excision
of a Ewing’s sarcoma in
the distal tibia of a
3-year-old boy. (¢, d) The
growth plate remains active
after removal of the distal
Kirschner wire
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Chapter 14
Worldwide Experience with the Canadell
Technique

SongFeng Xu, WeiTao Yao, ZhaoQiang Chen, XiuChun Yu, QiQing Cai,
YongCheng Hu, Zhen Wang, G. Ulrich Exner, Charles E. Dumont,
Antonio Marcelo G. de Souza, Marius Aguirre-Canyadell, and Roberto Vélez

Abstract Caifiadell’s technique for limb preserving surgery in pediatric bone sar-
coma treatment was developed at the Clinica Universidad de Navarra in Pamplona,
Spain and first presented in 1984. Recently, teams at many hospitals all over the
world (for example, in China, Switzerland, Brazil, the Netherlands, Germany,
Hungary, and Turkey) have successfully used the technique and published their
results. Only now is it becoming clear that the positive results reported by Canadell

S. Xu, MD, PhD « X. Yu, MD, PhD

Department of Orthopedics, General Hospital of Ji’Nan Military Region,
Ji’Nan, ShanDong Province, People’s Republic of China

e-mail: xusongfeng @ gmail.com

W. Yao, MD, PhD ¢ Q. Cai, MD, PhD
Department of Bone and Soft Tissue Cancer, HeNan Cancer Hospital,
ZhengZhou, HeNan Province, People’s Republic of China

Z. Chen, MD, PhD ¢ Y. Hu, MD, PhD
Department of Orthopedic Oncology, TianJin Hospital, TianJin Medical University,
TianJin, People’s Republic of China

Z. Wang, MD, PhD
Department of Orthopedic Oncology, XiJing Hospital, the Fourth Military Medical University,
Xi’an, ShanXi Province, People’s Republic of China

G.U. Exner * C.E. Dumont
Department of Orthopaedics, Orthopaedie Zentrum Zuerich, Zuerich, Switzerland

A.M.G. de Souza, MD, PhD
Orthopaedic Oncology Service, Cancer Hospital of Pernambuco, Recife, Brazil

M. Aguirre-Canyadell, MD, PhD (<) ¢ R. Vélez, MD, PhD

Department of Orthopaedic Surgery and Traumatology, Orthopaedic Oncology Unit,
Hospital Universitari Vall d’Hebron, Universitat Autonoma de Barcelona, Barcelona, Spain
e-mail: maguirre @vhebron.net

© Springer International Publishing Switzerland 2016 235
M. San-Julian (ed.), Cafiadell’s Pediatric Bone Sarcomas:
Epiphysiolysis before Excision, DOI 10.1007/978-3-319-24220-0_14


mailto:xusongfeng@gmail.com
mailto:maguirre@vhebron.net

236 S. Xu et al.

at the beginning of the 1990s can be easily achieved by other experts in the field. To
illustrate this point, we present here some of the results obtained with this technique
by teams based in hospitals other than that of Cafadell in Pamplona

Keywords Bone sarcoma ¢ Limb salvage ¢ Epiphyseal preservation ¢ Cafiadell’s
technique ¢ Cryosurgery * Recycled bone

14.1 Application of Canadell’s Technique in Four Chinese
Hospitals

Canadell’s technique involving epiphysiolysis before tumor excision [1] in order
to preserve the epiphysis in limb salvage surgery associated with treatment for
malignant bone tumors in adolescents has been widely accepted and used in clini-
cal practice all over the world. Since April 2010 and especially since the publica-
tion of the Chinese edition of “Pediatric Bone Sarcoma” [2] in December 2011, the
technique has gradually been used more and more in China. We report on 15
patients who have undergone epiphysiolysis in four Chinese hospitals up to
January 2015.

14.1.1 Methods

The four Chinese hospitals whose experiences are reported here are the General
Hospital of Ji’Nan Military commanding Region (Ji’Nan, China)(JN), HeNan
Cancer Hospital (ZhengZhou, China)(ZZ), TianJin Hospital (TianJin, China)(TJ),
and XiJing Hospital (XJ) (Table 14.1).

In JN from July 2012 to October 2014, five patients were treated with epiphysio-
lysis before tumor excision; there were three boys and two girls, with median age of
8 years (611 years) at surgery. Three neoplasms were located in distal femur and
two in proximal tibia. On the basis of the Enneking staging system [3], in all five
patients the disease was in stage IIB. All tumors were pathologically diagnosed as
osteosarcoma, with four being of the osteoblastic type and one of the chondroblastic
type. Preoperative chemotherapy was given in two courses on a neoadjuvant basis
with cisplatin, Adriamycin and ifosfamide [4]. The reconstruction methods after
tumor resection were distraction osteogenesis in one patient, alcohol inactivated
autograft replantation in one patient, and microwave inactivation with external fixa-
tion in three patients.

In ZZ, between April 2010 and November 2012 [5], five patients were treated
with epiphysiolysis before tumor excision; there were two boys and three girls, with
median age of 13 years (915 years) at surgery. All five neoplasms were located in
left distal femur. On the basis of the Enneking staging system, disease was at stage
IIB. All tumors were pathologically diagnosed as osteosarcoma. Preoperative che-
motherapy, which was given twice on a neoadjuvant basis, was with methotrexate,
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pirarubicin, carboplatin and ifosfamide. The reconstruction methods after tumor
resection were inactivated autograft replantation in one patient, and allograft replan-
tation with internal fixation in four patients.

In TJ from June 2012 to August 2014, four patients were treated with epiphysio-
lysis before tumor excision. The patients were three boys and one girl; median age
at surgery was 7 years (69 years). One neoplasm was in the left distal femur, and
three were in the proximal tibia. Three patients were in Enneking stage IIB; one boy
was in stage III with pulmonary metastasis. The tumors of the three boys were
pathologically diagnosed as osteosarcoma; the girl had a Ewing’s sarcoma.
Preoperative chemotherapy was doxorubicin and cisplatin, which were given in
three courses on a neoadjuvant basis. The method chosen for reconstruction after
tumor resection was distraction osteogenesis in all four patients.

In XJ, one 8-year-old boy with a neoplasm in his left proximal tibia received
epiphysiolysis before tumor excision, in May 2012. Disease was at stage IIB and
pathologically diagnosed as osteosarcoma. Preoperative chemotherapy was in three
courses, on a neoadjuvant basis, and with methotrexate, cisplatin, Adriamycin and
ifosfamide. The method chosen for reconstruction was allograft replantation with
vascularized fibula.

All patients received postoperative courses of neo-adjuvant chemotherapy. The
follow-up schedule involves revisions every 3 months in the first and second year, and
then every 6 months for the next 3 years. Postoperative results were evaluated accord-
ing to the MSTS limb function score system. Statistical analysis involved calculation
of the correlation between related factors, survival, and postoperative function.

14.1.2 Results

In JN, after a mean follow-up of 12 months (3—30 months), all children were alive
and four patients were disease-free. One girl experienced fracture of an inactivated
autograft and required a second operation with internal fixation. This girl, who was
7 years old at the initial surgery, was the only of the patients to suffer any limb dis-
crepancy. The other four children showed equal lower limb length of 82, 74, 77 and
72 cm [6] (Fig. 14.1). At the most recent follow-up, no cases of recurrence or metas-
tasis were found, and the mean MSTS score was 29 (ranging between 28 and 30).
Of the ZZ patients, one died of pulmonary metastasis 6 months after start of
treatment (epiphysiolysis). After a mean follow-up of 39 months (21-59 months),
the other four children treated at ZZ were alive [5] but with certain complications:
one girl had knee joint stiffness (30 months after epiphysiolysis); one boy was found
to have pulmonary metastasis (31 months after epiphysiolysis (Fig. 14.2); one girl
suffered non-union of an inactivated autograft, which required a second round of
surgery with bone grafting (4 months after epiphysiolysis); and one boy suffered
allograft infection (7 months after epiphysiolysis). The four surviving patients all
have a degree of limb discrepancy: from 3 to 5 cm. At the most recent follow-up, no
cases of recurrence were found, and the mean MSTS score was 26 (from 23 to 29).
In TJ, after a mean follow-up of 12 months (4-22 months), all four children were
alive. One, a 6-year-old boy, had no recurrence, no complications, limb equivalence,
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Fig. 14.1 (a) The preoperative MRI showed the tumor to be in contact with the physis. Physeal
distraction was achieved, and reconstruction was made through bone transport. After 30 months,
X-ray showed full bone union. (b, ¢) The boy showed limb equivalence with MSTS score of 30
(Endorsed by Pro.XiuChun Yu)
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Fig. 14.2 (a) Eleven year boy. The preoperative MRI showed the tumor to be nearly in contact
with epiphysis, classified as Type 2. After epiphysiolysis, the patient underwent tumor resection
and allograft reconstruction. Twelve months later, X-ray study showed full bone union; After 29
months, pulmonary metastasis was detected; treatment was thoracoscopic resection of pulmonary
nodule. After 54 months, (b—d) the patient was alive with no metastasis; lower limb discrepancy
was 4 cm. MSTS score was 29 (Endorsed by Pro.QiQing Cai)

and an MSTS score of 30. One boy suffered tumor recurrence above the epiphysis
and underwent a second operation, with above-knee amputation. One boy had
wound infection (3 months after epiphysiolysis); limb length discrepancy has not
been recorded. One, the girl, had delayed union of the distal tibia and limb length
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discrepancy has not yet been recorded. At the most recent follow-up, the mean
MSTS score was 23 (from 18 to 30).

After a follow-up of 26 months, the 8-year-old boy with OS treated at XJ was
without recurrence, disease-free, and had limb equivalence. However, he experi-
enced skin ulceration and local infection 1 year after the first operation and under-
went further surgery to remove the internal fixation and perform transposition of the
muscle flap. At the latest follow-up, the MSTS score was 30.

In summary, of the 15 patients, after a mean follow-up of 22 months (4—-59 months),
12 (80 %) showed no evidence of disease, and eight (53 %) showed limb equiva-
lence. Just one patient experienced local recurrence above the epiphysis. Seven
patients (47 %) suffered complications, such as, skin ulceration, infection, delayed
union, autograft fracture, and joint stiffness. Pooling evaluations of the most recent
follow-ups, the mean MSTS score was 26.4, ranging between 18 and 30.

14.1.3 Discussion

The limb salvage procedure should not delay adjuvant therapy; reconstruction
should be enduring and not be associated with a large number of local complica-
tions requiring secondary procedures and frequent hospitalization; and function of
the limb should be at least as good as that obtained by amputation [7].

In most cases of osteosarcoma, especially in young patients, resection of a
metaphyseal tumor with a 3-5 cm safe margin implies loss of the adjacent joint and
such loss usually leads to limb length discrepancy. However, a safe margin in the
context of a metaphyseal tumor can be obtained without sacrificing the epiphysis: as
described by Cafiadell, in tumors that do not cross the growth plate, physeal distrac-
tion provides a safe margin while averting loss of the epiphysis [2]. The growth
cartilage itself is believed to provide a dependable margin of safety and so the
3-5 cm margin suggested by most authors is unnecessary.

The absence of anastomoses between epiphyseal and metaphyseal vessels means
that in those cases where imaging methods indicate that the epiphysis has not been
affected by the tumor, it is possible to conserve the epiphysis and the joint while
resecting the tumor [2]. This is made possible by physeal distraction according to
Canadell’s technique [1]. Note that physeal distraction is not used for bone length-
ening, but rather as the first part of tumor resection: it effects a separation of the
epiphysis from the tumor-bearing metaphysis.

The indications for physeal distraction in pediatric bone sarcoma treatment are
that the tumor must be located in the metaphysis, that the physis must be open, and
that the tumor must not have transgressed the physis. If the tumor is in contact with
part of the physis, physeal distraction can be tried. MRI is the imaging method of
choice in evaluating physeal tumor involvement, and enables categorization of
tumors near the epiphysis into three types [8]. As described by San-Julian, if all of
the physis is affected, there is a great possibility that tumor cells have passed across
it and consequently physeal distraction is contraindicated [8]. Crucial factors in the
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success of physeal distraction are a positive response to chemotherapy, accurate
preoperative assessment of tumor extension to the epiphysis by MRI, and appropri-
ate reconstruction techniques.

In the group of 15 patients reported here who underwent Cafiadell’s technique,
12 (80 %) experienced no recurrence or metastasis, and eight (53 %) showed limb
equivalence. However, four patients (47 %) had recorded limb discrepancy of
between 1 and 4 cm and for a further three patients (33 %) limb lengths were not
recorded or not relevant. Differences may exist in the details of how epiphysiolysis
was carried out in the four hospitals considered. Seven of the 15 patients (47 %) had
complications, some of which may be associated with different reconstruction
methods in the four hospitals. In general, for all patients, limb function was accept-
able in the most recent follow-up; the mean MSTS score was 26.4 (18-30).

14.1.4 Conclusion

In China, Cafiadell’s limb salvage procedure involving epiphysiolysis before tumor
excision for skeletally immature patients has gradually been adopted in clinical
practice. All of the patients reported here, who were treated at four Chinese hospi-
tals, can be seen to have benefitted from undergoing the technique. Naturally, varia-
tions in management of the technique and different reconstruction methods after
tumor resection are expected to affect clinical results.

14.2 Preservation of Joints in Pediatric Diaphyseal
and Metaphyseal Bone Sarcomas by Gradual
Separation through the Physis. Management
of Reconstruction Problems

14.2.1 Introduction

The artificial joint reconstructions currently available are prone to failure with time
and are imperfect substitutes for natural biological joints. While diaphyseal bone
structures can be anatomically reconstructed by relatively simple techniques and
measures, the reconstruction of joints poses a much more complex problem. The
goal in children and young people with normal life expectancy must be biologic
reconstructions that can have lifelong durability.

In treating sarcomas it is crucial to remove the tumor completely, leaving no liv-
ing tumoral cells within the body. How to achieve uncontaminated margins is one of
the great challenges in tumor surgery, and how much distance is necessary between
the surgical cut and the tumor being removed is a matter of debate. Without patho-
logic examination, delineation of tumor boundaries depends on the macroscopic
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imaging techniques currently available. The decision of how much apparently
healthy tissue to excise around a tumor (“wide” and “marginal” margins according
to Enneking) is, unfortunately, in most cases still “experience based” if the dissec-
tion planes are not determined by anatomic structures (in which case “radical” mar-
gins are indicated according to Enneking).

Joint preservation depends primarily on preservation of the cartilaginous compo-
nents of a joint. Ligaments can be partially reconstructed. To preserve a joint there
are principally three possible resection planes:

* Metaphyseal resection with preservation of the physis. This is comparable to
osteotomy.

» Trans-physeal resection by slow distraction. This is the so-called Cafiadell tech-
nique or Pamplona technique (Canadell/San Julian §, 9).

» Trans-epiphyseal resection.

Excellent results have been obtained with and reported for the Cafiadell/Pamplona
technique [8, 9] when appropriately indicated. Surprisingly, then, the approach is
still regarded by some in the Americas and Europe as controversial; it has, however,
received acceptance in China [10, 11].

We have used the Pamplona technique in six patients since 1988 and have not
encountered any case of local recurrence. Our results were published in 2012 [12].
The technique has been applied when the growth plate was judged not to have been
crossed by the tumor, even if the tumor was in contact with up to three quarters of the
length of the growth plate. One patient in our series died from metastases, while all
others continue to do well at the time of writing (April 2015). None had local recur-
rence. At 8-years follow-up, four patients have Musculoskeletal Tumor Rating Scale
(MSTS) scores of 30 points, the other patient has a score of 25 points. In all cases the
MSTS score excludes the point “emotional acceptance”; all patients, however,
express complete satisfaction with their reconstructions in long term follow-up.

While we found the technique of physeal distraction reliable and useful, we have
still had to struggle with the reconstruction and wish to discuss here several aspects
of difficulty encountered in three patients.

14.2.2 Patients, Methods and Results

Patient 1. (N.S.; born in 1994; Fig. 14.3). A girl diagnosed with high-grade osteosar-
coma at age 11 years (Fig. 14.3a). Despite her young age, the patient insisted on a
wholly biologic reconstruction of her leg. To the treating staff physician, physeal dis-
traction appeared to have progressed uneventfully. However, on reviewing all the images
on the eve of surgery, the surgeons (the authors of this paper) recognized that laterally
part of the physis had remained intact and a fracture through the tumor bearing metaph-
ysis had occurred (Fig. 14.3b). Trans-epiphyseal resection was performed (Fig. 14.3c).
The defect was reconstructed with free microvascular fibula transfer (Fig. 14.3d). The
patient expressed satisfaction with her leg reconstruction, but died from systemic metas-
tases (that had already been evident at the time of tumor surgery) 8 months later.
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Fig. 14.3 (a) Patient 1. Osteosarcoma. The MRI shows the extent of the tumor, which is in contact
with two thirds of the distal femoral physis. (b) This X-ray taken after 12 days of distraction for
physeal separation shows the fracture through the metaphyseal part of the femur; part of the osteo-
sarcoma remains attached to the epiphysis. (¢) This intra-operative X-ray shows the K-wire placed
for guidance of the saw between the K-wire and the Schanz screws used for fixation of the external
distractor. (d) Postoperative documentation of the reconstruction with free microvascular fibula
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Patient 2. (F.H.; born in 1995; Fig. 14.4). A 10-year-old boy diagnosed with
high-grade osteosarcoma in the right femur (Fig. 14.4a) and treated in 2005.
Chemotherapy was according to COSS 96. Physeal distraction was carried out
(Fig. 14.4b). Initial reconstruction was with free microvascular double barrel fibula
(Fig. 14.4c). Because of partial failure and lack of signs of bone formation, an
allograft was added 8 months after the initial reconstruction, leaving part of the
fibula (Fig. 14.4d). At age 14 years, the patient underwent epiphysiodesis for the
contralateral knee. At the time of writing, the patient is 19 years old, disease free,
has 130°-0°-0° flexion/extension of the knee, and a MSTS score of 30.

Fig. 14.4 (a) Patient 2. Osteosarcoma in the distal femur. MRI after preoperative chemotherapy.
(b) Physeal separation before definitive surgery. (¢) Post-operative X-ray after reconstruction with
a free microvascular allograft. (d) Definitive healing after additional allograft
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Patient 3. (R.K.; born in 1993; Fig. 14.5). A 15-year-old girl diagnosed with high
grade osteosarcoma in the right femur (Fig. 14.5a). Chemotherapy was according to
EURAMOS. Physeal distraction was carried out (Fig. 14.5b). The tumor was resected

Fig. 14.5 (a) Patient 3. MRI showing the extensive involvement of the region of the Hunter canal.
(b) CT reconstruction after physeal distraction showing correct rupture of the physis. (¢) Initial
reconstruction with allograft and reconstruction of the femoral vessels with autograft from the
contralateral Vena saphena magna. (d) Failed allograft due to low grade infection with
Staphylococcus epidermidis. (e) Temporary cement spacer. (f) Vessel loop formed with ipsilateral
vein for arterial and venous anastomosis of the free microvascular fibula. (g) Final stable biologic
reconstruction with allograft and “onlay” vascular fibula
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Fig. 14.5 (continued)

with the adjacent femoral vessels. Reconstructing of both the artery and vein was by
contralateral saphenous vein graft. Reconstruction of the bone was with fresh frozen
allograft (Fig. 14.5¢). As a result of low grade infection with Staphylococcus epider-
midis, the allograft did not fuse and fractured 3 years later (in 2010) (Fig. 14.5d). The
allograft was removed and an antibiotic loaded cement spacer was implanted
(Fig. 14.5e). Three weeks later the cement spacer was replaced by an allograft with
simultaneous free microvascular fibula transfer using the initially preserved ipsilat-
eral saphenous vein for arterial anastomosis to the femoral artery below the inguinal
ligament (Fig. 14.5f). This allograft also failed and was replaced 3 years later (in
2013) leaving the transplanted fibula. This led to final definitive healing (Fig. 14.5g).
Currently (2015), the patient is disease free and feels unlimited in spite of restricted
flexion in the knee joint (flexion/extension is 110°-0°-0°). MSTS score is 25.

14.2.3 Discussion

The case of patient one, in which physeal separation was incomplete and fracture occurred
in the tumor bearing metaphysis, illustrates the importance of careful analysis of the
progress of physeal separation. If radiography is not unequivocally clear, it is necessary
to consider using magnetic resonance (MRI) or computed tomography (CT) to assess
whether separation has occurred within healthy bone. Note, however, that MRI is limited
by the possibility of artifacts arising from the implants and device used for distraction.
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In the case of patient two, because of the relatively short segment of excised bone
and the young age of the patient, we opted for double barrel fibular reconstruction,
which has greater potential for remodeling and thickening of the vascularized fib-
ula. Subsequent secondary augmentation with an allograft resulted in full biologic
healing, in spite of at the fact that there had been at least a partial failure of the ini-
tially transplanted fibula.

The situation in patient three was especially difficult because of the necessity at
the time of tumor surgery to reconstruct not only the bone but also the arterial and
venous vessels. In view of the complexity of the procedure, we considered it inap-
propriate to put at further risk the circulation in the extremity by augmenting the bone
reconstruction with free fibula transfer. The failure of the allograft was most likely
related to a low grade infection. The patient, who had chosen her biologic reconstruc-
tion, has persevered through many demanding reoperations and revisions but is
finally satisfied with a fully biologically-reconstructed functional and stable leg.

14.2.4 Conclusion

Replacement of bone after tumor resection can be achieved through demanding pro-
cedures to establish biologic reconstructions or through relatively simple techniques
with artificial implants. Apart from the much simpler and quicker procedures,
another advantage of artificial implants is that rehabilitation is much shorter than
that with biologic reconstructions. However, only biologic reconstructions have the
potential to last for a lifetime; artificial reconstructions are prone to failure.

In our view, each patient is unique and the mode and material chosen for recon-
struction must consider how to maximize potential future quality of life, that is, the
quality added life years (QUALY) for the individual patient.

In carefully selected cases, the Cafiadell or Pamplona technique of physeal dis-
traction has contributed greatly to improve the long-term functional results in grow-
ing children subjected to resection of bone tumors. Whenever the technique is
feasible, it should be considered.

14.3 The Experience in Brazil: Epiphyseal Distraction
Combined with Autograft of Cryogenically Recycled
Tumoral Bone. A New Method for Epiphyseal Sparing
Surgery in Malignant Bone Tumors

14.3.1 Introduction

Patients with an open metaphysis and bone sarcomas that have not invaded the
metaphysis can present a challenge to the orthopedic surgeon. In some cases, trans-
epiphyseal resection osteotomy would not enable adequate future osteosynthesis
because the remaining epiphyseal bone tissue would be too scarce, soft and thin.
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The possibility of maintaining the epiphysis intact whilst maintaining (or even
increasing) the resection margins through a previous separation of the diaphysis
from the epiphysis was first described by Cafadell in 1984 and published in an
international journal in 1994 [13]. Originally Cafiadell and his co-workers recon-
structed the bone defect with an autograft or an allograft. In Kanazawa, H. Tsuchiya
and colleagues developed a simple method of recycling malignant bone tumor by
freezing the specimen in liquid nitrogen; the method was described in 2005 [14].
We visited Kanazawa in 2004, and since then we have been using this method at our
hospital. We have also had the opportunity to see San Julian presenting his tech-
nique at the ISOLS in Hamburg in 2007 and later also visited his department in
Pamplona. Since then we have used, whenever indicated, these two techniques in
combination. We have found no mention in the literature of this combined approach
and, therefore, describe the method here.

14.3.2 Materials and Methods

From May 2008 to April 2010, three patients fulfilled the criteria for treatment
by epiphyseal distraction and bone freezing. Epiphyseal distraction was under-
taken following the descriptions of Cafiadell and San Julian [8, 13, 15]. In all
three cases we used a linear type LRS Orthofix external fixator inserting two pins
proximally and two distally to the tumor limits. According to the tumor site, the
two pins inserted at the epiphysis were always inserted parallel to the metaphy-
seal line. Fluoroscopy was used in all cases. Distraction started the day after
placement, and separation of the epiphysis from the diaphysis took place around
the 12th—14th day; the separation was felt by the patients, who referred pain and/
or a click at the fixator. Definitive resection of the bone tumor was then
scheduled.

The freezing technique consisted of en bloc excision of the tumor as a section of
bone, removal of soft tissue, curettage of the medullary canal and any lytic part of
the tumor and then incubation of the bone graft for 20 min in liquid nitrogen (the
first 5 min intermittently and the other 15 continuously), thawing at room temperature
for 10 min and finally thawing in distilled water for more 10 min. The graft was then
ready to be re-implanted and fixed according to conventional osteosynthesis
methods.

14.3.3 Case Reports

Case 1 (GSS)
This was a 12-year-old girl with a type IIB proximal right tibia osteosarcoma. The
patient was sent to our hospital with pain in her right leg that had been ongoing for
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almost 5 months. She had difficulty in walking and a growing mass. She had been
radiographed at her town of origin, and referred directly to our unit when the X-ray
revealed a huge bone tumor. Image based staging was performed, and 4 days later a
biopsy was obtained to confirm the diagnosis. The X-ray and the MRI showed a
huge bone mass, mostly extra-compartmental, growing to the medial side of the
tibia but not crossing the metaphysis.

Neo-adjuvant chemotherapy was administered in accordance with the Brazilian
protocol. Four months later, an external fixator was installed and distraction initi-
ated; epiphyseal separation occurred on the 14th day. Two days later, the tumor was
resected by means of a distal tibia osteotomy. The resected specimen was then
treated in liquid nitrogen according to the Kanazawa protocol and re-implanted and
fixed to the distal tibia diaphysis with two stainless steel plates and a spongiosa
SCTew.

The extra compartmental tumor tissue was sent for pathological analysis; the
report described it as extra-compartmental tumor tissue with possible viable tumor in
regression. Almost 3 weeks later, adjuvant chemotherapy was started. Four months
later, still on chemotherapy, the patient developed an infection at the distal site of
osteotomy. The infection was treated with drainage and antibiotics and resolved eas-
ily, within 1 month. Nine months after tumor resection surgery, non-union was diag-
nosed at the distal osteotomy, and an iliac crest bone graft was performed.

During this period, the patient used an external articulated brace, which enabled
her to put her full weight on her operated leg and enabled her to make active knee
flexion and extension during gait and physiotherapy exercises.

Two years after tumor resection a solitary lung osteosarcoma metastasis was
detected, and the patient underwent lung segmentectomy followed again by che-
motherapy. Seven months after the lung operation, she developed another infection
at the same site as the previous one. Five months later, local recurrence of the
tumor was detected in the metaphyseal-diaphyseal area and the limb was ampu-
tated above the knee. Before amputation, despite all the complications, the patient
had normal knee and ankle function. At the time of writing, 6 years after the initial
tumor surgery, the patient is free of disease and walking with her lower limb
prosthesis.

Case 2 (MFBS)

This is the case of an 8-year-old boy with a type IIB osteosarcoma in the distal right
femur. The patient initially reported injury for 2 months and then pain. Finally, he
could no longer walk. After biopsy and confirmation of diagnosis, neo-adjuvant
chemotherapy was begun.

Three months later and after another biopsy, the case was evaluated for surgical
planning. Although the radiologic evidence was not clear on one of the formal indi-
cations prescribed by Cafadell and San Julian [13, 15], epiphyseal distraction of the
distal femoral epiphysis was considered opportune and a linear external fixator was
installed. Separation occurred after 12 days of distraction. Five days later, the tumor
was resected, the resected segment of bone was treated according to the Kanazawa
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protocol, and the frozen autograft was re-implanted. Because the graft was too big
and because, at that time, there was no adequate fixation system covered by the
national health system, we were obliged to fix the graft with a straight stainless steel
plate and two crossed screws distally.

Pathology analysis of the extra-compartmental tumor tissue found no viable
tumor cells.

Consolidation at the distal site of reconstruction failed; this can be attributed to
the inadequate fixation method and also, possibly, to the freezing of the bone. The
original plate and screws were removed, and the non-union stabilized with an exter-
nal brace that facilitated knee flexion and extension. A fibrous callus has since
developed, and the patient is able to walk and do sports such as bicycle riding with-
out the orthosis. He uses a shoe lift for discrepancy compensation. Knee function
has been conserved. Currently, we are planning the placement of an external fixator
to correct distal pseudo-arthrosis and to lengthen the femur.

Case 3 (IBB)

This was an 11-year-old boy with a stage IIB osteosarcoma in the distal left femur
(Fig. 14.6). The patient reported pain for almost a year before he was X-rayed and
the bone tumor was diagnosed. An incisional biopsy confirmed the diagnosis.

After finishing the conventional neo-chemotherapy protocol, and after establish-
ing that the tumor had not invaded the epiphysis, epiphyseal distraction was under-
taken. Separation occurred after 13 days.

Bone tumor resection was performed 7 days later. The resected segment of bone
was then treated and frozen. The extra-compartmental tumor tissue sent to pathol-
ogy revealed no viable tumor. The remaining bone was re-implanted and fixed with
an angled stainless steel 90° plate.

Three weeks after being discharged from hospital, the patient was provided with
an orthosis with knee and ankle flexion/extension; rehabilitation involved physio-
therapy and walking with partial weight bearing.

Proximal and distal consolidation was observed in X-rays taken about 4 months
after surgery, but the orthosis was maintained for 2 years as an external support to
the plate and to avoid metal fatigue. At the time of writing, 6 years after the resec-
tion and reconstruction surgery, this patient has absolutely normal knee function
and appearance of the knee is normal; there is only a slight growth reduction, of
about 1.5 cm, in the operated leg. We plan to wait for the boy’s skeletal maturation
before removing the plate.

14.3.4 Results

All three patients were successfully submitted to epiphysiolysis before excision and
separation occurred at an average time of 13 days. Graft consolidation to the host bone
(as evaluated by X-ray) took an average of about 6 months to reach the status of being
“good” (according to the ISOLS criteria regarding fusion of allografts (Table 14.2)).

In all cases, the long-term disadvantages of endoprosthesis substitution were
avoided.
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Fig. 14.6 (a, b) Stage IIB osteosarcoma. The epiphysis is preserved. (¢, d) Epiphyseal separation.
(e) Tumor specimen with extra compartmental tissue. (f) Remaining bone after dissection of extra
compartmental tumoral tissue. (g) Frozen graft. (h) Post-operative X-ray showing fixation with 90°
angled plate. (i) Four years post-op. (j, k) Six years post-op. Six years post-op., functional result
with full weight bearing (1) and (m, n) normal knee flexion-extension
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Fig. 14.6 (continued)
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Fig. 14.6 (continued)

Table 14.2 ISOLS criteria Excellent Fusion complete. Osteotomy line not visible
regarding fusion of allografts Good Fusion >75 %. Osteotomy line still visible
Fair Fusion 25-75 %
Poor Fusion <25 %. No evidence of callus

14.3.5 Discussion

Each of the three patients whose cases are described were operated on using exactly
the same techniques and respecting the oncologic parameters for bone tumor sur-
gery regarding margins. We followed the technique for epiphyseal distraction as
described by Cafadell, and we followed the technique of biologic bone tumor
reconstruction using recycled frozen bone as originally described by Tsuchiya.

We believe that local recurrence is neither related to epiphyseal distraction nor to
the freezing method; local recurrence is absolutely related to the margins achieved
during tumor resection. The higher incidence of recurrence in the leg can be attributed
to the lack of soft tissue cover in the leg and extra-compartmental spread of tumors.

Unfortunately, we were unable to adhere completely to the principles of stable
osteosynthesis because our public health system lacks provision for certain implants,
and this limitation could explain the non-union in two of the cases reported here.

The combination of epiphysiolysis before tumor excision and reconstruction
with recycled frozen bone as an autogenous graft constitutes a safe approach to the
treatment of certain patients with bone sarcomas. The combination can preserve the
growth potential of the limb in skeletally immature patients and provides the pos-
sibility of excellent long-term functionality.
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14.4 Experience of the Hospital Vall d’Hebron of Barcelona

The aim of this commentary is to report the experience of the Hospital Vall d’Hebron
of Barcelona with the surgical technique of physeal distraction before excision for
the treatment of pediatric bone sarcomas as an alternative limb salvage procedure in
skeletally immature patients.

At the Hospital Vall d’Hebron of Barcelona, from July 2006 to October 2013, five
patients were treated by physeal distraction before tumor excision (Table 14.3); there
were three girls (cases 1, 4 and 5) and two boys (cases 2 and 3). Age at the time of
surgery was between 4 and 13 years (Figs. 14.7 and 14.8). All the tumors were located
in metaphysis; three were in the proximal tibia (cases 1, 2 and 3), one was in the distal
radius (case 4), and one in the proximal humerus (case 5). A histological diagnosis of
Ewing’s sarcoma was established in four patients (cases 1, 2, 4 and 5) and of osteo-
sarcoma in one (case 3). Neoadjuvant chemotherapy was given to all patients.

The first surgical procedure, attaching the external fixator, involved the insertion
of two pins into the epiphysis and another two into the diaphysis at least 4 cm from
the diaphyseal tumor margin. The external fixator was then attached. In three cases
we used a Blue Monotube (cases 1, 2 and 3) and in two cases a Yellow Monotube
(cases 4 and 5). Distraction began in the operating room and was continued at a rate
of 0.75—1 mm daily until rupture of the growth plate, which manifested with local
pain and was confirmed by radiographic control.

The reconstruction methods after tumor resection were vascularized fibular free flap
in one patient (case 1), intercalary bone allograft in three (cases 2, 3 and 5) and contra-
lateral fibular autograft in one (case 4). After reconstruction, we maintained the external
fixator in its place in four patients (cases 1, 2, 4 and 5). In one case (case 3), a medial
gastrocnemius flap was transferred anteriorly, to cover the intercalary bone allograft.

Histological examination of the resection specimen confirmed in all cases that
the margins were negative and also that the tumor had not involved the growth plate
margins.

There were no cases of local recurrence in the retained epiphysis, but one patient
(case 5) is currently undergoing chemotherapy treatment in another institution after
local soft tissue recurrence and lung metastasis that was detected 14 months after
the operation. At present, the rest of the patients (cases 1, 2, 3 and 4) are being fol-
lowed up at our center, show no evidence of disease, and have excellent radiological
and functional outcomes.

The patients presented the following orthopedic complications. Two patients
with proximal tibial tumor (cases 1 and 2) suffered non-union of the graft that
required a further operation to achieve union between the allograft and the host
bone. One patient (case 1) had a 6 cm limb length discrepancy 85 months after sur-
gery, and this disparity was resolved by contralateral epiphysiodesis with “8” plates.
The patient with a tumor in the distal radius (case 4) suffered a fracture of the united
allograft, which has been successfully treated by exchange osteosynthesis and
autologous graft.

We believe that what has enabled us to apply the technique of physeal distraction
before excision for the treatment of pediatric bone sarcomas with satisfactory results
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Fig. 14.7 (a, b) X-ray and MRI of a Ewing’s sarcoma in the proximal tibia of a 9-year-old boy.
(c—e) Physeal distraction before excision. (f, g) After reconstruction with an intercalary bone
allograft. The growth plate in this patient currently remains active (h), 60 months after surgery

in our center is the combining of the expertise of specialists in pediatric orthopedics
and in orthopedic oncology. We usually kept external fixation in place until
consolidation of the bone graft with the epiphysis; this did not result in complications.
Although the main goal of physeal distraction before excision is to preserve the
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Fig. 14.8 (a, b) X-ray and MRI of a Ewing’s sarcoma in the distal left radius of a 6-year-old girl.
(c—e) Physeal distraction before excision. (f) After reconstruction with a contralateral fibular auto-
graft. (g) Union of the autograft with active growth plate 6 months after surgery. (h, i) Fracture of
the graft and treatment of this fracture
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epiphysis and thus the joint, we have found that a low rate of distraction allowed us
to maintain growth capacity in some of our patients. Consequently, the technique
has enabled us to obtain good functional outcome for the joint and also a reduced
degree of limb discrepancy.
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Chapter 15
Questions and Answers

Mikel San-Julian

Abstract The technique of physeal distraction before tumor excision has been
described at several national and international meetings, where it has invariably
aroused considerable interest. This chapter deals with some of the questions put
forward at these meetings.

* Does this technique mean any delay in the protocol for treatment of the
tumor?
Answer: No.
You can place the external fixator during the course of pre-operative chemo-
therapy. You need only 15 min. to place the external fixator, 15 days before the
established date for surgery. The external fixator allows the patient to continue
with his or her normal life, and it does not impede adherence to chemotherapy
protocols, even intra-arterial procedures.

* Do you employ the technique in all cases of metaphyseal bone tumors?

From: Antonie Tamineau, University of Leyden, The Netherlands In: SICOT,
1996 Meeting, Amsterdam
Answer: No.
It is a technique for selected cases: those cases of metaphyseal bone tumors in
which the tumor has not crossed the growth plate. If the tumor has crossed the
growth plate, the joint will require reconstruction surgery (arthrodesis, prosthe-
sis, or osteoarticular allograft).

¢ What is the reason for the distraction technique?
From: Zdenek Matejowsky Sr., Praga
In: EMSOS, 1994 Meeting, Amsterdam
Answer: The anatomy of the growth plate.
The growth plate, which is what seems to represent a temporary barrier to tumor
spread, is not a flat surface but is rather convoluted, and so, when performing
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intra-epiphyseal osteotomy, it is difficult to be sure that the section has not passed
through the tumor and left tumoral tissue behind.

*  What about the risk of infection?
From: Mario Campanacci, Bologna
In: ISOLS, 1995 Meeting, Firenze
Answer: The risk is the same as with other reconstructive surgery.
The risk of infection is no higher in tumor pathology than it is in other scenarios
of reconstructive surgery. Obviously, patients are immuno-suppressed as a result
of the chemotherapy, but the external fixator is only used for 10-15 days. Not
even in cases where we used an external fixator as a support for autografting or
bone transport (see Chap. 9), have we had any problems related with infection.
Seven percent of our series suffered an infection of the reconstruction during the
follow-up; this rate is no higher than that in our own overall series of allografts
or prostheses, or that reported by other authors.

* Do you employ antibiotics during the distraction procedure?
From: Cristina Alves, Portugal
In: Pediatric OrthopaedicMeeting, Aveiro, Portugal, 2015
Answer: No

* Could you exploit the procedure to achieve some lengthening before
resection?
From: Marco Manfrini, Bologna
In: EMSOS, 1997 Meeting, Miinster
Answer: No.
The technique is just an epiphysiolysis in order to achieve a good margin for
resection of the tumor. It is not a lengthening procedure. The tumor should be
resected as soon as possible. Other techniques exist for avoiding or correcting
limb-length discrepancies after tumor resection.

e Could this technique stimulate tumor growth?
From: Wilfred Winkelman, Miinster
In: EMSOS, 1997 Meeting, Miinster
Answer: No.
The disruption of the growth plate occurs suddenly after several days of distrac-
tion. We do not believe that this stimulates tumor growth.

* Does chemotherapy influence callus formation?
From: Wilfred Winkelman, University of Miinster
In: EMSOS, 1997 Meeting, Miinster
Answer: What callus?
Chemotherapy has an important effect on the consolidation of allografts and cal-
lus formation in bone transport procedures (see Chap. 9), but epiphysiolysis
before resection of the tumor is not a procedure concerned with callus formation:
it is simply a way to get a good resection margin, and so there is no need to wait
for callus formation.
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Fig. 15.1 (a—c) The oldest patient in our series was 15 y-o

* Are there any age limits for the procedure?
From: Name unknown
In: EMSOS, 1997 Meeting, Miinster
Answer: Appropriacy has to be determined on a patient by patient basis.
The youngest patient in which the technique has been used was 3 years old (see
Fig. 12.8), but malignant bone tumors are not frequently seen in children so
young. The oldest patient in the series was 15 years old (Fig. 15.1). Before apply-
ing the technique, one has to ascertain that the growth plate is still active and that
the patient has not finished growing.

¢ Has the technique been employed in lytic lesions?
From: Becker, Miinster
In: EMSOS, 1997 Meeting, Miinster
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Answer: Yes.

Osteogenic sarcoma and Ewing’s sarcoma, the two bone tumors most frequently
seen in childhood, are not usually lytic lesions. However, we have successfully
used the technique with lytic lesions such as telangiectatic osteosarcoma (see
Fig. 11.11). In such cases, it is important to be sure that there is no pathological
fracture.

* Has the technique been employed in metaphyseal tumors which were seen to
be in contact with the growth plate in the MRI scans?
From: Name unknown
In: SICOT, 1996 Meeting, Amsterdam
Answer: Yes.
The most important thing is to be sure that the tumor has not crossed the growth
plate.

* Has the technique been employed in benign lesions?
From Gabriel Mato, Portugal
In: Pediatric OrthopaedicMeeting, Aveiro, Portugal, 2015
Answer: We have not used the technique in such cases, but other colleagues (for
instance, Julio de Pablos and colleagues at the Rizzoli Institute) have done so.

* Does the retained growth plate remain active after the distraction
procedure?
From: Marco Manfrini, Bologna
In: EMSOS, 1997 Meeting, Miinster
Answer: In some cases.
As reported by De Pablos et al. from our department, if physeal distraction is
used as a lengthening procedure, the growth plate may continue growing when
lengthening is performed at a rate of 1-1.5 mm/day. In cases of epiphysiolysis
for preserving the epiphysis, it is also possible that the growth plate will continue
growing; Chap. 9 presents some cases that demonstrate subsequent growth.
However, arrest of growth could be caused by other factors, such as, radiother-
apy, delayed weight bearing, and the osteosynthesis device used for stabilization
of the retained epiphysis (see Chap. 9).

* Osteosynthesis of the allograft with a locked nail will not allow subsequent
growth!
From: Rodolfo Capanna, Firenze
In: ISOLS, 1996 Meeting, Firenze
Answer: True.
We used this kind of osteosynthesis device in patients who were nearing the end
of growth. Allografts which were 1.5-2 cm longer than the resected piece were
employed in an attempt to minimize the final limb-length discrepancy. We pre-
ferred this approach to osteosynthesis for the older patients in our series because
it eliminates the risk of allograft fracture. However, in young children, we prefer
minimal osteosynthesis devices of the epiphysis, such as Kirschner wires or the
distal end of two Enders, to permit later growth (see Chap. 9).
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* How could you be sure about tumor extension before the MRI era?
From: William Enneking, University of Gainesville (Florida)
In: ISOLS, 1995 Meeting, Firenze
Answer: Sometimes we could not be sure, and so we used a modified surgical
procedure.
Before the advent of MRI, we used other imaging methods, such as, CT, scintig-
raphy, X-ray, and angiography when needed. In cases where we still found our-
selves left with any doubt about whether the tumor was compromising the physis,
we approached surgery with a variant of the usual technique. This variant has
three surgical steps that enable us to inspect histologically the distracted margin
(see Chap. 8). We believe that nowadays, owing to the accuracy of MRI, the three
step variant is rarely necessary.

e I believe that there is usually a high risk of local recurrence; how many of
your patients had a follow-up longer than 2 years?
From: William Enneking, University of Gainesville (Florida)
In: ISOLS, 1995 Meeting, Firenze
Answer: Most of them.
When Dr. Enneking put this question to us, he suggested that we had been lucky
to have had no cases of local recurrence. We have been employing the technique
since 1984, and so the first patient in our series now has 31 years of follow-up.

*  What happens if the distraction does not take place correctly?
From: Ulrich Exner, Zurich (Switzerland)
Answer: Intra-epiphyseal osteotomy can still be performed.
Although distraction is possible even in lytic tumors, in a couple of our patients,
pathological fracture occurred during distraction. In these cases, we carried out
an intra-epiphyseal osteotomy to remove the tumor. There were no complica-
tions, neither case suffered local recurrence, and function was good.

* What happens to the femoralis trochlea or to the anterior tibial tuberosity
in cases when epiphysiolysis cannot be done, and intraepiphyseal osteotomy
is performed?

From: Seban Hopyan, Toronto, Canada

Answer: In the distal femoral case, part of the epiphysis will be lost and the sta-
bility of the joint will be affected, the femoropatellar joint will also be affected.
In the proximal tibia, it is necessary to reattach the patellar tendon to the graft.
This is avoided with epiphysiolysis, because the whole anterior tibial tuberosity
is retained.

* Given the proven safety and the excellent results, why is this technique not
more widely adopted?
From: Name unknown.
In: ISOLS, 2007 Meeting, Hamburg
Answer: Confidence in the technique requires very different types of specialist
knowledge and experience. I think there are two main reasons why the tech-
nique has not been more widely adopted. First, orthopedic oncologists are not
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necessarily accustomed to dealing with techniques such as external fixation,
growth plate surgery, and lengthening procedures, because such surgeons con-
centrate primarily on tumor surgery. Without a clear understanding of how the
growth plate breaks when distraction is slowly applied, a surgeon focused on
resection may find it difficult to muster sufficient trust that epiphysiolysis can
provide a safe margin of resection in bone sarcomas. Cafiadell had a wide expe-
rience in pediatric orthopedics, external fixation, and many other fields of ortho-
pedics, and it was perhaps this broad familiarity which enabled him to conceive
of and develop his technique. Second, in many centers, the indications for
amputation have only diminished very slowly during the last two decades; to
stop amputating bone tumors requires considerable confidence in the efficiency
of chemotherapy. Professor Cafiadell was exceptional in his decision to stop
amputating bone tumors once he knew of this efficiency. When he started this
technique for preserving the joint, most people simply did not believe it was
possible without diminishing the chances of survival. Nowadays, the technique
is being used in many distinguished cancer centers around the world including
centersin Seville, Barcelona, Madrid and Valencia (Spain), Zurich (Switzerland),
Leiden (the Netherlands), Pernanbuco (Brazil), Istanbul (Turkey), Budapest
(Hungary), Bologna (Italy), and Ji’Nan, He’Nan, TianJin, Xi’an (China).
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