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Chapter 1

I NTRODUCTION
Normal skeletal growth: the role of the epiphyseal plate.
Epiphyseal plates are found on both sides of long bones. The plates are sub-divided
into three well defined zones in which distinct cellular subpopulations are located:
the resting zone with progenitor-like immature epiphyseal cells, the proliferation
zone with maturating chondrocytes, and the hypertrophic zone with large calcifying
and apoptotic chondrocytes (Figure 1). The typical chondrocyte line-up, high cellular
proliferation speed and vast amount of matrix deposition, combined with
calcification and controlled cell death in the hypertrophic zone causes lengthening
of the developing bones. Epiphyseal width decreases at the end of puberty and
eventually the epiphyses completely close and are being replaced by bone, leading
to growth arrest of the developing individual. The exact mechanism of epiphyseal
closure is still not completely understood. However, hormonal influences are
evident. Paracrine regulators like parathyroid hormone-related protein (PTHrP) and
Indian hedgehog (Ihh) are considered key factors in the regulation of the growth
plate1,2. The paracrine balance and temporospatial presence of these morphogens
is one of the most studied mechanisms of epiphyseal plate biology. Furthermore, sex
hormones play an important role. Their levels increase at the onset of puberty,
inducing the pubertal growth spurt3-8. Oestrogens at high levels promote epiphyseal
fusion in females and males9. Aforementioned molecular signalling processes are
also involved in pathologic skeletal processes leading to skeletal dysplasias such as
metaphyseal chondrodysplasias and cleidocranial dysplasia and many others9-11.
Signifiantly, similar processes are described to be involved in the molecular
mechanisms that lead to the formation of osteochondromas indicating that
epiphyseal plate biology and osteochondroma formation share common cell
biological routes12.
Hereditary Multiple Osteochondromas.
Characteristics
According to the World Health Organization osteochondromas are defined as a
cartilage-capped bony outgrowth on the external surface of long bones consisting
of a marrow cavity that is continuous with that of underlying bone13-17.
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Histologically, osteochondromas resemble an epiphyseal plate-like build-up with
proliferating as well as hypertrophic chondrocytes, often arranged in lined-up clusters.
Osteochondromas are usually localized near the metaphysis of bones that develop
by endochondral ossification and are commonly found in the distal aspect of the
femur, the proximal part of the humerus, and the proximal region of the tibia12-16.
These sites correlate with the sites of most rapid endochondral ossification.
Locations, sizes and number of osteochondromas vary in each patient. In theory
every bone element that is formed by endochondral bone formation can be affected.
Osteochondromas are not uniquely found in humans, they have been described in
many species including cats, dogs, sheep and horses18-22. Single osteochondromas
are common in the general human population (1 to 2%). Hereditary Multiple
Osteochondromas (HMO) is the most prevalent genetic skeletal dysplasia. The
incidence of HMO is estimated to be 1 in 50,00012-14. In literature one finds many
other names describing this cartilage and bone disorder such as diaphyseal aclasis,
osteochondromata, chondral osteoma, osteochondromatosis, multiple cartilaginous
exostoses, hereditary multiple exostosis (HME), multiple osteochondroma (MO),
deforming chondreodysplasia, osteogenic disease, etc.

Figure 1: Schematic
representation of a femur with a
distal osteochondroma and
histological images of the
epiphyseal cartilage lined up in
columns (bottom) and the
cartilage on top of the
osteochondroma formed in
clusters (top).
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Clinical features
In HMO the osteochondromas appear shortly after birth and continue to develop
throughout childhood and into puberty. By the age of 12, almost all patients have
been diagnosed13-15. Osteochondromas vary in size, location and shape15-17. The
growth of osteochondromas can cause clinical problems such as compression on
tendons, muscles, nerves, organs and on the spinal cord17,23. Figure 2, for example,
shows an intra-thoracic osteochondroma compressing the lung. The pressure of the
osteochondromas on neighboring tissues and organs can cause pain and dysfunction.
Patients can struggle with mobility problems and fatigue23. Osteochondromas in the
proximity of growth plates seem to cause growth disturbances leading to bone axis
deformities (bowing) and luxations. (Figure 3). Osteochondromas themselves or the
underlying genetic condition may influence the longitudinal bone growth leading
to shortened stature, a common clinical feature observed in HMO patients24.
In general, osteochondromas continue to grow until closure of the growth plates
at the end of puberty17,24. In adults it is abnormal when an osteochondroma continues
to grow. This can be caused by malignant changes in the cartilaginous cap that covers
the osteochondroma and can lead to an osteosarcoma. Osteosarcoma is a malignant
neoplasm of mesenchymal origin. Malignant transformation of an osteochondroma
has been observed in 1 to 5% of the cases14-17. It is advisable to monitor patients even
after closure of the growth plates and to remove
the osteochondromas that continue to expand
after the growth plates have closed because of
this possible malignant transformation17.

Figure 2: A Ct image of the thoracic cavity showing
an osteochondroma (red arrow) of the rib that
compresses the underlying lung.
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Figure 3: Conventional radiographs of an HMO patient’s wrist showing ulnar shorthening and radial
deviation (on the left) and radiograph of the ellbow showing radial head dislocation (on the right).

Genetics
HMO is an autosomal dominant inherited disease13-17. The genetic abnormality
leading to HMO has been determined in the majority of patients. Approximately 60
to 70 % carry a mutation in the exostosin1 gene (EXT1), 20 to 30% have an EXT2
gene mutation. The EXT genes encode for glycosyltransferases involved in the
biosynthesis of heparan sulfate25-27. For instance, in laboratory settings genetically
modified mouse and zebra fish models have been used. This has led to a better
understanding of the role of the EXT genes in the development of the
osteochondromas22,25-28. In spite of the breakthrough in deciphering the normal
functions of exostosin proteins, the cellular and molecular mechanisms leading to
the aberrant growth of osteochondromas remain unclear. Genetic testing has given
patients options in making choices in reproduction. However, being informed about
the genetic background has not altered the orthopedic care.
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Treatment
The only known treatment for osteochondromas up till now is surgical resection of
osteochondromas. Surgical corrections can be performed when growth disturbances,
like dislocations or axial deformities, appear in HMO patients. When patients suffer
from pain due to growing osteochondromas compressing the soft tissue around them,
conservative treatment such as physical therapy and pain management are available.
The success rate of the treatment varies from patient to patient23. A method to prevent
the development of osteochondromas is not available at present.

A IM

AND OUTLINE OF THIS THESIS

The aim of this thesis is to unravel normal development of osteochondromas in order
to understand the influence the disease HMO has on skeletal and general growth. It
highlights local and general processes of the disease HMO with the aim to better
understand the origin and development of osteochondromas, to unravel their
structure and to improve their visualisation. The thesis starts with an overview of the
current knowledge in chapter one.
Chapter two describes the current knowledge and gives a comprehensive
literature review on the major pathophysiological theories. It explores the following
three questions: What influences the growth of osteochondromas? Do
osteochondromas escape Wolff’s law and if so, how? What is the place of origin of
osteochondromas? The different sections of the chapter evaluate the epidemiology,
pathophysiology and histology of osteochondromas. It further focuses on the genetics
and the cellular biology. Finally it describes the influence of growth regulatory factors
on osteochondromas in HMO.
The natural growth of osteochondromas is further addressed in chapters three
and four. The local growth of distal femoral osteochondromas in relation to the
growth of the femur itself is addressed in chapter three. Here the development and
growth speed of new osteochondromas are compared to the longitudinal growth
rate of the host bone. Since most osteochondromas are formed near the epiphysis,
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it was hypothesized that osteochondromas that originate from the epiphyseal
periphery continue to grow while the femur is growing. To address this hypothesis
we studied the development of osteochondromas in children with HMO by
measuring osteochondromas of the distal femur on long-leg plane radiographs. The
lengthening of their femur was compared to the increase in distance between the
osteochondroma and the distal end of the femur and the formation of new
osteochondromas was recorded. Clinically, short stature is considered as a common
feature of HMO, with the majority of affected individuals being below average
height. Hormones control skeletal maturation; these hormones might be influenced
by the systemic gene defect of the EXT genes. In chapter four we therefore studied
the general growth of children with HMO, while hypothesizing that the diminished
stature in adults with HMO is due to a systemic influence leading to early maturation
of their epiphyses. Therefore it is expected that the skeletal age in adolescences with
HMO is higher than their corresponding calendar age.
Chapters five and six describe the natural structure of osteochondromas. In
chapter five the micro architecture of the bone in osteochondromas is analyzed.
Osteochondromas are expected to carry fewer loads than normal bone because of
their off-axis position. Therefore the hypothesis is that osteochondromas display a
less developed microstructure. To test this hypothesis the bone morphology of
osteochondromas was determined using micro-CT scanning and the results were
compared to literature values of normal bone. In chapter six the cartilage is analysed.
Trevor’s disease is a rare condition with asymmetrical limb deformity due to localized
overgrowth of cartilage. In literature Trevor’s disease is described as an epiphyseal
osteochondroma. Therefore the aim of this study was to test the hypothesis that
Trevor’s disease and HMO are histologically comparable. The study compares the
histology of cartilage of children with Trevor’s disease with the histology of
osteochondromal cartilage of children with HMO.
Chapters seven and eight highlight the visualisation of osteochondromas in
children with HMO. Chapter seven describes the diagnostic value of a new
development in radiology, the use of whole body MR imaging. Regular conventional
radiographs are compared to whole body MR Images of two HMO affected children.

15

Chapter 1

The images of both methods were evaluated to see if all osteochondromas could be
identified and to see if the possible deformity of the long bones was equally visible.
The use of this MRI technique could possibly lower the total amount of ionizing
radiation that children with HMO receive because of the frequent radiological follow
up. Chapter eight is a digital file that shows the normal growth of wrists of children
with HMO in a time-lapse manner. Regularly each radiograph is assessed as an
independent figure, in this single dimension it is difficult to assess actual growth
progression. Time-lapse videos give the opportunity to virtually look at the growth
of osteochondromas and the wrist articulation development. Conventional
radiographic images were therefore combined in a time-lapse technique; the images
of the wrist were captured in the same frame, the same contrast and grayscale over
time.
This thesis concludes with a general discussion and future directions. It provides
a glimpse into future study opportunities, to increase understanding of the disease
and to discover a treatment of HMO at an early stage.
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Chapter 2

A BSTRACT
Multiple Hereditary Osteochondromas is an autosomal dominant inherited disease
causing osteochondromas: growth on the bones of children. The disease is mainly
caused by mutated exostosin (EXT)1 or EXT2 genes. These mutations yield nonfunctional EXT-gene products. Lack of functional proteins cause a defect in heparan
sulfate synthesis and therefore in proteoglycan modification and cell signalling. It is
assumed that a subset of chondrocytes form an osteochondroma, through a growth
and differentiation process which is only partially understood. The place of origin of
these osteochondroma-forming chondrocytes is still unknown. We also do not know
in detail which processes influence the osteochondromas growth, and what shelters
the osteochondromas from being resorbed by osteoclast activity. In this paper we
systematically review the major pathophysiological theories of osteochondromas,
with a focus on the aforementioned knowledge gaps.
Abbreviations: BMP: Bone Morphogenetic Protein; EXT: Exostosin; FGF: Fibroblast
Growth Factor; HME: Hereditairy Multiple Exostosis; HMO: Hereditairy Multiple
Osteochondromas; HS: Heparan Sulphate; Ihh: Indian hedgehog; LOH: loss of
heterozygosity.
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I NTRODUCTION
The World Health Organisation (WHO) defines osteochondromas as a cartilagecapped bony outgrowth on the external surface of long bones. By definition it
contains a bone marrow cavity continuing in the normal cavity of the long bone1,2.
With a proportion of 30-50% of all benign bone tumours, it is the most frequently
occurring bone lesion. Hereditary multiple osteochondromas (HMO) constitutes a
separate, but clinically and radiographically indistinct disease entity that
encompasses 10-15% of all osteochondromas patients. Approximately 1:50,000
people suffer from HMO3,4. The disease is also known as hereditary multiple
exostoses, diaphyseal aclasis, osteochondromatosis and multiple cartilaginous
exostoses5.
The diagnosis of HMO is based on radiological and clinical presentation of
multiple outgrowths (Figure 1), supplemented with, if available, histological
evaluation. Approximately 65% of all patients have a positive family anamnesis6.
HMO is an autosomal dominant inherited disease mainly caused by mutated
exostosin (EXT)1 or EXT2 genes. This causes a lack of functional proteins influencing
heparan-sulphate synthesis, thus affecting the proteoglycan modification and cell
signalling, which play a role in osteochondromas growth7.
Growth of the osteochondromas occurs as long as a child is growing, and new
osteochondromas will form continually. After closure of the growth plates the
osteochondromas stop growing and no new ones are formed5. Both sessile and
pedunculated osteochondromas have been described. Through its shape, the
pedunculated more than the sessile variant can compromise overlying tissue and
therefore has a greater risk of becoming symptomatic8,9. The osteochondromas can
lead to compression on tendons, nerves, muscles, ligaments and on the spinal cord.
Patients may experience pain or fatigue. Growing osteochondromas are known to
cause a set of growth anomalies, including Madelung-like deformity (40-60%),
unequal limb length (10-50%), joint deformity (2-55%) and a disproportionally short
stature (37-45%)3,6,10.
Furthermore osteochondromas can fracture (5%) and they can cause vascular
problems, abnormal scar formation, bursa formation, and joint impingement10-13.
The direction of growth of the osteochondromas is pointed away from the adjacent
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growth plate and away from the adjacent joint14; they are not in line with the axis
of the bone and are therefore not submitted to the axial load. We know from normal
bone formation that non-loaded bone will remodel according to Wolff’s law. This
implies that we expect osteochondromas to be remodeled by creeping substitution
and to eventually disappear as a result of osteoclast resorption15,16. Until now it is
still unknown why osteochondromas after formation do not disappear.
Apart from the unknown mechanism of growth, the place of origin of
osteochondromas also remains unclear. Most exostoses are found in the metaphysis
under the periosteum, suggesting a metaphyseal origin. However, epiphyseal-like
cartilage is found on top, suggesting an epiphyseal origin15. There is no medication
to cure osteochondromas or to slow their growth. Non-recurrence on site is only
ensured after radical surgical removal of the osteochondromas. However, removal
of osteochondromas in a skeletally immature patient may lead to epiphyseal damage
and growth deformities16,17.
The aim of this review is to explore literature in the light of the following
clinically raised questions: What factors influence the growth of osteochondromas?
Do osteochondromas escape Wolff’s law and if so, in what way? What is the place
of origin of osteochondromas? In order to answer these questions best as possible,
the epidemiology, pathophysiology, marker expression and growth regulation are
discussed, and the major pathophysiological theories are reviewed and put into
historical perspective.

Figure 1: X-ray AP view of the right knee of adolescent
female patient with HMO, the lines on the distal femur
mark the bony outgrowth of the osteochondromas.
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E PIDEMIOLOGY

OF OSTEOCHONDROMAS

Osteochondromas are a common isolated bony outgrow of the long bones. It affects
1-3% of the general population. About 10-15% of these osteochondromas are in the
context of the genetic form, Hereditary Multiple Osteochondromas. HMO has its onset
from early infancy to puberty. The osteochondromas ceases to grow and calcifies when
the patient reaches skeletal maturity. Thereafter, no new osteochondromas develop4,5.
The patients in average suffer from 15-18 osteochondromas, but up to a number of 80
osteochondromas have been described. The metaphysis of the tibia, femur and
humerus is the most common location18-20.
Affliction is usually symmetrical. Caucasians are more often affected than other
races, affecting 0.9 - 2 individuals per 100,000. Caucasian men in particular have a
higher predilection to suffer from HMO10,21. Male predilection (1.5: 1), however, is
possibly due to an easier overlooked milder female phenotype21. The osteochondromas
have a cartilage cap; the thickness of the cap differs and ranges from 1-2 mm to several
centimetres. Increasing thickness correlates with pain and with chondrosarcomatous
potential in adults. These osteochondromas often have a more proximal location and a
larger size1,2,18,22. HMO patients have a 1-3% risk of malignancy and the progression
to malignancy is quicker than in non-hereditary (solitary) counterparts1-3,6,10,23,24.

PATHOPHYSIOLOGY

OF OSTEOCHONDROMAS

Histology
Osteochondromas have a strikingly consistent morphology, typically forming a
cylinder pointing at various angles away from the epiphyseal disc and the joint. An
osteochondroma of a skeletally immature patient consists of a bony stalk and a
cartilage cap. The cap is lineated peripherally with the perichondrium, which is
continuous with the periosteum of the underlying bone. The cortex of the stalk is in
continuity with the cortex of the normal bone, thus creating a continuous medullary
cavity. In the skeletally immature patient the medullary cavity is delineated with the
cartilaginous cap. The cap has the histological appearance of an epiphyseal growth
plate with chondrocytes lined up in columns (Figure 2)18,24.
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Figure 2: (A) Saffranine-O staining of the cartilaginous cap of an osteochondroma, showing the
presence of similar zones as the mouse epiphysis but in separated clusters. (B) Haematoxiline
staining of the epiphysis of a 6-week-old mouse as a representative example of a general growth
plate.

Genetics
HMO is an autosomal dominant inherited condition caused by mutations in the
exostosin (EXT) 1 and EXT2 genes. The EXT gene family comprises six members, all
located on different chromosomes and chromosomal regions25-27. EXT1 and EXT2
mutations together explain over 90% of all cases of HMO28,29. Mutations in EXT-1
account for 44-70% of the HMO cases and in 27-40% mutations in EXT-2 are
causative for HMO. In a subset of patients both genes are affected21,30-32. In males,
mutations in EXT-1 lead to a more severe HMO phenotype compared to mutations
in EXT2. Typically male carriers of mutations in EXT1 display more and bigger
osteochondromas33-39.
The risk of malignant transformation cannot be linked to these specific genetic
mutation. Genetically mutated mice carrying Ext1(+/-) as well as Ext2(+/-) heterozygous
mutations mimic the genetic status of human HMO and have shown to be able to
format osteochondromas. The formation of stereotypical osteochondromas seems to
require a significant, but not complete, loss of Ext expression40. Despite the
identification of causative genes, the pathogenesis of HMO remains unclear.
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Cellular biology
EXT1 and EXT2 gene products are type II transmembrane proteins. They contain a
single 17 amino acid long transmembrane domain and a short amino-terminal
cytoplasmatic tail. EXT1 and EXT2 form a complex (EXT1/2) in the Golgi apparatus,
acting as glycotransferases41-43. Over-expressed EXT1 or EXT2 is accumulated in the
endoplasmic reticulum. Only when expressed in synchronous amounts, EXT1/2
complexes are transported to the Golgi apparatus and display maximum catalytic
activity43-45. They seem to play a role in the heparan sulphate (HS) synthesis.
The synthesis of elongated heparan sulphate (HS) chains involves a
polymerisation process that is carried out in different sequential steps. The process
starts with a so-called priming step that prepares the subsequent polymerization.
Thereafter elongation is initiated by definitive polymerisation of repeating
disaccharide units. The EXT proteins are involved in two different steps in this
biosynthetic process. EXT-L2 is the glycosyltransferase, which is critically involved in
the HS specific polymerisation of a N-acetylglucosamine (GlcNAc) residue to a HSspecific tetrasaccharide linker. This initial polymerisation of the GlcNAc residue is a
prerequisite for further HS chain elongation catalysed by EXT1 and EXT240,43,46-54.
Chain elongation by EXT1/2 involves the alternating polymerization of GlcA
(glucoronic acid) and GlcNAc dissaccharide units, maturing the functional HS
polymer. When the HS polymerisation process is completed, the proteoglycans are
transported to the cell surface and located in the extracellular matrix or at the cell
surface, where they function in high affinity binding of growth factors, cytokines,
extra cellular enzymes and even viral enzymes43,49,55-57.
As only EXT1 and EXT2 are specifically associated with HMO, the major
mechanism that is believed to underlie the HMO pathogenesis involves impaired
HS-polymerase activity by dysfunctional EXT1/2 activity, leading to improper HS
synthesis and aberrant cell signalling due to improper binding of essential signalling
molecules.
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W HAT

INFLUENCES THE GROWTH OF OSTEOCHONDROMAS ?

From clinical follow-up it is known that osteochondromas sprout and grow while
the patient is actively growing. After closure of the growth plates the
osteochondromas stop growing and no new osteochondromas are formed5,18. This
raises the question how the growth of osteochondromas is regulated. To answer this
question we focus on the influence of mutated EXT genes on the signalling pathways
and the major regulatory systems of normal growth regulation.
In patients with HMO we know that the mutations in either EXT1 or EXT2 result
in reduction or absence of HS in the cartilage compartment of the osteochondroma.
This impaired HS synthesis has been linked to disturbed cellular signalling responses
leading to growth disturbance of chondrocytes and possibly to the formation of
osteochondromas15,40,58,59.
There are two major classes of heparan sulphate proteoglycans (HSPGs).
Glypicans are located at the cell surface and are glycosylphosphatidylinositol (GPI)linked molecules, solely bearing heparan sulphate. The other main class of signalling
HSPGs are syndecans, which are transmembrane proteins decorated with both
chondroitin sulphate and heparan sulphate60. HS and HSPG act as co-receptors for
several growth factors, including bone morphogenic proteins (BMPs), fibroblast
growth factors (FGFs), Wingless-members (Wnt), transforming growth factor ß(TGFß) and Indian hedgehog (Ihh)61-69.
Normal endochondral ossification of long bones is a highly regulated process
characterized by proliferation of chondrocytes, differentiation, calcification, and
programmed cell death. The epiphysis of a long bone is divided into three welldefined zones in which these cellular processes take place: the resting zone with
the immature cells (also known as the germinal zone), the proliferating zone with
more mature chondrocytes, and the hypertrophic zone with large calcifying and
apoptotic chondrocytes. In the growing child the growth plate matures. During this
process the hypertrophic cells synthesize collagen type X and then undergo
calcification and cell death. After degradation of calcified cartilage by chondroclasts,
the resulting cavities are invaded gradually by osteoblasts secreting bone matrix. At
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the end of puberty, the width of the epiphysis decreases and eventually the epiphysis
is completely closed and replaced by bone. This process is controlled by various
endocrine, autocrine, and paracrine factors70.
The exact mechanism of epiphyseal fusion is still not completely understood.
Paracrine regulators like parathyroid hormone-related protein (PTHrP) and Indian
hedgehog (Ihh) are considered key factors in the regulation of the growth plate71.
These growth factors coordinate endochondral ossification by regulating
chondrocyte proliferation. Looking at one of the major regulatory systems we zoom
in on the possible effects of the HMO-associated EXT1 and EXT2 gene mutations on
the Indian hedgehog – parathyroid hormone related protein feedback loop.
HMO related to the Indian hedgehog/parathyroid hormone-related protein
signalling
Indian hedgehog (Ihh) seems to orchestrate the chondrocyte proliferation and
differentiation and the osteoblast differentiation72. Ihh is expressed and secreted by
post-mitotic hypertrophic chondrocytes simultaneously with expression of the
parathyroid hormone-related protein receptor (PPR) during the bone formation. Ihh
diffuses throughout the growth plate and binds to its receptor, Patched-1 (Ptc-1)
expressed by chondrocytes in the resting zone. This, in turn, activates downstream
signalling that in turn leads to elevation of PTHrP expression73. Since inactivation
of either Ihh or PPR in chondrocytes leads to abrupt fusion of the epiphyseal growth
plate in mice74,75, it is suggested that the loop is crucial for maintaining the growth
plate in the open phase. In humans inactivating mutation in Ihh results in
acrocapitofemoral dysplasia, which is associated with premature closure of the
growth plates76.
EXT1 and EXT2 are expressed in the proliferating and the hypertrophic zones
of the growth plate, and are responsible for an extracellular heparan sulphate
proteoglycan (HSPG) gradient. Their expression coincides with the onset of Indian
hedgehog signalling. HMO associated mutations in EXT1 and EXT2 may lead to
abnormal HS gradient formation in the growth plate66,71 . De Andrea et al. showed
in different studies of human growth plates and of different proteoglycan-deficient
zebra fish mutants the disrupted diffusion gradients of morphogens and signal
transduction in the epiphyseal growth plate77. As diffusion of Ihh is HSPG-
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dependent, proliferation zone EXT-/- chondrocytes could “encounter” an abnormal
Ihh signal, leading to abnormal proliferation78,79. Evidence put forth independently
by Hameetman and Benoist-Lasselin shows the presence of Ihh in the cartilage cap
of osteochondromas and proves Ihh signalling despite the lack of EXT proteins80-82.
The above suggests an influence of HS and Ext in HMO on the Indian
hedgehog/parathyroid hormone-related protein signalling, possibly leading to
premature closing of the epiphysis and thereby declaring the short stature in HMO
patients.
In addition to the hedgehog proteins and parathyroid hormone-related peptide,
other important local regulators of the epiphysis are the bone morphogenic proteins
(BMPs) and the fibroblast growth factors (FGFs). Further local factors such as
vascularisation, vitamin D and transforming growth factor beta (TGF-ß) are not
discussed in this context because they have no known relation with the EXT genes
or HS. Also the systemic factors such as the GH/IGF-I system, glucocorticoids and
oestrogens are not discussed.
HMO related to para/autocrine regulators; the bone morphogenic proteins
(BMPs), and the fibroblast growth factors (FGFs).
BMPs have a role in every stage of endochondral bone formation and
angiogenesis83,84. Lack of BMPs and/or their receptors in early stages have been
shown to result in failure in mesenchymal condensation or digit formation in mice8587
. In a later stage the BMP proteins are expressed in the perichondrium as well as
hypertrophic and proliferative chondrocytes. Indian hedgehog expression in
prehypertrophic chondrocytes increases through BMP signaling, thereby increasing
both the rate of chondrocyte proliferation and the length of proliferative columns70,88.
Since HS and HSPG act as co-receptors for BMPs in HMO patient; we therefore
expect a decrease in the rate of chondrocyte proliferation and a shortening of the
proliferative columns, which may lead to shortage or axial deviation (in case of
partially decreased growth rate) of the long bones.
Other local growth factors depending on the HSPGs for cell-signalling activity
are the fibroblast growth factors (FGFs). FGFs are essential for normal embryonic
development.. FGF receptor 3 (FGFR3) is expressed in the resting zone of the
epiphyseal disc, where it promotes hypertrophic differentiation and decreases
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proliferation. In mice it has been shown that FGFs can act as antagonists of BMP
signalling and negatively regulate Ihh expression. FGFs acting via FGF receptor-3
(FGFR3) are the key negative regulators in chondrocyte proliferation. Mutations in
FGFR3 lead to achondroplasia or hypochondroplasia71. The expression of FGFs and
their receptors in postnatal growth plate cartilage suggests that these proteins
contribute to growth plate senescence and thus help to determine the size of the
adult skeleton70,89. In relation to HMO, EXT mutation and thus HSPG deficiency
would lead to a functional FGFR3 null state. Bovée et al. showed defective (mostly
absent) expression of FGF2, FGFR1, FGFR3 in osteochondromas, presumably
allowing skeletal overgrowth at the site of the osteochondromas90.
In conclusion, in HMO with mutations in either EXT1 or EXT2 it is likely that
the absence or reduction of HS disturbs the three major regulatory systems of
epiphyseal growth, being the Indian hedgehog/ parathyroid hormone related protein
feedback loop, the BMPs and the fibroblast growth factors. One of the striking
observations is that the general genetic defect in all cells does not induce
osteochondromas in or near all growth plates. This raises the question if there might
be a secondary, unknown influence or factor. This suggestion is supported by
multiple studies describing mixed cell populations with both mutant and wild cells
in the cartilage of the osteochondromas59,91,92.

DO

OSTEOCHONDROMAS ESCAPE

W OLFF ’ S

LAW AND IF SO , HOW ?

Osteochondromas contain a bone marrow cavity continuing in the normal cavity of
the long bone. The cap of the osteochondroma has the histological appearance of an
epiphyseal growth plate with chondrocytes lined up in columns. The growth platelike lesion grows at an approximately 60-degree angle relative to the normal growth
direction of the bone13. When osteochondromas arise there can be spontaneous
regression93. This applies not only to naturally occurring osteochondromas but also
to surgically created ones. Osteochondromas can be created by inverting a 60-degree
span of the ring of LaCroix94. These surgically created osteochondromas disappear
eventually due to spontaneous regression. One could expect all osteochondromas to
disappear eventually, raising the question why the osteochondromas in HMO do not
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resorb or regress, according to Wolff’s law. Possibly, the answer lies not only in the
osteochondromas itself, but also in the surroundings of the osteochondromas. The
osteochondroma is covered with periosteum. This periosteal layer also covers the
cartilaginous top. This layer consists of undifferentiated cells overlying the top of the
osteochondroma. In culture they yield a rapidly proliferating homogenous population
of fibroblast-like cells. These cells express FGF9, FGFR3, and collagen type IIa95,
possibly influencing the cartilage cell in the top that resembles epiphyseal cells and
may also have a similar function. The top of the osteochondroma then behaves like
regular endochondral bone with active remodelling. Trebicz-Geffen et al. assessed
surgically created osteochondromas and found a lack of FGF receptor 3 (FGFR3), and
down-regulated Indian hedgehog96. Perhaps the presence of the epiphyseal-like
chondrocyt carrying cap and the presence of growth regulatory factors such as FGF
and Ihh coming from the covering layer gives active regeneration of the
osteochondromas which shields them from resorption due to remodeling, explaining
how the osteochondroma is constructed by the cartilaginous cells in the top and
simultaneously broken down by the remodelling.

W HAT

IS THE PLACE OF ORIGIN OF OSTEOCHONDROMAS ?

Although we know that most osteochondromas are found in the metaphysis under
the periosteum we still do not know where they originate. To find the place of origin,
we first zoom in on the cellular marker expression. As mentioned, associations have
been found between the epiphysis and osteochondromas, for example the
proliferative zone resembling chondrocytes in osteochondromas stain positive for
PCNA80. PCNA is a specific marker for S-phase cells, showing that these proliferative
zone resembling cells indeed preserve their proliferative character. The cartilage cap
of osteochondromas does not significantly thicken, which indicates that the
proliferative cells undergo hypertrophy and the osteochondroma does retain a
rudimentary epiphyseal function. Other similarities are found when using the
proliferative marker Ki-67. Both the osteochondroma and the normal growth plate
stained positive in equal measures, showing according to Huch et al. that the
osteochondromas and the normal growth plate shared similar proliferation
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capacity97. Benoist-Lasselin et al.proved growth plate phenotype by staining the
osteochondromas positive for cartilage specific collagen type II, and hypertrophic
zone specific marker collagen type X80. The above makes the epiphyseal disc as a
place of origin likely.
Looking at the histopathologic studies of very young patients, the earliest
lesions are shown as a micro osteochondromas within the periosteum adjacent to
the normal physis. This suggests the groove of Ranvier as a possible place of origin.
This idea that the origin of the osteochondromas is the groove of Ranvier is supported
by the fact that the osteochondromas always grows close to the epiphysis but never
in it98-100. Other histopathologic studies as the study by Milgram et al. in 1983
showed that the osteochondromas are derived from aberrant cartilaginous epiphyseal
growth plate tissue, which proliferates autonomously and separates from the normal
growth plate near its edge. The aberrant tissue remains in a subperiosteal location,
where it either disappears or proliferates15. This is bolstered by the finding that
redistribution of Ihh from growth plate to perichondrium leads to ectopic cartilage
formation101. This is further supported by studies conducted in mouse models of
HMO that indicated ablation of Ext1 in growth plate chondrocytes leads to formation
of ectopic cartilage around the epiphyses, not in it91,92,102.
Looking at the research presented above, the growth plate seems to be the best
possible place of origin of the osteochondromas both in cellular type as in cellular
function of the chondrocytes found in osteochondromas.

H ISTORICAL

PERSPECTIVE ON THE THEORIES ABOUT THE FORMATION OF

OSTEOCHONDROMAS IN

HMO

In the earliest publications at the beginning of the 20st century the osteochondroma
was believed to arise from an erroneous differentiation of cells in the periosteum103.
However, many years later evidence showed that the perichondrium and the bony
stalk were not of clonal origin, making it an unlikely pathophysiological source82.
At the end of the 20st century, based on the observation that exposure to radiation
could induce solitary osteochondroma formation, the link with DNA damage was
made. The “loss to follow-up” was then postulated as a mechanism to explain the
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formation. Researchers thought DNA damage to be a likely cause of diminished
gene expression. Both in solitary and multiple, or familial, osteochondromas loss of
heterozygosity (LOH) of the EXT1 gene has been shown56,104,105. This suggests a
common pathophysiological mechanism, which seems plausible based on the
extensive similarities in morphology. But laboratory results showed that while LOH
can occur in osteochondromas, and can induce their formation, it is not a consistent
and thus necessary step in their development. This led to the search for a different
explanation as to how gene expression can be down regulated. It seems obvious
that since the EXT genes function in unison, their expression would also be regulated
in a synchronized fashion. As the EXT genes are only expressed in specific zones of
the normal epiphyseal disc, it might be that their expression is induced by
differentiation. This defective differentiation is shown by the partial or absent
signalling pathways in osteochondromas13. With the knowledge of the DNA
blueprint in the 21st century, mouse, rat and zebra fish models were introduced.
Many different authors then described the different pathways such as the defective
Ihh signal and the Ihh-PTHrP feedback malfunctioning. Jones et al. in 2003
postulated a theory that an islet of EXT-/- chondrocytes would produce a defective
Ihh signal, preventing the perichondrium from osteoblastic differentiation. Islet of
chondrocytes differentiate and form an internal growth plate forming an
osteochondroma79. This theory emphasises the importance of the perichondrium,
but does not offer an explanation on how the chondrocytes gain their proliferative
capacity nor does it incorporate the evidence of abnormal osteoblastic and
hypertrophic marker expression in osteochondroma chondrocytes.
Other evidence showed that the cartilage cap of an immature osteochondromas
is of clonal origin and therefore of neoplastic nature56,104-106. This makes the cartilage
cap the likelier intermediate for osteochondroma development and the growth plate
the most likely source of pathological chondrocytes81. Currently different authors
believe osteochondromas should be approached more like a derailed growth
plate4,59,80,97. The growth-plate-like structure of the osteochondromas seems to be
fed by a reservoir of proliferative zone resembling chondrocytes, accompanied by
hypertrophic zone resembling chondrocytes, which quite possibly are the
differentiation products of the proliferative resembling cells107.
Now that the causative gene mutations have been clarified and the site of origin
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might be found, it is a matter of finding the pathophysiological “missing” link that
brings us from gene mutation to osteochondroma formation. Knowing that the
general genetic defect does not induce osteochondromas near all growth plates, the
search for other explanations began. Different models were therefore introduced,
such as Knudson’s two hit model: the neoplastic theory82,108. It postulates that EXT
null chondrocytes might lose their tumour suppressor function through loss of
heterozygosity thereby causing osteochondromas58,99,109-112.
In summary, the well-preserved morphology of osteochondromas seems to
entail a highly regulated process, deregulated in a highly consistent manner. The
differentiation process is not of a pathological nature in itself but steered in the wrong
direction. It can therefore count on a highly constant and regulated physiological
response, also explaining the constant morphology. The EXT genes are only
expressed throughout the proliferating and hypertrophic zone of the epiphyseal disc.
Pathological derailment is likely to start as EXT heterozygous chondrocytes express
less heparan sulphate. As heparan sulphate is essential to membrane bound and
extracellular proteoglycans optimizing signalling transduction and gradient
formation of several premier epiphyseal-signalling pathways, it seems apparent that
part of the solution ought to be found in this aspect.
Possibly a malformation in gradient formation and signalling exposes
chondrocytes to a unique dysphysiological morphogenic “cocktail”. To understand
the exact cocktail these chondrocytes are subjected to, more work is needed.
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C ONCLUSION
This review summarizes current knowledge about HMO. The pathophysiology and
genetics of the EXT genes and their possible role in heparan sulphate biosynthesis
are described. The theories about the growth of osteochondromas are analysed,
finding clues in the mutations in either EXT1 or EXT2 that lead to the absence or
reduction of HS. This seems to disturb the major regulatory systems of epiphyseal
growth and of osteochondromas. The question on how osteochondromas escape
Wolff’s law is highlighted referring to the periostal layer and the osteochondromas
proper growth plate. The presence of this epiphyseal like chondrocyt caring cap
might give osteochondromas the possibility to regenerate and that might shield them
from being resorpted due to remodelling. This active chondrocytic cap on the
osteochondroma might be due to the place of origin of the cells that could very well
be the growth plate. Thus also explaining their growth capacity in harmony with the
growth of the patient. Because the general gene defect does not account for the
difference in penetration of the disease in patients, further studies might be focussed
on the search for multiple causes or defects.
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A BSTRACT
Background: The nature of distal femoral osteochondromas in terms of size and
position in patients with hereditary multiple osteochondromas (HMO) during skeletal
growth has never been assessed before. This study was set up to address three specific
aims: 1) to assess whether it is possible to reproducibly measure growth of
osteochondromas on plain X-rays, 2) to assess which parameters best describe the
relationship between growth of the femur and development of osteochondromas,
and 3) to assess whether the osteochondromas’ place of origin and its positional
relation to the femur changes during skeletal growth.
Methods: We retrospectively reviewed X-rays of ten patients diagnosed with
HMO, with sixteen individual osteochondromas and measured the length of the femur
from the fossa piriformis to the joint line of the knee, the distance from the base of the
osteochondroma to the joint line of the knee, the base of the osteochondroma, the
cross section of the femur at the most proximal part of the base and the length of the
osteochondroma measured from top to base. Newly formed osteochondromas were
registered. Two observers performed all measurements independently. The interobserver agreement was estimated using concordance correlation coefficients (CCC).
Results: The length of the femur (CCC 0.98 (95%CI 0,97-0,99)) and the height
of the osteochondroma (CCC 0.87) could be measured with high reproducibility
between individual observers. Measurement of the femoral cross section and the
base of the osteochondroma (CCC 0.59 and 0.38 respectively) and the distance of
the osteochondroma to the joint line of the knee (CCC 0.43) resulted in low
reproducibility. The height of the osteochondroma and the distance to the joint line
of the knee increased over time during growth. No newly formed osteochondromas
were detected proximal to the existing osteochondromas in the distal femur.
Conclusions: The length of the femur and the height of the osteochondromas
could be reliably measured on plain X-rays. No new osteochondroma formed
proximal to the already existing ones, indicating that they are formed in or close to
the epiphyseal line. It seems likely that the osteochondromas are formed at or near
the epiphyses during growth and stay in their place of origin, as the femur grows
more distal, resulting in a more proximal position of the osteochondromas over time.
Level of Evidence: IV (retrospective case series)
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I NTRODUCTION
Hereditary Multiple Osteochondromas (HMO) or Hereditary Multiple Exostoses
(HME) is an autosomal dominant disorder known for characteristic growth of
osteochondromas1-4. According to the definition of the World Health Organization
(WHO), osteochondromas are cartilage-capped bony outgrowths on the external
surface of long bones, consisting of a marrow cavity that is continuous with that of
the underlying bone2,5,6.
For a diagnosis of HMO to be made, two or more lesions must be
radiographically identified. Osteochondromas typically occur around the metaphysis
of long bones and have an incidence of approximately 1 in 50.0007,8. The onset of
HMO may be at any time between early childhood (2-3 years) and puberty with the
majority affected during the first decade of life9. Clinically short stature is considered
as a common feature of HMO, with the majority of affected individuals being below
average height but within a normal range4,10,11.
Osteochondromas may be sessile or pedunculated and can vary in number
and size. They are usually painless and come to clinical attention for cosmetic
reasons. Nevertheless, large osteochondromas can cause a variety of clinical
problems such as pain, bursa formation, fracture after local trauma, or snapping may
occur when a large muscle moves over the top of the osteochondroma12. In addition,
osteochondromas on the lower limb can cause various deformities. The most
common findings are genu valgum and lower limb length discrepancy13,14. The way
in which osteochondromas influence these growth deformities is not clear.
Osteochondromas develop when the epiphyseal plate is not yet closed9,15 and even
though the pathogenesis of HMO has not been completely elucidated, the most
adopted hypothesis suggests that the osteochondromas develop in the epiphyseal
plate. Nests of cartilage being misplaced fragments of cartilage around the
epiphyseal line become isolated on the surface of the metaphysis, proliferate, and
form the osteochondroma16-19. The periosteum, which is incomplete at the sites of
these cartilaginous nests, fails to remodel the metaphysis in a normal manner16. If
the osteochondroma is formed near the epiphysis, we can assume that the growth
deformities arise because osteochondromas influence the epiphysis either in a
mechanical or a biochemical manner. Because most osteochondromas in HMO
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occur in the distal femur, this is a logical site to investigate the influence of
osteochondromas on growth. The nature of distal femoral osteochondroma in terms
of size and position during skeletal growth has to our knowledge not been assessed
until now. Therefore the aim of this study is to analyse the development of the
osteochondromas of the distal femur and to compare their growth to the growth of
the distal femur. Since osteochondromas are formed near the epiphysis, it is
hypothesized that the osteochondromas form near the epiphysis and continue to
grow while the femur is growing and therefore the osteochondromas stay in their
place of origin. In this manner new ostoechondromas can only form closer to the
epiphyseal plate than already existing ones.
This study was set up to address three specific aims: 1) to assess whether it is
possible to reproducibly measure growth of osteochondromas on plain X-rays, 2) to
assess which parameters best describe the relationship between growth of the femur
and development of osteochondromas, and 3) to assess whether the
osteochondromas’ place of origin and its positional relation to the femur changes
during skeletal growth.

PATIENTS

AND METHODS

Ten patients were selected for this study from a population of fifty-three patients with
HMO under twenty years old from a HMO study population of two medical centres in
the Netherlands (OLVG, Amsterdam and MUMC+, Maastricht). Inclusion criteria were
at least 3 calibrated anterior-posterior (AP) long standing X-rays of either one leg or
both, taken at different time points. Two or more of these X-rays should been taken
when the epiphysis was still open. Furthermore, patients should have at least one lateral
knee radiograph in order to determine the direction of the osteochondroma in a three
dimensional plane. Immeasurable osteochondroma or technical improper X-ray
resolution were considered exclusion criteria. The ten selected patients (12 legs)
accounted for 16 osteochondromas that were included in this study. The radiological
measurements were performed by two clinicians (HS and WN; orthopaedic surgeons)
independently from each other. All measurements were performed on digital calibrated
x-rays with digital measuring software. All X-rays were successively analysed per patient.

50

Distal femoral osteochondromas

The following measurements were performed as shown in Figure 1a and 1b (Figure 1ab):
A. Length of the femur from the fossa piriformis to the joint line
of the knee in (mm)
B. Distance between base of the osteochondroma and joint line of the knee (mm)
C. Cross-section of femur (outside of medial to lateral cortex, perpendicular to
the joint line) at the most proximal part of the base (mm).
D. Length of the base of the osteochondroma (mm)
E. Height of the osteochondroma from the centre of the base to the top (mm)
Figure 1a: Schematic figure of the measured
parameters on the X-ray of a femur with a
distal osteochondroma: A: Length of the
femur from the fossa piriformis to the joint
line of the knee. B: Distance between base of
the osteochondroma and joint line of the
knee. C: Cross section femur at the most
proximal part of the base: D: Length of the
base. E: Length of the osteochondroma.

Figure 1b: Representation of the same
measured parameters on the X-ray of a femur
with a distal osteochondroma.

The length of the femur (A) was
measured from the fossa piriformis to
the joint line of the knee in order to
measure only the growth of the distal
epiphyses. The distance of the osteochondroma base to the joint line of the
knee (B) was measured to determine
the location of the osteochondroma
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on the femur during growth. Besides the measurements A-E, all radiographs were
checked for occurrence of new osteochondromas.

S TATISTICAL

ANALYSIS

Differences in measurements (A-E) between observers were plotted against the
average of observers using modified Bland-Altman plots. The limits of agreement
(prediction limits for the differences) were estimated using a variance components
model in which replicates were linked within subjects across observers.
Subsequently, for each measurement (A-E) the inter-observer agreement was
estimated using concordance correlation coefficients. The concordance correlation
coefficient (CCC) is one of the most common approaches to assess agreement where
the design of the data involves repeated measurements on subjects by multiple
observers. The CCC is a standardized coefficient that takes values between -1 and
1, where -1 means perfect disagreement, 0 translates to an independence situation
(all the readings are at random), and 1 indicates perfect agreement20,21. Variance
components were used to calculate the CCC. Variance and error components were
estimated from linear mixed models in which for all sources of variation were
accounted for. Subject, observer, subject-observer interaction, and subject-age
interaction were treated as random factors. CCCs are reported as point estimates
with their 95% confidence intervals. The statistical analyses were performed using
R version 3.0.2 with packages ‘MethComp’ and ‘cccrm’22-24.

R ESULTS
In 10 patients (12 legs), 16 osteochondromas were identified and measured. There
were 6 males and 4 females. The average age was 11.6 (range 10-14) at the start of
measurement. Mean interval between the first and last measurements was 44.4
months (range 22-64 months). In one patient (patient no. 6) the cross section of the
femur could not be measured due to an overprojection of another osteochondroma
on the overlying cortex.
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A

B

C
Figure 2: Modified Bland-Altman plots measurments A to C. Differences in measurements between
observers were plotted against the average of observers. Measurements in time within an
osteochondroma are linked with grey lines. Mean differences between observers with 95%
confidence limits are shown in blue.
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D

E
Figure 2: Modified Bland-Altman plots measurments D and E. Differences in measurements between
observers were plotted against the average of observers. Measurements in time within an
osteochondroma are linked with grey lines. Mean differences between observers with 95%
confidence limits are shown in blue.

Differences in measurements (A-E) between observers were plotted against the
average of observers using modified Bland-Altman plots (Figures 2A-E). The interobserver CCCs for total length of the femur and height of the osteochondroma were
0.99 (95%CI 0.97-0.99) and 0.87 (95%CI 0.70-0.94), respectively, indicating a high
inter-observer reliability for both measurements. Inter-observer CCCs for cross
section of the femur at the most proximal part, the base of the osteochondroma, and
distance from the base of the osteochondroma to the joint line of the femur indicated
low inter-observer reliability (0.59 (95%CI 0.23-0.81), 0.38 (95%CI 0.00-0.66), and
0.43 (95%CI -0.01-0.73), respectively).
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A

B

C

D

E

Figure 3: Mean of measurements of both observers in time for each patient (1-10). Multiple lines
within a patient represent multiple osteochondromas.
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Both the total length of the femur and the height of the osteochondroma could be
reliably measured. The length of the femur and the height of the osteochondroma
increased over time during growth in all patients (Figures 3A-E). The femoral growth
is shown in table 1 (Table 1). The length of the femur increased over time with a
varying rate per patient from 3 mm up to 3 cm per year (average 1,73 cm/year, std.
0,84). The height of the osteochondromas varied widely. The increase in height varied
from no growth (or even decrease of height) to 33,1 mm.
No newly formed osteochondromas were detected proximal to the existing
osteochondromas of the distal femur, indicating that all newly formed osteochondromas
were formed closer to the epiphyseal line than the already existing ones.

No

Length femur (A) first (mm)

Length femur (A) last (mm)

Increased Length femur (cm/year)

1

362,1

405,8

0,89

2

369,5

402,3

0,67

3

369,5

402.3

0,67

4

436,7

490,0

2,4

5

378,8

437,1

3,0

6

392,4

470,9

1,8

7

392,4

470,9

1,8

8

428,1

527,5

2,1

9

428,1

527,5

2,1

10

333,9

432,3

2,2

11

366,5

431,7

1,4

12

366,5

431,7

1,4

13

322,7

397,4

2,7

14

398,9

407,4

0,3

15

388,6

416,5

1,3

16

350,8

408,8

3,0

Table 1: Mean results both first and last measurment of the length of the femur and the average
growth per year.
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D ISCUSSION
The aims of this study were to asses whether it was possible to accurately determine
growth of osteochondromas on plain X-rays, to assess which parameters best
describe the relationship between growth of the femur and development of
osteochondromas, to assess whether the osteochondromas’ place of origin and its
positional relation to the femur changes during skeletal growth. The results indicate
that the length of the femur and the height of the osteochondromas could be reliably
measured on plain X-rays with high inter-rater agreement. Both increase over time
during growth. However, measurements of the distance of the osteochondroma to
the joint line of the knee, femoral cross section and the base of the osteochondroma
resulted in low reliability. Therefore we are unable to provide an answer to the first
question, which osteochondroma growth parameters best describe the relationship
between growth of the femur and development and location of osteochondromas.
The distal femoral growth plate is responsible for 1,4 cm of lengthening of the
femur per year in normal femora, as shown by Sissons and Kember25. Comparing
this normal lengthening of a distal femur to the lengthening of the femur in HMO
affected children, it seems that the HMO femora have a slightly faster growing rate
(average in this study 1,73cm/year). Several studies show that patients with multiple
HMO have shortened long bones4,26,27. The shortening was proposed to be the result
of steal of the longitudinal growth into osteochondromas. Jones et al.27 induced
osteochondromagenesis at different time points during skeletal growth in a mouse
genetic model and described that these mice with osteochondromas presented with
shorter femora and tibiae than controls. They also concluded that the shortening did
not correlate with osteochondroma volumetric growth, suggesting that even though
a steal phenomenon seems apparent, some other unknown mechanism must be
contributing to the short bone phenotype.
If steal influenced the growth, one would expecte a slower growth rate
depending on the distance of the osteochondroma to the epiphyseal line.
Unfortunately, the joint line parameters in this study could not be reliably measured;
therefore it does not support the hypothesis of a steal phenomenon. Nor does the
slightly increased growing rate support this theory.
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No newly formed osteochondromas proximal to the existing osteochondroma in the
distal femur were observed during longitudinal growth. This confirms the commonly
accepted hypothesis that osteochondroma are formed in or near the epiphyses4,26,27.
Based on the hypothesis that the distal femur grows distal while the osteochondroma
remains in its place of origin, we expected that the distance of the osteochondroma
to the joint line of the knee would increase over time during lengthening of the
femur. Similarly, we anticipated on the cross section of the femur to decrease due to
an increasingly more diaphyseal location of the osteochondroma as the femur
lengthens. We cannot verify or reject this hypothesis.
Because the distance of the osteochondroma to the joint line of the knee
increased during growth and the new osteochondromas were only formed closer to
the epiphysis, it increases the likelihood that the osteochondromas are formed at or
near the epiphyses during growth and stay in their place of origin, as the femur grows
more distal, resulting in a more proximal position of the osteochondromas over time.
Some potential limitations of this study should be discussed. First, the studied
cohort was small. Second, our study only assessed plain X-rays which were taken
according to the local hospital protocol, possibly resulting in small differences in the
rotation of the legs that might have influenced the measurements. These influences
were noted in the data by for instance a decrease in height of the osteochondroma at
a certain time point followed by an increase again in the next time point, however
were corrected for in the analyses. Should a prospective radiological follow-up study
start, we then advocate a more standardized radiographic procedure, for instance
with the use of Roentgen stereophotogrammetric analysis (RSA) with fixed marker
points in the diaphysis and in the osteochondromas.
Despite the aforementioned limitations, this study is the first radiological
analysis of longitudinal osteochondroma changes and it showed that parameters
length of the femur and height of the osteochondroma could be reliably measured
on plain X-rays. However, other measurements such as femoral cross section, the
base of the osteochondroma and the distance of the osteochondroma to the joint
line of the knee resulted in low reliability.
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C ONCLUSIONS
Length of the femur and height of the osteochondroma can be reliably measured on
plain X-rays and both increased over time during growth. No newly formed
osteochondromas proximal to the existing osteochondroma were observed during
longitudinal growth in this study. It seems likely that the osteochondroma are formed
at or near the epiphyses during growth and stay in their place of origin, as the femur
grows more distal, realizing a more proximal position of the osteochondroma over
time.
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A BSTRACT
Background: Hereditary Multiple Osteochondromas (HMO) is an autosomal
dominant inherited disease caused by mutated exostosin genes. It mostly affects the
long bones and can lead to growth disturbances, especially disproportionally short
stature. Both the local effect on growth plates and the systemic influence of the gene
disorder on growth mechanisms might explain the diminished stature.
Purpose: The hypothesis of this study is that the diminished stature in adults
with HMO is due to a systemic influence leading to early skeletal maturation and
early closure of the growth plate. Therefore in these patients the skeletal age in
adolescence is hypothesized to be higher than the calendar age.
Methods: Of 50 HMO affected children, radiographs of the left hand were
collected. The skeletal age was calculated using these radiographs according to the
Greulich-Pyle bone scale and was compared to the calendar age at the time of
radiography.
Results: Children aged 3-12 years had a significantly lower skeletal age
compared to the calendar age (p = 0.030). Children aged 12-17 years had a
significantly higher skeletal age (p = 0,019), especially boys. Skeletal maturation in
children with HMO therefore differs from their peers.
Conclusion: In this study the skeletal age in younger children with Hereditary
Multiple Osteochondromas is lower than their calendar age. For adolescents,
particularly boys, this is reversed, suggesting an earlier or faster closure of the growth
plates. These findings support a systemic influence of the gene defect on growth rate.
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I NTRODUCTION
Hereditary Multiple Osteochondromas (HMO), sometimes also referred to as
Hereditary Multiple Exostoses (HME) is characterized by the outward growth of
cartilage-capped bone tumours called osteochondromas. It is an autosomal
dominant inherited disorder caused by mutated exostosin genes (EXT1 or EXT2)1.
The osteochondromas develop in the first decade of life and cease to grow once the
patient reaches skeletal maturity. The long bones are almost always affected, but
osteochondromas are also found on the scapula, the ribs and the pelvis. HMO can
lead to growth disturbances including unequal limb length, joint deformity and
disproportionally short stature2-6. A considerable number of patients suffer from pain
or discomfort due to the disorder, significantly affecting quality of life7. Diminished
or short stature is a common feature in patients with HMO. In the majority of the
patients their height is below normal average height, but within a normal range7-9.
The origin of this short or diminished stature in HMO patients is still unknown.
Hypothetically it might be due to a local effect from osteochondromas on the local
growth plates or it might be due to a systemic effect.
This local effect of osteochondromas on the growth plate is generally known to
lead to leg length discrepancy, Madelungs deformity and other growth disturbances.
An analysis performed by Porter et al. in 2000 showed an inverse correlation between
osteochondroma size and relative bone length, suggesting that the growth retardation
in HMO might result from the local effects of enlarging osteochondromas rather than
a systemic effect caused by skeletal dysplasia10. Several studies have described the
systemic influence of the gene defect and its relation to the growth plate as a possible
cause of the short or diminished stature. Jones et al.9 demonstrated in a mouse genetic
model that mice with osteochondromas had shorter femora and tibiae than controls.
The volume of the osteochondromas, however, did not correlate with longitudinal
shortening. In their model loss of heterozygosity for EXT1 was sufficient to drive bone
shortening. Other mouse models of HMO have provided more information about the
pathogenesis of osteochondromas and the role of HS in normal growth plate
development11-13.
Both the local effect of osteochondromas and the systemic HS influencing effect
of the EXT genes may explain the diminished stature observed in patients with HMO.
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In addition, we know that HMO affected adults have a shorter stature than expected.
However, a study performed in 2012 by Clement et al. showed that this diminished
stature is relative; in the adolescent age group the stature of HMO children seemed
to be taller than that of their peers without the disorder14. Hypothetically, the
discrepancy between this relatively tall stature during adolescence and a diminished
stature in adulthood could be due to a systemic influence affecting the maturation
of the epiphyses. This in turn could lead to early puberty and early closure of the
growth plate. The EXT gene disorder affects the HS synthesis, which could have a
systemic effect and influence on the moment of growth plate closure.
Because skeletal maturation is controlled by hormones and the same
hormones also govern the timing of puberty and might be influenced by the systemic
gene defect in the EXT genes, the hypothesis of this study is that the relatively tall
stature during adolescence and the diminished stature in adults with HMO is due to
a systemic influence leading to early maturation of the epiphysis and early closure
of the growth plate. If so, the skeletal age in adolescence should be higher than the
related calendar age.
The aim of this study is to test the hypothesis that the epiphyses closes early in
HMO affected children.

M ATERIALS

AND METHODS

Data were collected from the joint HMO database of the two Dutch national tertiary
referral centres for HMO, namely OLVG in Amsterdam and Maastricht University
Medical Centre. From this database all 50 patients under the age of 20 were selected,
of whom a radiograph of the left hand had been made for clinical indications
between 1995 and March 2015. To determine the skeletal age the Greulich and Pyle
method was used, which has been elaborately described previously15. In short, this
method uses a standardised set of x-rays of the left hand and wrist, against which
the image of the subject is compared.
In all 50 cases two independent radiologists, both highly experienced in
skeletal maturity assessment, evaluated the X-rays. Both were blinded to the original
report and the calendar age. When the two independent readings were concordant
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(ie less than 6 months difference) the average was used. In case of discordance,
images were re-evaluated by the two readers combined, until consensus was
reached. The calendar age and skeletal age were recorded in years and months. For
statistical analyses, paired T-test was used.

R ESULTS
There were 23 males and 27 females. Skeletal age could be measured in all patients,
despite the presence of osteochondromas in all patients and severe deformation of
the wrist in 11. The epiphyseal lines were assessable in all radiographs. The patients’
calendar age varied from 3 years and 9 months to 19 years and 3 months. There
were 11 patients aged 3-8 years at the time of radiography, 16 patients aged 8-12
years, 18 patients aged 12-17 years, and five patients 17-20 years. The average
calendar age was 11 years and 6 months (SD, 4.2 years). All results are shown in
table 1.
In the HMO affected children under 12 years of age the average skeletal age
was less than their calendar age in both boys and girls. In this group the average
skeletal age was 7.39; the average calendar age was 7.79 (p = 0.030). In the group
aged 12-14 (years) there seemed to be no difference between the HMO affected
children and their unaffected peers. After the age of 14 the skeletal age overtook the
calendar age. In boys, this was more pronounced than in girls (figures 1 and 2).
Adolescents between 12 and 17 years old had a significant older skeletal age
compared to their peers (p = 0.019). The average calendar age was 13.95 and the
average skeletal age was 14.37. As can be seen from figure 1 for boys and figure 2
for girls, the difference was mainly caused by the skeletal age of the boys in this
group. The boys between 12 and 17 had a significantly older skeletal age with a p
value of 0.011.
Above the age of 17 there was no statistical difference.
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Patient no.

Calendar age

Skeletal age

Patient no.

Calendar age

Skeletal age

(years)

(years)

(years)

(years)

1

3,75

3,5

26

11,58

12

2

4,5

3,5

27

11,92

12

3

4,75

3,5

28

12

12

4

5,25

5

29

12

13

5

5,58

5

30

12,67

12

6

5,83

5,83

31

13,5

14,75

7

5,83

5

32

13,75

14

8

5,92

5,75

33

13,83

14,5

9

6,42

6,83

34

14

15

10

6,5

8

35

14,08

14

11

7

6,83

36

14,67

15,5

12

8

6

37

14,75

17

13

8,25

7,83

38

15,33

16

14

8,67

7,83

39

15,33

15,5

15

8,67

8

40

15,42

15,5

16

8,92

7,83

41

15,5

14,75

17

9,67

8,83

42

15,5

15

18

9,75

10

43

15,67

16

19

10

8,83

44

16

16

20

10,08

10

45

17

16

21

10,08

11

46

17,08

17

22

11,08

9

47

18

18

23

11,17

12

48

18,08

18

24

11,42

11,5

49

18,75

19

25

11,58

13

50

19,25

19

Table 1: Results of all 50 HMO affected patients, calendar versus skeletal age.
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Figure 1: The Calender versus Skelatal age, results for boys (under 17) plotted (blue diamonds) and
their average (black line). The grey line represents the normal line.

Figure 2: The Calender versus Skelatal age, results of the girls (under 17) plotted (blue diamonds)
and their average (black line). The grey line represents the normal line.
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D ISCUSSION
The present study shows that the skeletal age and calendar age in HMO children is
different from their peers. In the younger children the skeletal age seems lower and
in adolescents it seems higher. The turning point lies around the age of 12 at the start
of adolescence. Possibly, the growth plates in patients with HMO close earlier or
faster, particularly in boys.
Our results support the results of a study performed in 2012 by Clement et al.
Their study showed that the final diminished stature of HMO patients was relative.
They reported that in the adolescent age group the stature of HMO children was
taller than that of their peers without the disorder, after the age of 15 they were
shorter than their peers. Especially the leg length was reduced14. The younger
skeletal age in the pre-adolescent children can explain their relatively taller stature.
A younger skeletal age is assessed when the growth plates are wider. This wideness
of the growth plates can be caused by the systemic effect of the EXT genes.
Several studies have described this systemic influence of the gene defect. Jones
et al.9 concluded that chondrocytes lacking functional heparan sulphate (HS)
influence physeal signalling in general, rather than stealing growth potential focally.
Koziel et al.11 described a genetic mouse line expressing a truncated form of EXT1
that displayed shortened skeletal elements and fused vertebrae. EXT genes belong
to a family of glycosyltransferases necessary for the synthesis of the heparan sulphate.
HS regulates signalling of several growth factors. Reduced HS synthesis results in an
elevation of Indian hedgehog (Ihh), a protein involved in chondrocyte differentiation.
Misexpression of Ihh causes, amongst others, changes in the expression of prochondrogenic Bone Morphogenetic Proteins (BMPs), altering the differentiation of
cells in the growth plate as well as the bordering perichondrium12. Members of both
the BMP and fibroblast growth factor (FGF) families are expressed in growth plate
and/or perichondrium and are a part of interactive loops regulating Ihh and
Parathyroid Hormone related Protein (PTHrP) expression and the overall growth plate
activities12,13. HS is needed to restrain pro-chondrogenic signalling proteins and
restricts the chondrogenesis. If the HS levels are low, this process is disturbed and
could lead to increased chondrogenic activity including the activity of cartilage cells
in the growth plate. This might lead to the wider growth plates. Because HS also
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influences the Ihh activity and Ihh seems to orchestrate the chondrocyte proliferation
this might be a second cause for the wider growth plates in the preadolescent HMO
children and thus the relatively young skeletal age16,17.
The systemic effect of the genetic disorder can also explain the older skeletal
age in the adolescent children due to their growth plates closing earlier. Ihh is
essential for normal chondrocyte maturation, regulating both proliferation and
differentiation. Ihh also regulates proliferation of chondrocytes by directly controlling
the rate of cell division of columnar/proliferative chondrocytes18,19. Inactivation of
Ihh in chondrocytes leads to abrupt fusion of the epiphyseal growth plate in mice20,21.
In humans an inactivating mutation in Ihh results in acrocapitofemoral dysplasia,
which is associated with premature closure of the growth plates22-26.
Several studies have shown that the stature was more severely affected in
patients with an EXT1 mutation14,27,28. In this study we did not sub-select the
different gene defect genotypes and therefore cannot contribute to this discussion.
Both mice and human studies showed that the relatively short stature was
disproportionate. The sitting height was less affected than leg length, indicating more
involvement of the limbs than of the axial skeleton29,30. This phenomenon can also
be explained by the early closure of the growth plate of the distal femur. The femoral
contribution to length is not an even contribution during growth. Approximately
70% of growth in the femur occurs at the distal growth plate but the proportion of
growth occurring in the distal femoral growth plate varies with age, from 55%-60%
around age 7 to 90% at age from 14 to 1631. This explains why early closure of the
growth plates can lead to relatively short femora and therefore legs, as particularly
femoral growth potential is lost.
All of the above seems to support the systemic skeletal dysplasia theory rather than a
local origin of the disproportional growth, even though it contradicts the findings
described by Porter et al. Their study described a clinical and radiographic analysis of
paired bone length in a HMO cohort. They found that the local presence of
osteochondromas was associated with growth disturbance. There was an inverse
correlation between osteochondroma size and relative bone length. Their conclusion
was that the growth retardation might result from a local effect10. Of note, half of their
study patients were adults, and this might have influenced their findings. The study was
performed using radiographs of the forearm comparing the length of the two forearm
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bones. Since the epiphyses in these bones do not grow at the same rate, the growth
might be influenced at a different pace. Also the position of the osteochondromas might
play an important role in the forearm, since the interosseous membrane connects the
two bones and the relative position of the osteochondroma in relation to this membrane
might play a role in the growth disturbance. The forearm bones cannot be measured as
two separate bones because of their close relation. Furthermore, the finding of the
inverse correlation could be due to the severity of the disease rather than the actual
size of osteochondromas. More and bigger osteochondromas means more severe HMO
and thus more influence of the gene dysfunction on the biochemical setup. A mouse
study by Jones does not support the relation between the volume of the
osteochondromas and the growth plate influence either32.
A clear limitation to the present study is the inter-individual variation of the
skeletal age. Different population groups mature at different speeds. For instance,
healthy living children mature faster than children living under poor conditions.
Besides that, the standard deviation of skeletal age at a given age can vary
approximately 1 year. The number of patients in this study is relatively low to
compensate for this large deviation. For future studies we advocate to select more
patients and to divide them by their genotype. In this way the underlying gene defect
and its relation to the growth disturbance can be assorted.
This study has shown that in HMO patients the skeletal age differs from their
calendar age. This is of direct clinical relevance in the planning of epiphysiodesis in
leg length discrepancy and hemi-epiphysiodesis in axial deformities in HMO patients
and especially in boys. Individual longitudinal follow-up of bone growth is advised.

C ONCLUSION
The skeletal age in younger children with Hereditary Multiple Osteochondromas is
lower than their calendar age, while for adolescent boys it is higher. The turning
point lies around the start of adolescence. This phenomenon may explain diminished
stature in HMO. These findings support a systemic influence of the gene defect on
growth rate.
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Aah
een boek, nee...heel
ongezond; neem liever wat
groente Kermit, dat is veel
beter voor je!

Boekje?? Nee...daar weet ik niks van;
ik moet snel verder...een decor bouwen
in het theater!
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A BSTRACT
Osteochondromas are the most common benign bone tumours. They mostly develop
in the metaphysis of long bones. Osteochondromas develop in an off-axis position
and are expected to carry little mechanical loading. On clinical removal the
osteochondromas appear to have a less dense, osteoporotic like, structure. Their
bone architecture is studied in nine resected osteochondromas using micro-CT. The
trabecular morphology is quantified and findings are compared to histological
findings and to values from literature on normal bones in the same age groups. The
micro-CT shows that osteochondromas have a normal trabecular number and bone
volume fraction, but the trabeculae are wider spaced and thicker than in regular
trabecular bone.
This study is the first to show that, compared to that of age matched controls,
the microarchitecture of the osteochondromas show less but thicker trabeculae that
are wider separated with a normal bone volume fraction.
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I NTRODUCTION
Osteochondromas are defined as a cartilage-capped bony outgrowth on the external
surface of bones consisting of a marrow cavity that is continuous with that of underlying
bone1, 2. They most often occur at the metaphysisis of long bones. Osteochondromas
can be single or multiple. Patients suffering from Hereditary Multiple Osteochondromas
(HMO) are known to have many osteochondromas. If the osteochondromas result in
pressure on the overlying tissues, patients can suffer from pain and discomfort.
Osteochondromas can cause growth disturbances including madelung deformity (4060%), unequal limb length (10-50%) and joint deformity (2-55%)3,4,5.
Histology of osteochondromas shows a strikingly consistent morphology. An
osteochondroma consists of a bony stalk and a cartilaginous cap. The cap is lineated
peripherally with the perichondrium, which is continuous with the periosteum of
the underlying bone. The cortex of the stalk is in continuity with the cortex of the
host bone, thus creating a continuous medullary cavity (Figure 1). The cap has the
histological appearance of an epiphyseal growth plate with chondrocytes lined up
in columns (Figure 2)6-11.
Besides the uniform histological appearance, there is a uniform biological
development. The osteochondromas develop when the patient grows and cease to
develop when the patient reaches skeletal maturity. No new osteochondromas
develop thereafter. The lesions enlarge at a growth rate proportionate to the overall
growth of the patient7,12,13.
The direction of growth points away from the adjacent growth plate and away
from the adjacent joint. The lesion grows at an average angle of 60 degrees to the
normal growth direction of the bone10,14. When an osteochondroma presents itself,
it rarely spontaneously regresses during the course of childhood and puberty7,13,15,16.
Next to the naturally arising osteochondromas, investigators were able to create
osteochondromas surgically by inverting a span of the ring of LaCroix17. These
surgically created osteochondromas all disappear eventually due to spontaneous
regression17,18. Radiographically osteochondromas appear less dense and they can
fracture spontaneously19-22. On clinical removal the osteochondromas appear to
have a less dense, osteoporotic-like structure8. In some patients with HMO general
osteoporosis is described23.
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Several topics remain unclear in the development of osteochondromas, like why
these osteochondromas do not all resorb or regress. Osteochondromas can disappear
spontaneously and surgically developed osteochondromas all disappear. Why every
osteochondroma does not disappear eventually? Especially taking into account that
all osteochondromas grow at a 60-degree angle to the bone and therefore they are
not in line with the axis of the bone and do not sustain normal mechanical loading.
In normal bone, non-loaded bone tissue will be resorbed if it is not sufficiently
loaded24. It thus would be expected that osteochondromas eventually disappear as
a result of osteoclast resorption10,25. Answers to the preservation from resorption
questions might be found in the architecture of the osteochondroma. Presently, no
quantitative data about the morphology of osteochondromas is available.
The aim of this research is to
quantify the anatomical microstructure
of osteochondromas. Because of their
off-axis position it is expected that osteochondromas have a less developed,
osteoporotic-like, microstructure. To
investigate this, the bone morphological parameters of 9 osteochondromas
were measured using micro-CT. The
results were compared to histological
samples and literature values.

Figure 1: AP radiograph of a knee of a 14year-old girl with HMO, multiple
osteochondromas are visible on the distal
femur, the proximal tibia and the proximal
fibula.
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M ATERIALS

AND

M ETHODS

Fifteen surgically removed osteochondromas were selected. The osteochondromas
were fixated in formalin. The size of the specimens varied between 15 mm up to 32
mm in length and all specimens were irregularly shaped. Micro-CT scans were
performed using a vivaCT40 microCT-system (Scanco Medical, Brüttisellen,
Switzerland). The specimens were scanned with an isotropic voxel size of 30 m.
The system operated at an energy level of 70 kV, and a current of 114 A. After
reconstruction, the bone was segmented from the images using a threshold of 200
per mile of the maximum value. The structural properties of each specimen were
evaluated using the micro-CT system software. Contours were drawn to delineate
the region of the osteochondroma in
the scan (Figure 3). For the first slice
this was done manually, thereafter the
system automatically determines the
contouring of the next slices. When
the automatic contouring deviated
from the bony contour, the operator
manually adjusted the contour.

Figure 2: Safranin-O staining of the
cartilaginous cap of an osteochondroma,
chondrocytes lined up in columns.
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Of the fifteen samples only the samples with a total volume larger than 100 mm3
and a calcified size (bone not cartilage) of at least 4 by 4 by 4 mm were selected for
evaluation because morphological measurements in smaller samples would be
inaccurate. Therefore six samples were excluded. The nine samples for evaluation
were derived from six different patients. The patients (4 females, 2 males) varied in
age from 4 up to 16 years old (mean age 9 years). The places of origin of the
osteochondromas were the distal ulna (n=2), the scapula (n=2) and the knee (n=5).
Of these nine samples the following parameters were quantified: volume fraction
(BV/TV), trabecular separation (Tb.Sp, µm), trabecular number (Tb.N, mm-1),
trabecular thickness (Tb.Th, µm), mean density of the bone tissue volume (MDBV,
mg HA/ml), mean density of the total volume (MDTV, mg HA/ml) and degree of
anisotropy (DA). The mean trabecular thickness, separation and number of
cancellous bone were calculated using direct 3D measure and are denoted here as
Tb.Th*, Tb.Sp* and Tb.N* respectively26,27,28. In order to compare our values with
literature values, trabecular thickness, spacing and number were also evaluated using
the plate model assumption and in that case denoted as Tb.Th#, Tb.Sp# and Tb.N#
respectively. The DA was defined as the ratio of the largest over the smallest
eigenvalue of the Mean Intercept Length fabric tensor.
For a subset of five samples histology was performed to identify the cartilage
on top of the osteochondromas. The samples were embedded in plastic,
polymethylmethacrylate (PMMA, Technovit 9100, Hereaus-Kulzer, Germany). After
polymerization, sections were stained according to Masson Goldner (Carl Roth,
Germany) to clearly identify the trabeculae and the cartilage cap. Thereafter 50 m
sections were generated using a saw microtome (SP 1600, Leica, Germany). Sections
were analyzed and digitized by light microscopy (Axioscope A1, AxioVision LE
release 4.8.2, Carl Zeiss, Germany). The central two slices were selected and in each
slice 10 trabeculae were randomly selected and their thickness was measured.
To compare the outcome of the values from the osteochondromas a literature
search was performed for bone parameters in normal children and adolescents. Four
different articles on bone architecture were selected on the basis of the age group of
the patients29-32. This selection was made because the osteochondromas were
retrieved from children and adolescents. Adolescent bone has a different
microarchitecture compared to adult cancellous bone with a lower bone surface
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density, a greater trabecular separation and
a lower trabecular number than adult
bone30. These literature studies involved
bone taken from different sites: tibia, the
non-dominant radius and the iliac-crest.

Figure 3a: Example of a Micro-CT image of a broad
based osteochondroma.

Figure 3b: Example of a osteochondroma with a
low trabecular number.

Figure 3c: Example of a 3D reconstruction of an
osteochondroma cut in half to reveal the inner
structure. The cut-surface is coloured red.
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Approval of the local ethics committee was received for this protocol in May 2008,
number MEC 08-4-028. An informed consent was obtained from all patients or their
parents.

R ESULTS
Micro-CT scanning results show a broad variation in bone morphology for the
different specimens, Coefficient of Variation (CV) values varying between 29% and
49% (Table 1). In spite of the large variation in structural parameters (Tb.Sp, Tb.N,
Tb.Th,) the bone tissue mineralisation varied only in a very limited range with a CV
of 2.
Histology
All specimens showed a histological image identical to the known structure of an
osteochondroma. A cartilage cap was visible as well as a trabecular configuration
of bone. The average height of the cartilage cap was 1557 µm (SD 738 µm) with a
range of 572 to 2424 µm. The thickest cap was found in the sample from the
youngest patient. All specimens showed a clear interdigitation from cartilage and
the trabecular bone. The transition zone was irregularly shaped. The results of the
trabecular thickness measurements are shown in table 1. The trabecular thickness
found in the selected trabeculae
varies widely. The mean of trabecular thickness is higher than
the values from the Micro-CT
scans, but there are outliers on
both sides of the spectrum.

Figure 4: Histological image of an
osteochondroma, Masson-Goldner
staining showing the irregular bone
formation.
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Values in literature
The first author, the patients age group, the sites of the study and the values of the
bone parameters are listed in table 2. The values for 3D and plate model parameters
are listed separately when available. The volume fraction values in all groups are
comparable to the volume fraction found in our study, indicating that the
osteochondromas have a bone volume fraction comparable to that of normal
subjects in the same age group. The trabecular separation in the osteochondromas,
however, is almost double that of the separation found in normal bone. Further the
microarchitecture of the osteochondromas shows a relatively low trabecular number
and a high trabecular thickness. As for the degree of anisotropy (DA) there was only
one comparative study30 with an almost identical DA. In their study, however,
samples of the proximal tibia of cadaver bones of children were measured.
Parameter

Mean

Median

SD

Minimum – Maximum

CV (%)

BV/TV [%]

18

17

7

11- 33

39

Tb.Sp* [µm]

1254

1330

612

528 – 2412

49

Tb.N* [mm-1]

1.01

0.91

0.48

0.48 - 1.88

48

Tb.Th* [µm]

305

280

115

153 – 578

38

Tb.Sp# [µm]

989

1061

287

303 – 1332

29

Tb.N# [mm-1]

0.94

0.84

0.46

0.58 - 2.15

49

Tb.Th# [µm]

205

194

72

132 – 382

35

DA [-]

1.52

1.29

0.40

1.23 - 2.43

26

MDBV [mg HA/ml]

784.53

787.43

17.04

764.06 - 811.82

2

MDTV [mg HA/ml]

158.57

138.90

64.66

91.04 - 297.30

41

Tb.Th histology [µm]

543

632

158

22 – 3342

29

Table 1: The Median, mean, standard deviation and the range of the values of the structural
parameter (*direct 3D measure, # plate model). The values of the histological measurements are
shown in the last line.
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Author

Burrows

Zhu

Zhu

Ding

Kirmani

Staal

Age

15-20

12-19

12-19

9-17

6-21

4-16

Site

Tibia

Iliac crest

Iliac crest

Tibia

Radius

Osteochondroma

Imaging

HR-pQCT

Micro-CT

Micro-CT

Micro-CT

HR- pQCT

Micro-CT

Resolution (µm)

82

40

40

40

82

30

N

278

15

16

6

127

9

BV/TV (%)

15

20

19

20

16

18

1.75

1.81

-

1.37

2.0

1.01

91

156

-

187

80

305

TB.N* (mm

-1)

Tb.Th* (µm)
Tb.Sp* (µm)

490

552

-

735

440

1254

TB.N# (mm-1)

-

-

1.9

-

-

0.94

Tb.Th# (µm)

-

-

104

-

-

205

Tb.Sp# (µm)

-

-

479

-

-

989

DA (-)

1.54

1.52

Table 2: Mean values for the structural parameters of the different groups.

D ISCUSSION
Using micro-CT, the microarchitecture of osteochondromas of HMO-affected
children was determined. In this pilot study the microarchitecture shows thicker and
wider spaced trabeculae with a relatively normal trabecular number and a normal
bone volume fraction when compared to normal bone of children in the same age
range. In spite of the large variation in structural parameters, the bone tissue
mineralisation varied only in a very limited range, suggesting that the biological
processes that lead to mineralisation are not affected. The origin of thicker and wider
spaced trabeculae of an osteochondroma might be explained by the presence of the
cartilage cap on top of the osteochondroma. In HMO patients the organization of
chondrocytes in the epiphysis, specifically that of the columnar structures, has been
lost, suggesting changes in cell adhesion and motility and related cell–matrix and
cell–cell communication mechanisms33. The cartilage cap has a similar structure to
an epiphysis. It consists of separated clusters of cartilage cells in columns, similar to
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a lobbed epiphysis. The cartilage cap chondrocytes are separated in different cell
clusters. These separated clusters eventually mineralize and if each cluster of
chondrocyte cells produces their own set of trabeculae, it might lead to thicker and
wider spaced trabeculae.
Besides the cartilage cap-architecture, the cap can also have a
biological/paracrine effect on the bone below it, by influencing the activity of bone
remodelling18. In HMO the exostosin (EXT) genes are involved, leading to a heparan
sulfate deficiency influencing growth plate-associated signalling proteins33-35.
Sgariglia et al. described a significantly larger number of osteoclasts and deranged
trabecular bone formation in both extent and cell composition in Ext1 deficient
mice36. The abnormal biological environment lacking heparan sulfate and
influencing the osteoclasts, amongst other, is expected to disturb the normal bone
remodelling influencing the microarchitecture. The observed increased trabecular
spacing may be responsible for the clinical appearance of an osteoporotic-like
structure of the removed osteochondromas8, the wider spaced trabeculae giving it a
visual osteoporotic appearance. Possibly, these thicker but wider spaced trabeculae
can carry less load and occasionally break, explaining the spontaneous fractures19-22.
The histology showed the cartilage cap and the bony structures, the typical
build of an osteochondroma. The measured trabeculae were on average thicker than
the micro-CT values (table 1), but the measurements had a wider variation (Tb.Th
micro-CT average 205 µm plate model, variation 132-382, CV 35 and Tb.Th
histology average 543 µm, variation 22-3342, CV 29). This might be due tot the
selection procedure. The selected histological slices were all evaluated in the
transition zone between the cartilage and the bone formation. The micro-CT
measurements were done in the complete osteochondroma and not only in the
transition zone. In the transition zone the trabeculae originate and might therefore
be more variable in size. Also this zone shows multiple fine indentations just below
the cartilage cap and might therefore not be well presented in the micro-CT
measurements.
This pilot study sets a first step in elaborating the architectural properties of
osteochondromas. However there are limitations. Of the initial 15 samples 6 were
not calcified enough, leaving only a small number for evaluation. The age of the
patients of the evaluated samples varied widely as did the place of origin. There is
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not enough reference to compare the findings to normal bone in these age groups
and there are no values to compare the osteochondromas to. For all determined
parameters more research is needed with a greater specimen population to confirm
the outcomes. Future studies with Extreme CT evaluation can be performed on
osteochondromas in vivo in order to compare the osteochondroma bone morphology
to the morphology of the adjacent long bone and to study the trabecular
osteochondroma development in time.
To our knowledge, this is the first study done with micro-CT derived data and
human osteochondromas for this purpose.

C ONCLUSION
This study is the first to show that, compared to that of age matched controls, the
microarchitecture of the osteochondromas shows less but thicker trabeculae that are
wider separated with a normal bone volume fraction. The microarchitecture only
resembles an osteoporotic structure in some aspects (increased trabecular spacing,
decreased trabecular number). The structure may be due to the biological influence
of the cartilage cap nearby.
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A BSTRACT
Dysplasia Epiphysealis Hemimelica (DEH) also known as Trevor’s Disease is a rare
developmental disorder resulting in overgrowth of the epiphysis. Based on
histological evaluation, it is often described as an osteochondroma or an
osteochondroma-like lesion, although there are clinical and genetic differences
between DEH and osteochondromas. To investigate the hypothesis that DEH and
osteochondromas are histologically identical, two cases of DEH and two cases of
osteochondromas in patients with Hereditary Multiple Osteochondroma (HMO) are
compared at histological level.
Histologically, clumping of chondrocytes in a fibrillar matrix, a thick
disorganized cartilage cap and ossification centres with small amounts of unresorbed
cartilage were observed in DEH. In contrast, chondrocyte organisation in cartilage
of osteochondromas displays characteristics of the normal growth plate. To
investigate the differences in cell type involvement, immunohistochemistry was
performed in DEH and osteochondromas. It showed differences in expression of
collagen type II, collagen type X and Sox9. Collagen type II was expressed in the
extracellular matrix surrounding proliferative and hypertrophic chondrocytes in
osteochondromas, while weak expression was observed in the entire cartilage cap
in DEH. Collagen type X was not expressed in DEH, while expressed in the
pericellular matrix surrounding hypertrophic chondrocytes in osteochondromas.
Staining for Sox9 was positive in the hypertrophic chondrocytes in osteochondromas,
while expressed in the nuclei of all chondrocyte clusters in DEH.
In conclusion, both morphological and immunohistological differences were
observed in histological sections of DEH and osteochondromas. This result supports
the earlier observed clinical, radiological and genetic differences and implies a
different aetiology between DEH and osteochondroma formation.
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I NTRODUCTION
Dysplasia Epiphysealis Hemimelica (DEH), also known as Trevor’s disease, is a rare
developmental disorder characterized by asymmetric enlargement of the epiphyseal
cartilage of the long bones. It was first described in 1926 by Mouchet and Belot,
who initially named it Tarsomegalia1. In 1950, Trevor reported a series of 8 cases
and called it tarso-epiphyseal aclasis2. Finally, it was named Dysplasia Epiphysealis
Hemimelica by Fairbank in 19563.
DEH is characterized by cartilaginous overgrowth of the epiphysis of long
bones. It is usually restricted to one side of the epiphysis (hemimelic). The medial
side is twice as often affected compared to the lateral side. In addition, the lower
extremity is approximately three times more often affected and involvement of
multiple joints is more common in the lower extremity. The ankle and wrist are the
most affected joints for the lower and upper extremity respectively4. Nowadays, DEH
is classified based on the number of affected epiphyses, i.e. “localized” when only
one epiphysis is affected, “classic” when more epiphyses are affected in the same
limb and “generalized” when all epiphyses in the entire extremity are affected5. DEH
is usually diagnosed in children between two and eight years old and it is three times
more often diagnosed in boys4,5.
The most reported complaints at first clinical presentation are pain, limitation
in range of motion of the affected joint, and deformity or swelling of the affected
joint. However, a valgus or varus deformity or a leg-length discrepancy can also be
the presenting symptom. Radiography is useful for the diagnosis of DEH, while CT
and MRI are useful in the preoperative planning6. Treatment of symptomatic lesions
consists of surgical resection of the lesion, resulting in good long-term results. An
expectative policy with follow up is justifiable in asymptomatic lesions, since
malignant transformation is not reported7.
DEH belongs to the group of benign skeletal osteocartilaginous tumours and
is often described as an epiphyseal osteochondroma or as an osteochondroma-like
lesion. This name suggests a common aetiology between DEH and
osteochondromas. However, osteochondromas are common benign tumours, with
an incidence of approximately 30-50% of all benign bone tumours, while DEH is
extremely rare. An osteochondroma is a cartilage capped bony projection on the
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external surface of the metaphysis of a bone and has a bone marrow cavity. The bone
marrow cavity of the osteochondroma is continuous with the cavity of the underlying
bone. Osteochondromas develop during the first decade of life; they cease to grow
when the growth plates close and are often asymptomatic. Pain, bone deformities,
bursa formation, arthritis and impingement of adjacent tendons, nerves or vessels
are the most reported complaints8. Osteochondromas are easily diagnosed on
conventional radiographs and symptomatic osteochondromas are often surgically
resected. The most important complication of osteochondromas is malignant
transformation. As stated earlier, occurrence of multiple osteochondromas is
common, with Hereditary Multiple Osteochondroma (HMO) as underlying cause
in 10-15% of the people with osteochondromas9-11. DEH is a very rare disease in
contrast to HMO, with a reported incidence of 1:1,000,000 and 1:50,000
respectively12,13.
DEH and osteochondromas are seen as different entities based on their different
location of appearance (i.e. epiphysis versus metaphysis) and different clinical
presentation. However, histopathological evaluation insinuates a common aetiology
since DEH is often described as an osteochondroma-like lesion14-22. Therefore, the
aim of this study is to test the hypothesis that DEH and osteochondromas are
histologically identical diseases. We will report histological sections of two patients
with DEH and compare them with histological sections of two age and gender
matched patients with multiple osteochondromas, caused by HMO, to investigate
this hypothesis.

M ATERIALS

AND

M ETHODS

Two patients with a histopathologically confirmed diagnosis of DEH were identified
from the patient files of the department of Orthopaedic Surgery of the Maastricht
University Medical Centre+. Both subjects underwent surgery for symptomatic DEH.
These patients were compared with two age and gender matched patients diagnosed
with HMO, who also underwent surgery for symptomatic osteochondromas.
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Tissue sampling and processing
Tissue was available for all included patients at the start of this study. The local ethics
committee approved the use of this tissue for this study (number MEC 08-4-028, May
2008). In addition, written informed consent was obtained from all patients and/or their
parents. All specimens were fixed in 4% buffered formalin for at least 72 hours. After
rinsing with tap water, tissues were decalcified with 10% EDTA solution for up to 6 weeks.
Sections of 5 µm were cut from paraffin-embedded tissue and placed on glass slides.
Immunohistochemistry
After deparaffinization and rehydration, sections were treated with hyaluronidase or
citrate according to the antibody-specific regimens to improve immunoreactivity (see
Table 1). Subsequently, endogenous peroxidase activity was blocked and sections were
rinsed with phosphate-buffered saline. Subsequently, sections were incubated with the
primary antibody. Details of the antibodies and negative controls are shown in Table 1.
Samples were incubated with an anti-mouse secondary antibody labelled with
Horseradish Peroxidase (HRP) (Dako, Glostrup, Denmark). Adding of diaminobenzidine
(DAB) solution resulted in visualizations of the antigens of interest. Hematoxylin was
used for counterstaining of the sections. In addition, a Safranin-O staining was
performed according to Caron et al23. Sections were analyzed and digitized by light
microscopy (Axioscope A1, AxioVision LE release 4.8.2, Carl Zeiss, Germany).
Antigen

Manufacturer

Antigen retrieval

Incubation time Dilution Secondary antibody Negative control

Collagen II

Developmental

Hyaluronidase

One hour at

(4mg/ml), 30

room

monoclonal studies by
(Col II6B3)

Hybridoma Bank minutes at 37°C
Hyaluronidase

Overnight

monoclonal

(4mg/ml), 30

at 4°C

(ColX53)

minutes at 37°C
Santa Cruz

Dako Envision

Monoclonal IgG1

HRP mouse

temperature

Collagen X Quartett

Sox 9

1:200

Citrate buffer,

Overnight

monoclonal Biotechnology

boiled, 30

at 4°C

(sc-166505) Inc.

minutes

1:25

Dako Envision

Monoclonal IgG1

HRP mouse
1:50

Dako Envision

Monoclonal IgG2

HRP mouse

Table 1. Details of used antibodies and protocols
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R ESULTS
Case descriptions
In order to compare DEH and osteochondromas, two age and gender matched
patients with HMO were included in this study. Clinical data of these HMO patients
and included patients with DEH are reported in Table 2. Because of the rarity of
DEH, a brief description of the patients with DEH will be given.
Case 1 DEH
An eight-year-old boy visited our outpatient clinic with pain and swelling of his left
ankle. The pain progressed over several months and resulted in sparing of the left
ankle during normal daily activities. There was no history of trauma or overuse.
Family history was positive for M. Scheuermann.
During physical examination, an antalgic gait with sparing of the left ankle was
observed. Inspection revealed a swelling of the anterior talocrural joint. There was
no leg length discrepancy. Passive dorsiflexion of the left ankle was restricted to 0
degrees and resulted in pain. The boy experienced tenderness over the left musculus
extensor hallucis longus. The range of motion of the left knee and left hip was
unlimited.
Radiographs of the left ankle showed overgrowth of the medial epiphysis of
the distal tibia, resulting in joint space narrowing between the distal tibia and talus.
Furthermore, sclerosis of the talus and distal epiphysis of the tibia were visible. In
addition, two centres of ossification were visible dorsally in the lateral radiograph
(Figure 1A, white arrows). Magnetic resonance imaging (MRI) of the left ankle
confirmed the overgrowth of the left distal tibial epiphysis and showed tibiotalar
articular incongruence. High signal intensity was observed in the bony overgrowth
of the left distal tibial (Figure1B, white arrow). In addition, thickening of the articular
cartilage of the left talotibial joint is also visible.
During surgery, both the cartilage capped bony protuberance of the anterior
distal tibia and the posteriorly located osteocartilaginous structure was resected
(Figure 1C, white arrows). Intra-operative physical examination showed a
dorsiflexion of 15 degrees.
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Figure 1. A Pre-operative lateral conventional radiograph of the left ankle; B Pre-operative coronal
STIR MRI scan (TR 2000/TE 55) of both ankles; C Post-operative lateral conventional radiograph of
the left ankle.

Case 2 DEH
The second case of DEH was a 3-year-old boy, who visited our outpatient clinic with
pain in his left knee. The pain progressed over several months, resulting in an antalgic
gait and pain of the left hip. The boy had no relevant medical history and there was
no preceding trauma. Family history was negative for bone deformations, joint
problems or dysplasia.
No abnormalities were observed during inspection of the feet, knee, hip and
spine. A gait disturbance was present, with the patient keeping his left knee straight
during the entire gait cycle. There was no limitation in range of motion, but pain
was provoked during examination of the left knee. An evident swelling was palpated
at the lateral side of the left knee joint. Due to provoked pain, the patient did not
tolerate further physical examination of his left knee.
Two calcified regions were visible in the lateral region of the cartilaginous epiphysis
of both the distal femoral and proximal tibia of the left knee in the conventional
radiographs (Figure 2A, white arrows). A MRI of the left knee confirmed these
observations and showed epiphyseal overgrowth (Figure 2B and 2C, white arrows).
The cartilage overgrowth of the lateral femoral epicondyle of the left knee was
resected during surgery. Cartilaginous thickening of the tibial plateau was observed
intra-operatively, but was not resected by the surgeons.
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Figure 2. A Pre-operative anteroposterior radiograph of the left knee; B Pre-operative coronal T2W
MRI scan (TR2968/ TE70); C Pre-operative sagittal BFFE CART MRI scan (TR17/TE4).

Disease

Age (years)/ sex Clinical data

Location

Radiology

DEH Case 1

9/ Male

Left distal tibia.

• Overgrowth of the epiphysis.

• Progressive pain.
• Swelling of the left ankle.

• Joint space narrowing between
tibia and talus.
• Two dorsal centres of ossification.

HMO Case 1 8/ Male

• Limitation during
daily activities.

Left distal
femur*.

3/ Male

distal radius#, distal ulna#, proximal

• Aesthetic burden.

femur#, left SI-joint$, left

• Positive family history

acetabulum rim$, 3th and 4th rib
right$.

for HMO.
DEH Case 2

• Scapula inferior#, proximal humeri#,

• Progressive pain
left knee.
• Palpable swelling lateral

Left distal femur

• Overgrowth and ossifications in

and proximal

epiphysis of the distal femur and

tibia.

proximal tibia.

knee joint.
HMO Case 2 3/ Male

• Progressive painless
deformity left forearm.
• Positive family history
for HMO.

The left
distal ulna*.

• Proximal humeri#, distal femur#,
proximal fibula#, distal fibula#, right
scapula$, left proximal tibia$ and
left distal ulna$.

Table 2. Clinical data of patients with DEH and HMO. *Location of resected material used for further histological evaluation. #Bilateral occurrence of osteochondromas. $Unilateral occurrence of osteochondroma.
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Histological evaluation
Sections were routinely stained with Safranin-O to detect the presence of
proteoglycans in the cartilage cap. Staining showed presence of proteoglycans in
both osteochondroma and DEH (Figure 3A-C). The sections with osteochondromas
showed a characteristically lobulated morphology of cartilage (Figure 3A). The
osteochondroma tended to show characteristics of normal growth plate architecture,
with chondrocytes orientated in columns with different zones of maturation (i.e.
proliferative chondrocytes (white arrow) beneath the perichondrium and
hypertrophic chondrocytes (black arrow) above the zone of ossification) (Figure 3B).
However, zones of maturation are less organized compared with normal growth
plates. The entire cartilage cap beneath the perichondrium showed intense SafraninO staining.
In contrast, chondrocytes are arranged in disorganised cell clusters in DEH.
These clusters have a high density of chondrocytes with a relatively smaller cell
volume. The most intense staining was detected in the pericellular matrix (Figure 3C).
Collagen type II
Specimens were stained for the presence of collagen type II in order to investigate
the presence of this common collagen in the cartilage cap. Both osteochondromas
and DEH showed clear expression for collagen type II (Figure 3D-F). No signal was
detected in negative controls. An uneven distribution of collagen type II expression
was observed in the cartilage matrix of osteochondromas. The most intense staining
was observed in extracellular matrix surrounding proliferating and hypertrophic
chondrocytes, with faint expression in the resting zone (Figure 3D).
In contrast to the osteochondromas, a more hyaline articular organisation of
cartilage was observed in DEH. Faint, homogenous expression of collagen type II
was observed with slightly increased expression beneath the perichondrium (Figure
3E, white arrow). More intense expression of collagen type II was detected in the
extracellular matrix surrounding the clusters of chondrocytes (Figure 3F, white
arrow). In addition, the ossification centre with active endochondral ossification is
clearly visible (Figure 3E). No signal was detected in negative controls (Fig 3G).
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Figure 3. A-C Safranin-O staining in osteochondroma and DEH; D-G Collagen type II staining in
osteochondroma and DEH; A) Positive staining of cartilage in osteochondroma; B)Positive staining of
Safranin-O in osteochondroma, with chondrocytes arranged in columns; C) Pericellular staining for
Safranin-O in DEH; D)Positive staining of collagen type II in osteochondroma; E) Faint staining of
collagen type II in the cartilage cap in DEH F) Collagen type II staining around clusters of
chondrocytes in DEH; G) Negative control collagen type II; (Magnification: A 2,5x, B-E 5x, F-G 20x)

Collagen type X
In order to determine the presence of hypertrophic chondrocytes, sections were
stained with an anti-collagen type X antibody. Both osteochondromas as DEH
showed expression of collagen type X, while no signal was detected in negative
controls. Expression of collagen type X was observed in the extracellular matrix
surrounding hypertrophic chondrocytes in osteochondromas (Figure 4A-B, white
arrows). Expression of collagen type X was not detected in the cartilaginous matrix
surrounding the proliferative chondrocytes, in the resting zone or in the trabecular
bone of osteochondromas.
In addition, collagen type X was not detected in the entire cartilage cap (not
shown) and clusters of chondrocytes in DEH (Figure 4C).
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Figure 4. A-D Collagen type X staining in osteochondroma and DEH, E-H Sox9 staining in
osteochondroma and DEH; A) Positive pericellular staining of collagen type X in osteochondroma; B)
Expression of collagen type X in the extracellular matrix surrounding chondrocytes in
osteochondroma; C) Absence of collagen type X expression in DEH; D) Negative control collagen
type X; E) Positive nuclear expression of Sox9 in chondrocytes in osteochondroma; F)Expression of
Sox9 in nuclei of chondrocytes in the cartilage cap in DEH; G) Expression of Sox9 in nuclei of a
cluster of chondrocytes in DEH; H) Negative control Sox9. (Magnification, A,E,F 10x; B,C,D,G,H 20x)

Sox9
Expression of Sox9, expressed in proliferative chondrocytes, was observed in both
osteochondromas and DEH (Figure 4D-F). No signal was detected in negative
controls. The nuclei of nearly all hypertrophic chondrocytes in osteochondromas in
the vicinity of the chondro-osseous junction stained positive (Figure 4D, white
arrows). In addition, a large amount of unresorbed calcified cartilage was observed
(black arrows). Only a few proliferative chondrocytes showed expression for Sox9
(not shown).
Nuclear expression of Sox9 was detected in chondrocytes in the entire cartilage
cap in DEH (Figure 4E, white arrows). In addition, cells in the underlying bone
marrow beneath the zone of endochondral ossification clearly expressed Sox9. The
characteristic chondrocyte clumps in DEH also expressed Sox9 in the nucleus (Figure
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4F, white arrow). The difference in amount of unresorbed calcified cartilage between
osteochondromas and DEH is also visible, with large amounts in osteochondromas
and small amounts in DEH (Figure 4D and E). No signal was detected in negative
controls (Fig 4H).

D ISCUSSION
We reported a histological evaluation of the extremely rare disorder DEH and
histologically compared this disease with more common osteochondromas in HMO,
since lesions in both diseases are often stated as histologically identical14-22.
Therefore the aim of this study was to test the hypothesis that DEH and
osteochondromas are histologically identical diseases.
Instead of finding similarities, some major (immuno)histological differences
between DEH and osteochondromas were shown between histological sections of
both diseases. Osteochondromas showed a lobulated cartilaginous architecture with
characteristics of the growth plate, i.e. different zones of maturations of
chondrocytes. Compared with a normal growth plate, chondrocytes were less well
aligned in columns. This finding is in line with previously reported studies of
osteochondromas11,24-27. This partial growth plate structure was absent in the
cartilage caps of our cases with DEH, where a thick, disorganized cartilage cap was
observed.
Previous studies showed some characteristic morphological features of cartilage
in DEH. These characteristics are clusters of chondrocytes surrounded by a faint
fibrillar matrix7 and ossification centres in the cartilaginous matrix with a small area
of unresorbed calcified cartilage above it24,25,28,29. We identified these clusters of
chondrocytes in both cases of DEH. These cell clusters were not observed in
osteochondromas. The faint fibrillar matrix surrounding these clumps of
chondrocytes was clearly detected in the Safranin-O and collagen type II staining.
In addition, small areas of unresorbed calcified cartilage were present above the
centres of ossification in the DEH samples. This observation in DEH is consistent
with the literature and shows some significant morphological differences with
osteochondromas.
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The performed immunohistological stainings revealed some additional histological
differences between both diseases. In line with a previous study of Perl et al. who
investigated DEH, clear staining of collagen type II in the cartilage matrix
surrounding the clumps of chondrocytes was detected29. This staining pattern
deviates from the observations seen in osteochondromas, where the most obvious
staining is detected in the extracellular matrix between the proliferating and
hypertrophic chondrocytes, as expected based on a previous study in
osteochondromas26. This finding suggests a difference in tissue characteristics
between both diseases.
The performed immunostaining for collagen type X, a marker of hypertrophic
chondrocytes, was not able to detect collagen type X in DEH. Besides, cells with
the cellular morphological hypertrophic appearance were not identified in the
sections of DEH. The results of this study, together with the results of Perl et al., who
were also not able to identify collagen type X and hypertrophic chondrocytes in
DEH29, refute Trevor’s hypothesis. Trevor hypothesized in his original article that
DEH results from failure of hypertrophic chondrocytes to undergo apoptosis and
therefore persist2. In contrast to DEH, collagen type X was detected in the pericellular
matrix between hypertrophic chondrocytes in osteochondromas as expected26,27,30.
This difference in collagen type X expression also supports that both diseases are
not identical.
Another hypothesis concerning the pathogenesis is that DEH results from a
defect in keeping resident progenitor cells in a quiescent stage. This leads to
accumulation of cell clusters and results in chondrocytes with phenotypic
characteristics of chondroprogenitor as well as growth plate-like cells29. As a result,
chondrocytes should be able to proliferate and express proliferative markers.
Expression of the chondrogenic transcription factor Sox9, which is expressed in
proliferative chondrocytes in normal growth plates, was therefore evaluated. Clear
expression of Sox9 was observed in the nuclei of the chondrocytes arranged in
clusters in DEH. These results may therefore support this newer hypothesis of the
pathogenesis of DEH. According to our own hypothesis, in which we stated that
DEH and osteochondroma were histologically identical, an unexpected result was
observed. Differences in expression patterns of Sox9 were detected between DEH

105

Chapter 6

and osteochondroma since Sox9 was expressed in some proliferative chondrocytes
and almost all hypertrophic chondrocytes in osteochondromas. This was an
unexpected result, since nuclear staining of the proliferative chondrocytes was
expected. However, previous histological studies in osteochondromas also reported
positive staining of proliferative markers in hypertrophic chondrocytes instead of
proliferative chondrocytes30. It was suggested that osteochondroma chondrocytes
presents some characteristics of hypertrophic cells (i.e. expression of collagen type
X), but these cells also have the ability to proliferate and fail to terminally
differentiate30. The results of this study match with this suggestion, since hypertrophic
chondrocytes were observed expressing both collagen type X and Sox9 in
osteochondromas. However, the difference in expression of Sox9 in DEH and
osteochondromas further strengthens the evidence that these diseases are not
identical.
Thus, DEH and osteochondromas seem unidentical diseases based on their
histological appearance, based on both morphological and immunohistological
evaluation of sections of patients with DEH and osteochondromas. Furthermore,
there are other differences between both diseases that imply a different aetiology.
Both diseases appear at a different location and at a different age, with DEH arising
from epiphyses of (young) children between 2 and 8 years of age4. In contrast,
osteochondromas arise from the metaphysis of long bones and generally affect older
children since osteochondromas develop and increase in size in the first and second
decade of life and cease to grow when the growth plates close during puberty10.
Next, exostosin (EXT)-related pathways are involved in the pathogenesis of
osteochondromas and mutated EXT-genes are inherited by the patient in an
autosomal dominant way in HMO. These EXT-genes are not involved in the
pathogenesis of DEH as shown by Bovee et al. and until now, there is no evidence
for genetic inheritance of DEH7,10,11,24. Finally, malignant transformation of
osteochondromas to secondary peripheral chondrosarcoma is observed in 0.5-5%
of the patients with osteochondromas, while malignant transformation of DEH has
not been reported before10,11.
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C ONCLUSION
The hypothesis that DEH and osteochondromas are histologically identical diseases
was examined in this study. Therefore, two cases with DEH were reported and
compared histologically with two age and gender matched patients with osteochondromas as a result of HMO. Since major morphological and immunohistological
differences were detected between DEH and osteochondromas, we tend to reject
this hypothesis and state that DEH and osteochondromas are different diseases based
on histological appearance. These results, together with the other previously
described clinical and molecular differences, suggest that DEH has a different
aetiology than osteochondromas. However, additional studies using other techniques
than immunohistochemistry are necessary to strengthen this evidence and to further
elucidate the pathogenesis of DEH.
Acknowledgements
The authors would like to thank A. Cremers and T. Castermans for their help
processing the samples in this study. No funding was received for this study.

107

Chapter 6

R EFERENCES
1.

A. Mouchet JB. La tarsomégalie. J Radiol Electrol. 1926;10:289-93.

2.

Trevor D. Tarso-epiphysial aclasis; a congenital error of epiphysial development. The Journal
of bone and joint surgery British volume. 1950 May;32-B(2):204-13.

3.

Fairbank TJ. Dysplasia epiphysialis hemimelica (tarso-ephiphysial aclasis). The Journal of
bone and joint surgery British volume. 1956 Feb;38-B(1):237-57.

4.

Arealis G, Nikolaou VS, Lacon A, et al. Trevor’s Disease: A Literature Review regarding
Classification, Treatment, and Prognosis apropos of a Case. Case reports in orthopedics.
2014;2014:940360.

5.

Azouz EM, Slomic AM, Marton D, et al. The variable manifestations of dysplasia
epiphysealis hemimelica. Pediatric radiology. 1985;15(1):44-9.

6.

Wenger DR, Adamczyk MJ. Evaluation, imaging, histology and operative treatment for
dysplasia epiphysealis hemimelica (Trevor disease) of the acetabulum: a case report and
review. The Iowa orthopaedic journal. 2005;25:60-5.

7.

Bovee JV, Hameetman L, Kroon HM, et al. EXT-related pathways are not involved in the
pathogenesis of dysplasia epiphysealis hemimelica and metachondromatosis. The Journal of
pathology. 2006 Jul;209(3):411-9.

8.

Goud AL, de Lange J, Scholtes VA, et al. Pain, physical and social functioning, and quality
of life in individuals with multiple hereditary exostoses in The Netherlands: a national
cohort study. The Journal of bone and joint surgery American volume. 2012 Jun
6;94(11):1013-20.

9.

Wicklund CL, Pauli RM, Johnston D, et al. Natural history study of hereditary multiple
exostoses. American journal of medical genetics. 1995 Jan 2;55(1):43-6.

10.

Bovee JV. Multiple osteochondromas. Orphanet journal of rare diseases. 2008;3:3.

11.

Staal HM WA, Emans PJ, Ham JSJ, et al. Current knowledge on exostoses formation in
hereditary multiple exostoses: Where do exostoses originate and in what way is their
growth regulated? Hereditary Genetics. 2014 August 2014;3(3).

12.

Skaggs DL, Moon CN, Kay RM, et al. Dysplasia epiphysealis hemimelica of the
acetabulum. A report of two cases. The Journal of bone and joint surgery American volume.
2000 Mar;82(3):409-14.

13.

Schmale GA, Conrad EU, 3rd, Raskind WH. The natural history of hereditary multiple
exostoses. The Journal of bone and joint surgery American volume. 1994 Jul;76(7):986-92.

108

Dysplasia Epiphysealis Hemimelica

14.

Ouyang Z, Xu M, Li X, et al. Dysplasia epiphysealis hemimelica with involvement of the
distal tibial epiphysis and talus: recurrence of a case and literature review. The Journal of
foot and ankle surgery : official publication of the American College of Foot and Ankle
Surgeons. 2014 Mar-Apr;53(2):199-202.

15.

Wiart E, Budzik JF, Fron D, et al. Bilateral dysplasia epiphysealis hemimelica of the talus
associated with a lower leg intramuscular cartilaginous mass. Pediatric radiology. 2012
Apr;42(4):503-7.

16.

Takeuchi H, Ito K, Ogino T, et al. A case of osteocartilaginous mass involving the coronoid
process of the ulna: solitary osteochondroma or dysplasia epiphysealis hemimelica? Journal
of shoulder and elbow surgery / American Shoulder and Elbow Surgeons [et al]. 2003 SepOct;12(5):510-3.

17.

Vogel T, Skuban T, Kirchhoff C, et al. Dysplasia epiphysealis hemimelica of the distal ulna:
a case report and review of the literature. European journal of medical research. 2009 Jun
18;14(6):272-6.

18.

Vanhoenacker F, Morlion J, De Schepper AM, et al. Dysplasia epiphysealis hemimelica of
the scaphoid bone. European radiology. 1999;9(5):915-7.

19.

Shinozaki T, Ohfuchi T, Watanabe H, et al. Dysplasia epiphysealis hemimelica of the
proximal tibia showing epiphyseal osteochondroma in an adult. Clinical imaging. 1999
May-Jun;23(3):168-71.

20.

Takagi M, Kiyoshige Y, Ishikawa A, et al. Multiple occurrence of osteochondromas in
dysplasia epiphysealis hemimelica. Archives of orthopaedic and trauma surgery.
2000;120(5-6):358-60.

21.

Azzoni R. Dysplasia epiphysealis hemimelica of the talus. Journal of orthopaedics and
traumatology : official journal of the Italian Society of Orthopaedics and Traumatology.
2009 Mar;10(1):43-6.

22.

Bosch C, Assi C, Louahem D, et al. Diagnosis and surgical treatment of dysplasia
epiphysealis hemimelica. A report of nine cases. Orthopaedics & traumatology, surgery &
research : OTSR. 2014 Dec;100(8):941-6.

23.

Caron MM, Emans PJ, Cremers A, et al. Hypertrophic differentiation during chondrogenic
differentiation of progenitor cells is stimulated by BMP-2 but suppressed by BMP-7.
Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society. 2013 Apr;21(4):604-13.

109

Chapter 6

24.

Glick R, Khaldi L, Ptaszynski K, et al. Dysplasia epiphysealis hemimelica (Trevor disease):
a rare developmental disorder of bone mimicking osteochondroma of long bones. Human
pathology. 2007 Aug;38(8):1265-72.

25.

Karam AR, Birjawi GA, Saghieh S, et al. Generalized dysplasia epiphysealis hemimelica with
contralateral sacro-iliac joint involvement. Skeletal radiology. 2008 Dec;37(12):1147-52.

26.

Huch K, Mordstein V, Stove J, et al. Expression of collagen type I, II, X and Ki-67 in
osteochondroma compared to human growth plate cartilage. European journal of
histochemistry : EJH. 2002;46(3):249-58.

27.

Legeai-Mallet L, Rossi A, Benoist-Lasselin C, et al. EXT 1 gene mutation induces
chondrocyte cytoskeletal abnormalities and defective collagen expression in the exostoses.
Journal of bone and mineral research : the official journal of the American Society for Bone
and Mineral Research. 2000 Aug;15(8):1489-500.

28.

Golles A, Stolz P, Freyschmidt J, et al. Trevor’s disease (dysplasia epiphysealis hemimelica)
located at the hand: case report and review of the literature. European journal of radiology.
2011 Feb;77(2):245-8.

29.

Perl M, Brenner RE, Lippacher S, et al. Dysplasia epiphysealis hemimelica: a case report
with novel pathophysiologic aspects. Clinical orthopaedics and related research. 2009
Sep;467(9):2472-8.

30.

Benoist-Lasselin C, de Margerie E, Gibbs L, et al. Defective chondrocyte proliferation and
differentiation in osteochondromas of MHE patients. Bone. 2006 Jul;39(1):17-26.

110

Dysplasia Epiphysealis Hemimelica

111

Fozzie ik schrijf een boek;
kun jij me helpen?
Ah Kermit, wat leuk; je
wordt nog beroemd, net als ik!
Ik speel wel een lied voor je over
het periodiek stelsel, dat ken je
vast wel!

112

CHAPTER

SEVEN

The use of Whole-Body MR
Imaging in children with HMO,
an extended case study in two
patients

Heleen M. Staal, Marjolein HG. Dremmen, Simon GF. Robben, M. Adhiambo
Witlox, Lodewijk W. van Rhijn.
Pediatric & Therapeutics 2016, 6:1, http://dx.doi.org/10.4172/2161-1000275

113

Chapter 7

A BSTRACT
Background: Patients with Hereditary Multiple Osteochondromas (HMO) undergo
frequent radiographs to evaluate the growth of their osteochondromas. The
conventional radiographic images clearly show the growth of the bony part of the
osteochondromas and the growth direction of the long bones. The radiographs do
not show the cartilage cap on top of the osteochondroma nor do they show the
surrounding soft tissue or the cartilage of the nearby epiphysis. Alongside these
disadvantages, taking frequent radiographs carries the potential risk of inducing
malignant degeneration through ionizing radiation. In this study we investigated the
use of whole-body MR imaging as a screening tool to follow patients with HMO.
Findings: Two HMO affected children underwent two whole-body MR imaging scans
in one year’s time to identify the osteochondromas and to evaluate their growth. The
MR images were compared to regular follow-up radiographs of these patients. All
radiographically detectable osteochondromas were visible on the whole-body MR
images. At least one osteochondroma was clearly seen on the whole-body MR
images before detection was possible on the radiographs. The proton density
sequence with fat suppression proved to be the best sequence to visualize
osteochondromas.
Conclusion: Whole-body MR imaging is an effective follow-up tool for patients with
Hereditary Multiple Osteochondromas.
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I NTRODUCTION
Hereditary Multiple Osteochondromas or exostoses (HMO or HME) is an autosomal
dominant inherited disease caused by mutated exostosin genes. HMO is
characterized by the outward growth of cartilage-capped bone tumours called
osteochondromas. The osteochondromas grow on the external surface of bones and
contain a bone marrow cavity continuous with the normal bone cavity1,2. They often
occur at the metaphysis of the long bones, but are also found on the spine, the
scapulae, the ribs and the pelvis. The osteochondromas develop in the first decade
of life and continue to grow until the patient reaches skeletal maturity. Most
osteochondromas are symptomless, but patients can suffer from pain and discomfort
of the osteochondromas giving pressure on the overlying structures such as tendons,
ligaments, nerves and even on the spinal cord. HMO can further lead to growth
disturbances including Madelung’s deformity (40-60%), unequal limb length (1050%), joint deformity (2-55%) and a disproportionally short stature (37-45%)3-6.
In patients diagnosed with HMO multiple conventional radiographs are taken
for follow-up. The radiographs give clear information about the bones and the
ossified osteochondromas. Furthermore, growth deformations of the long bones can
be detected. In adults regular follow-up every (other) year is advocated7. In fast
growing children every six months radiographs are taken to evaluate the growth
deformities and to determine the need for early intervention. For example, early
resection of the osteochondromas in the forearm can prevent forearm deformity and
early hemi-epiphyseal stapling can prevent ankle deformities. Since growth
deformities and joint dislocations in children with HMO can cause significant
disability; early treatment of the deformity may prevent or decrease later
deterioration of function. The aim of treatment is surgical resection of the masses
the and prevention of deformities8-10.
Next to the deformities osteochondromas can cause pain. Pressure of the
osteochondroma on the surrounding soft tissues can be painful. The top of the
osteochondroma, the cartilage cap, is not ossified and therefore cannot be seen on
the radiographs. These soft tissues are not seen on radiographs but are clearly visible
on MR images. MR images can also provide information about the cartilage of the
nearby epiphysis and thus about the potential growth deformation.

115

Chapter 7

Whole-body MR imaging (Wb MRI) is a non-invasive screening technique that
acquires images of the entire body. Patients with HMO in regular follow-up7 may
need a high number of radiographs (estimated 10-20 radiographs per year in a fast
growing child) and thereby receive a significant dose of ionizing radiation with the
potential risk of inducing malignant degeneration of the cartilage cap of the
osteochondroma. Because of the visibility of the top and of the tissues surrounding
the osteochondromas and the visibility of the epiphysis of the long bones, and at the
same time the lack of radiation, Wb MRI is a promising imaging modality for serial
imaging surveillance in the paediatric age group.
The advantages of MR imaging over radiographic follow up are known, but
until now it was difficult to scan the whole body in a reasonable scanning time. To
make a whole body scan every body part had to be scanned separately and
sometimes in different coils. Since modern MRI technology provides MRI systems
with high-density coil elements with flexible switching possibilities, multiple receiver
channels and automatic table movements, Wb MRI has become clinically available.
The use of Wb MRI in the paediatric population for oncologic applications has
become more established in recent literature11-17. The role for Wb MRI in other
multisystem disease processes still has to be investigated. As mentioned by Lenk in
2004 the Wb MRI has a potential application in the regular screening of children
with HMO as alternative for screening with radiographs18.
The aim of this study was to qualitatively evaluate the use of the Wb MR
imaging in HMO affected children. Therefore the regular conventional radiographs
of two HMO affected children were compared to the Wb MRI findings during one
year. The images in both methods were evaluated to see if all osteochondromas
could be identified and to see if the possible deformity of the long bones was equally
visible. Furthermore, we analysed the Wb MR images to verify if early detection of
osteochondromas was possible.

PATIENTS

AND METHODS

Two patients were included. Both patients were diagnosed with HMO. The evaluated
imaging studies consisted of four consecutive whole-body MR imaging studies in
the period from 2012 to 2014.

116

The use of whole-body MR imaging in children with HMO

Patient one was a two-year-old boy who was seen at the orthopaedic outpatient
clinic because of palpable swelling on the thorax and the scapulae. His mother was
diagnosed with HMO. Conventional radiographs showed multiple osteochondromas
of the pelvis, multiple ribs, the scapulae, and the long bones of the upper and lower
extremities. His right ulna showed severe growth deformity and his right tibia minor
growth deformity. Learning about the technique of Wb MRI and the possible use of
the technique in patients with HMO17,18, we considered this patient suitable. At the
age of three years we performed a Wb MRI. The first scan was performed without
anaesthesia or sedatives. Mother asked for general anaesthesia for the second scan
because her son had been anxious during the first scan. The second scan was done
one year later under general anaesthesia.
The second patient was a seven-year-old boy diagnosed for several years with
HMO. His father was also diagnosed with the disease. Both Wb MRI scans were
done with a one-year interval without general anaesthesia.
In both patients every six months a regular check-up was done in a fast growing
period, with conventional radiographs and after one year the Wb MRI was repeated.
The study was performed in accordance with the Declaration of Helsinki. Both the
patients and their parents gave their informed consent prior to their inclusion.
Imaging Technique
MR imaging was performed with a 1.5T MRI scanner (Ingenia; Philips Healthcare,
Best, the Netherlands). Ingenia’s Smart Selection automatically selects the coils and
coil elements which contribute to the highest signal-to-noise ratio in any region or
any length of the field of view. As there is no consensus about which combination
of MR sequences provides the highest diagnostic accuracy combined with
reasonable time efficiency, at the beginning of the study a combination of sequences
for screening for osteochondroma was chosen based on limited experience. The
proposed imaging protocol consisted of a 1-mm-thick balanced Steady State Free
Precession (bSSFP) sequence in the coronal plane (TR, 17 ms; TE, shortest ms; matrix,
432 x 432; FOV, 430 x 326 x 150 mm; 150 sections; acquisition time, 7 minutes),
a 1-mm-thick 3D Volume Isotropic Turbo-Spin-Echo T1-weighted sequence in the
coronal plane (TR, 350 ms; TE, 13 ms; matrix, 432 x 432; FOV, 430 x 322.5 x 150
mm; 150 sections; mean acquisition time, 6 minutes 25 seconds) and a 5-mm-thick
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multi-turbo spin-echo Proton-Density (PD)-weighted Spectral Presaturation with
Inversion Recovery (SPIR) sequence in the coronal plane (TR, 1800-4000 ms; TE, 20
ms; matrix, 512 x 512; FOV, 220 x 220 x 275 mm; 50 sections; mean acquisition
time, 8 minutes 5 seconds).
Imaging Evaluation
The MR images were evaluated by experienced paediatric radiologists. The diagnosis
of osteochondroma on Wb MRI was based on the presence of cartilage-capped
osseous excrescence (sessile or pedunculated) with continuous cortex and marrow
extending from underlying bone and pointing away from the epiphysis. The osseous
excrescence had to be detectable on at least one of the different sequences of the
Wb MRI protocol. The Wb MRI findings were correlated with radiographs. At the
time we started performing Wb MRI studies no protocols were available, nor
standard detection protocols for paediatric patients.
The visibility of the osteochondromas on the Wb MRI was compared to the
visibility on the conventional radiographs. To detect growth deformations, the angle
between the axis of the long bone and the epiphysis or articulation was calculated
to determine the valgus and varus malalignment and ante- or recurvation.

R ESULTS
In total 64 osteochondromas were found on the conventional radiographs of the
long bones of the two patients. All osteochondromas that were detectable on
conventional radiographs could also be identified on the Wb MR images, even
though one of the osteochondromas, situated on the left ulna of the first patient, was
very clear on the radiographic images, but was hard to identify on MRI. This
osteochondroma was located on the left distal ulna on the dorsal side. It is likely
that this osteochondroma would have been missed if the first screening had been
done by Wb MRI alone. However the visibility was better on the second scan.
The size and precise location of at least 6 osteochondromas in the second patient,
were much easier to evaluate on the Wb MR images. By using the Wb MR images it
was possible to distinguish several osteochondromas that were located close to one
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another. These osteochondromas were located so close to one another that on the
radiographs they projected like one big osteochondroma, but on the Wb MRI the
osteochondromas were visible separately and located more ventral and more distal to
each other instead of in continuity. Furthermore, in this patient it was possible to
distinguish several osteochondromas from the normal bony outgrowth of the trochanter
on the Wb MRI. On the conventional radiographs these osteochondromas at the
proximal femur were easily mistaken for the major trochanter. Five osteochondromas
were seen on the Wb MR images but could not be identified on the conventional
radiographs. This was due to their location of which no proper radiographic images
were available. One osteochondroma in the first patient was visible on the Wb MRI
before it became apparent on the conventional radiographs. It was situated on the
right distal fibula near the tibia. It was visible on the first as well as on the second Wb
MRI scan. On the first MRI scan only a small bump of osteochondromal cartilage was
detectable, the onset of an osteochondroma, on the lateral site of the distal tibia and
the medial site of the distal fibula, indicated in figure 1b with a white arrow (figure 1).
Of all osteochondromas detected on the Wb MR images, the cartilage cap could
be clearly identified. In the same patient the diameter of the cartilage cap varied
widely among the different osteochondromas and was not related to the volume of
the bony outgrowth. The influence on the surrounding soft tissue structures of the
osteochondroma was clearly visible, especially in the thoracic osteochondromas. No
impingement or bursa formation was detected.
Measuring the angles between the axis of the long bone and the epiphysis or
articulation to detect growths deformations, was equally possible on the radiographs
as well as on the Wb MR images. In both imaging techniques the articulation or
epiphysis is shown along with the axis of the long bone, making it possible to detect
axial deformities with both techniques. On top of the detection of the deformity, the
Wb MR images showed the cartilage of the epiphyseal plate. No epiphyseal damage
was seen even though a clear shortening of the right ulna was detected in the first
patient, the two-year-old.
No signs of malignant degeneration of the osteochondromas were found.
On average 20 conventional radiographs of the skeleton were taken per patient
per year, respectively 18 in the first and 22 in the second patient. For this radiographic
screening the estimated total radiation dose is 1,8 mSv per patient per year.
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A

B

Figure 1: early detection of an osteochondroma. Figure 1A, conventional radiograph of the distal
tibia and fibula in AP view, showing no abnormalities. Figure 1B, coronal fat-suppressed proton
density weighted MR image of the distal tibia en fibula showing a cartilage bump (white arrow).

D ISCUSSION
In this two-patient case study Whole body MR images show more accurate
detectability of the osteochondromas compared to conventional radiographs.
Especially in the young children the osteochondromas are more cartilaginous and
therefore better visualized on the MR images. These young children would probably
benefit more from the Wb MRI as a screening device. This would also imply less
ionizing radiation for screening purposes in the lifespan of these children. The number
of radiographs taken in one year was on average 20, which approximately doubled

120

The use of whole-body MR imaging in children with HMO

A

B

Figure 2: visibility of the cartilage of the osteochondroma. Figure 2A, lateral conventional radiograph
of the knee with a sessile osteochondroma on the dorsal site of the distal femur. Figure 2B, sagittal
Wb MR image, proton density sequence of the knee mark the clearly visible cartilage cap of the
osteochondroma lighting up more clearly than the articular cartilage of the knee.

their effective year dose from natural background radiation. Using the Wb MRI for
screening purposes would sharply decrease their exposure to ionizing radiation.
The problems that were encountered during the scanning and evaluation are
described. The scanning time of the Wb MRI scans compared to obtaining the
radiographs was longer. Besides the time, the fact that the children had to lie still in
a limited space was a disadvantage of the Wb MRI scan. Several scans were not
suitable for evaluation due to motion artefacts. To reduce the motion artefacts and
because of anxiety, the first patient needed to be anesthetized during the second
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scan. This makes the Wb MRI less attractive for serial imaging surveillance in children
under the age of four.
The variable rotation angles of the position of fore example the forearm during
scanning made it hard to compare the MR images to the conventional radiographs.
This variation also made it difficult to compare the consecutive scans. A more
standardized positioning during scanning could prevent this problem.
Since there is no standard scanning protocol, the detectability of the
osteochondroma itself was distinct among the different scan protocols. For example
on the 3D TSE T1 and the bSSFP sequences, it was more difficult to distinguish the
cartilage cap of the osteochondroma from the surrounding soft tissue. On the PD
SPIR sequence the cartilage of the osteochondroma was more hyper intense
compared to functional cartilage. Hypothetically this is due to the higher water
concentration in the osteochondromal cartilage caps compared to the functional
cartilage, possibly due to the lack of pressure on the osteochondromal cartilage
(figure 2). Since the osteochondromas were best visualized on the PD SPIR sequence,
we would consider this sequence the most suitable sequence for screening purposes
in HMO patients.
In this study we did not expect to find malignant degeneration because the
patients were young, malignant transformation before the age of 20 is distinctly
unusual19. In adult HMO patients the Wb MRI screening might be beneficial in this
respect. So far bone-scintigraphy and FDG-PET scans have been applied for early
detection of malignant transformation in adults20-22.
Searching for newly formed osteochondromas, the MR images showed one
small new osteochondroma. It was found on the distal fibula and was not detectable
on the conventional radiographs. No lose cartilage islands were detected. Douis et
al. could, not confirm the widely believed theory of an osteochondroma arising from
misplaced cartilage in the metaphysis or an extension from the growth plate into the
metaphysis, in a MRI study in 2012, nor could this case study confirm this
hypothesis23. The imaging of very small osteochondromas, however, can potentially
shed a light on the place of origin of the osteochondroma in the future and in the
long run might lead to early treatment of the disease.
The costs of a Wb MRI are substantially higher than the costs of conventional
radiographs, especially if general anesthesia has to be administered. For a standard
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Wb MRI the costs are about 400 euros compared to 50 euros for the conventional
radiographs. No cost benefit analyses are available. Wuyts et al. suggested that
monitoring the size of osteochondromas in adults may aid in early identification of
malignant degeneration, but they also found no cost/benefit analyses to support this
routine8.
In summary this case study shows that the use of Wb MRI is suitable as a
screening tool for follow-up in HMO affected paediatric patients. Wb MRI showed
accurate detectability of the osteochondromas, it reduces the exposure to ionising
radiation and might lead to early detection of the osteochondromas. However, it is
more time consuming and at a higher cost than the conventional radiographic
imaging follow-up, especially when general anaesthesia is needed. There is need for
a standardized protocol of the Wb MRI settings for screening purpose. In this case
study the PD SPIR sequence was found to be the most suited sequence, taken in
coronal and sagittal plane and with the limb in a standardized position. For future
studies we recommend the use of Wb MRI screening for children that have no need
for anaesthesia during the scan. With the use of the advised protocol the time needed
for routine Wb MRI can be reduced.

C ONCLUSION
Whole-body MRI is an effective screening tool in the follow-up of patients with
Hereditary Multiple Osteochondromas. The osteochondromas can be accurately
visualized. The PD SPIR sequence is the most suitable sequence for the detection of
the osteochondromas and evaluation of their cartilage cap. The major disadvantage
is the potential need for general anaesthesia to perform the scan in the very young
age group.
Acknowledgements
We thank Brent van der Doelen, Maastricht University, for collecting the radiological
and MRI data.

123

Chapter 7

R EFERENCES
1.

Khurana, J. Bovee, J. Osteochondroma. World Health Organisation Classification of
tumours. Pathology and Genetics of Tumours of Soft Tissue and Bone 2002, 234-236.

2.

Bovee, J.; Hogendoorn, P.C. Multiple osteochondromas. World Health Organisation
Classification of tumours. Pathology and Genetics of Tumours of Soft Tissue and Bone 2002,
260-362.

3.

Hennekam, R.C. Hereditary multiple exostoses. J Med Genet 1991, 28, 262-266.

4.

Legeai-Mallet, L.; Munnich, A.; Maroteaux, P.; Le Merrer, M. Incomplete penetrance and
expressivity skewing in hereditary multiple exostoses. Clin Genet 1997, 52, 12-16.

5.

Schmale, G.A.; Conrad, E.U., 3rd; Raskind, W.H. The natural history of hereditary multiple
exostoses. J Bone Joint Surg Am 1994, 76, 986-992.

6.

Wicklund, C.L.; Pauli, R.M.; Johnston, D.; Hecht, J.T. Natural history study of hereditary

7.

Hameetman, L.; Bovee, J.V.; Taminiau, A.H.; Kroon, H.M.; Hogendoorn, P.C. Multiple

multiple exostoses. Am J Med Genet 1995, 55, 43-46.

osteochondromas: Clinicopathological and genetic spectrum and suggestions for clinical
management. Hered Cancer Clin Pract 2004, 2, 161-173.
8.

Wuyts, W.; Schmale, G.A.; Chansky, H.A.; Raskind, W.H. Hereditary multiple
osteochondromas. In Pagon RA, A.M., Ardinger HH, et al, Ed. University of Washington,
Seattle, 2000 Vol. GeneReviews®Internet.2000 Aug 3Updated 2013 Nov 21.

9.

Saglik, Y.; Altay, M.; Unal, V.S.; Basarir, K.; Yildiz, Y. Manifestations and management of
osteochondromas: A retrospective analysis of 382 patients. Acta Orthop Belg 2006, 72,
748-755.

10.

Tompkins, M.; Eberson, C.; Ehrlich, M. Hemiepiphyseal stapling for ankle valgus in multiple
hereditary exostoses. Am J Orthop (Belle Mead NJ) 2012, 41, E23-26.

11.

Darge, K.; Jaramillo, D.; Siegel, M.J. Whole-body mri in children: Current status and future
applications. Eur J Radiol 2008, 68, 289-298.

12.

Tzaribachev, N.; Well, C.; Schedel, J.; Horger, M. Whole-body mri: A helpful diagnostic
tool for juvenile dermatomyositis case report and review of the literature. Rheumatol Int
2009, 29, 1511-1514.

13.

Schmidt, G.P.; Haug, A.; Reiser, M.F.; Rist, C.whole-body mri and fdg-pet/ct imaging
diagnostics in oncology. Radiologe 2010, 50, 329-338.

124

The use of whole-body MR imaging in children with HMO

14.

Goo, H.W. Regional and whole-body imaging in pediatric oncology. Pediatr Radiol 2011,
41 Suppl 1, S186-194.

15.

Atkin, K.L.; Ditchfield, M.R. The role of whole-body mri in pediatric oncology. J Pediatr
Hematol Oncol 2014, 36, 342-352.

16.

Friedman, D.N.; Lis, E.; Sklar, C.A.; Oeffinger, K.C.; Reppucci, M.; Fleischut, M.H.; Francis,
J.H.; Marr, B.; Abramson, D.H.; Dunkel, I.J. Whole-body magnetic resonance imaging (wbmri) as surveillance for subsequent malignancies in survivors of hereditary retinoblastoma:
A pilot study. Pediatr Blood Cancer 2014, 61, 1440-1444.

17.

Schmidt, G.P.; Reiser, M.F.; Baur-Melnyk, A. Whole-body imaging of the musculoskeletal

18.

Lenk, S.; Fischer, S.; Kotter, I.; Claussen, C.D.; Schlemmer, H.P.possibilities of whole-body

system: The value of mr imaging. Skeletal Radiol 2007, 36, 1109-1119.

mri for investigating musculoskeletal diseases. Radiologe 2004, 44, 844-853.
19.

Murphey, M.D.; Choi, J.J.; Kransdorf, M.J.; Flemming, D.J.; Gannon, F.H. Imaging of
osteochondroma: Variants and complications with radiologic-pathologic correlation.
Radiographics 2000, 20, 1407-1434.

20.

Purandare, N.C.; Rangarajan, V.; Agarwal, M.; Sharma, A.R.; Shah, S.; Arora, A.; Parasar,
D.S. Integrated pet/ct in evaluating sarcomatous transformation in osteochondromas. Clin
Nucl Med 2009, 34, 350-354.

21.

Kok, H.K.; Fitzgerald, L.; Campbell, N.; Lyburn, I.D.; Munk, P.L.; Buckley, O.; Torreggiani,
W.C. Multimodality imaging features of hereditary multiple exostoses. Br J Radiol 2013, 86,
20130398.

22.

Sanchez-Rodriguez, V.; Medina-Romero, F.; Gomez Rodriguez-Bethencourt, M.A.;
Gonzalez Diaz, M.A.; Gonzalez Soto, M.J.; Alarco Hernandez, R. Value of the bone
scintigraphy in multiple osteochrondromatosis with sarcomatous degeneration. Rev Esp
Med Nucl Imagen Mol 2012, 31, 270-274.

23.

Douis, H.; Davies, A.M.; James, S.L.; Kindblom, L.G.; Grimer, R.J.; Johnson, K.J. Can mr
imaging challenge the commonly accepted theory of the pathogenesis of solitary
enchondroma of long bone? Skeletal Radiol 2012, 41, 1537-1542.

125

Wil
jij een boek schrijven
Kermit? Dat kan jij toch helemaal
niet, je bent toch geen schrijver?
Hooguit een kikker met
organisatietalent!

Boekje?
Ja hoor, daar weet ik alles van.
Ik schreef er al een paar. Onthoud
maar: je bent moediger dan je gelooft,
sterker dan je lijkt en slimmer
dan je denkt.
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A BSTRACT
In patients with Hereditary Multiple Osteochondromas (HMO) shortening and
deformity of the long bones is a well-known sequel. Especially deformity at the wrist
and ankle occur. The cause of the shortening or deformity is still unknown.
To reveal the development of the long bones and the influence of the
osteochondromas on the growth we used time-lapse technique. Radiographic
images, taken for clinical reasons, of six HMO affected patients with known
osteochondromas on the distal end of the lower arm were selected and adapted to
make them suitable for use with a time-lapse technique. The images were placed in
chronological order. The ulnar shortening, lunate position and radial inclination were
registered, as were the clinical problems. The hypothesis being that slow occurring
developmental deformities are easier comprehended and qualitatively studied when
the changes are accelerated.
Result; None of the patients had radial head dislocation at the elbow. The
majority of the wrists had decreased ulnar length and increased radial inclination.
The clinical problems were limited. The osteochondromatic growth did not seem
related to the wrist growth, but when the inclination of the radius was steep
osteochondromas were present in the distal radius and the ulna was shortened. Some
osteochondromas disappeared.
Conclusion; Time-lapse videos of wrists of patients with HMO showed no
relation between growth of wrists and osteochondromas but it did show
osteochondromas disappearing. A steep radial inclination seems related to ulnar
shortening and might be due to proximity of radial osteochondromas. Patients had
marked radiological changes, but relatively few clinical problems.
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I NTRODUCTION
Patients with Hereditary Multiple Osteochondromas (HMO) or Hereditary Multiple
Exostosis suffer from an autosomal dominant inherited disease that causes
osteochondroma formation. Osteochondromas are characterised by the outward
growth of cartilage-capped bone tumors on the long bones; the bone marrow cavity
is continuous with the normal bone cavity1,2. They are most often found on the
metaphysis. Osteochondromas develop in the first decade of life and cease to grow
until the patient reaches skeletal maturity. Patients with HMO can suffer from pain
and discomfort when osteochondromas put pressure on the overlying structures such
as tendons, nerves or even the spinal cord. Besides discomfort and pain in almost
half the population, HMO leads to growth disturbances including Madelung-like
deformity (40-60%), unequal limb length (10-50%), joint deformity (2-55%) and a
disproportionally short stature (37-45%)3-6. The deformities slowly develop over time
during skeletal growth.
About half of the patients develop wrist deformities resembling Madelungs
deformity. Madelungs deformity was first described by Otto W. Madelung in 1878
as an epiphyseal growth plate disturbance characterized by dorsal and radial bowing
of the radius7. In HMO patients a forearm pseudo-Madelungs deformity is described
with shortening of the ulna and secondary bowing of the radius8. The deformity has
cosmetic effects and decreases grip strength. Treatment remains controversial since
the outcome is moderate9.
The aim of this study is to increase understanding of development of the wrist
in HMO over time. To visualize the slow developing deformity the time-lapse technic
is used. The hypothesis being that slow occurring developmental deformities are
easier comprehended and qualitatively studied when the changes are viewed in
accelerated sequence.
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PATIENTS

AND METHOD

In general if growth is slow it is difficult to visualise. To facilitate the observer we
can accelerate the growth of the viewed subject by taking images of the subject at
regular times during growth and view them in an accelerate way just like we can,
for example, observe a tree growing over 30 years time in a one minute timeframe.
This technique is called time-lapse. Time-lapse is defined as “photographic technique
of taking a sequence of frames at set intervals to record changes that take place
slowly over time”. This time-lapse technique was used on radiographs taken of 11
wrists of 6 patients diagnosed with HMO with at least one osteochondroma on the
distal forearm. The anterior-posterior and lateral radiographs of the wrists were
collected over a minimum of 5 years. The patients’ ages varied between 7 and 15.
All of the selected wrist images were identically scaled and then framed in a
similar fashion. The grey scale was adjusted using adobe Photoshop. In the frames
the anterior-posterior images were placed in a chronological order by using Keynote.
To properly outline the images a fixed point was selected at the base of the
osteochondroma nearest to the radial epiphysis. The view time per image was 3
seconds. In all images the ulnar shortening, lunate position and radial inclination
were registered and shown in the last image. The clinical problems of the wrist were
registered from the patient charts.

R ESULTS
The videos of the wrists can be viewed using the QR-code. All of the forearms had
distal osteochondromas, 3 on the radius alone, 1 on the ulna alone and 7 on both
ulna and radius. Patient nr 10 underwent a resection of a wide osteochondroma. Of
all 11 wrists, 9 had a shortening of the ulna. The inclination of the radius was increased
in all patients (above 25 degrees) and over 30 degrees in 6 of the 11 wrists. The lunate
was slipped over 50% in 3 of the 11 cases and between 25-50% in the remaining 8.
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Clinical problems
None of the patients had a radial head dislocation at the elbow. Two patients had a
marked ulnar drift and a decreased radial movement from 10 degrees. In one of
these two patients the volar flexion was limited to 50 degrees. One patient had a
limited supination of 70 degrees. One patient used a wrist brace for pain relief during
repetitive activities.
Adapting the radiographs in this manner showed the growth of
osteochondromas in relation to the growth of the wrists. In the ulnar length no clear
relation could be found with the proximity of osteochondromas on the distal ulna.
The radial deformity seemed more severe when osteochondromas were present in
its proximity (5 out of 6) of the distal radius. It also seemed related to the shortening
of the ulna (6 out of 6).
Remarkably in the videos of patient nr 2 and patient nr 9, the osteochondromas
on the ulnar side of the radius disappear, without surgical intervention.

D ISCUSSION
In the selected wrists the majority had shortening of the ulna and increased radial
inclination. Only 3 out of the 11 wrists showed a carpal slip over 50%. The deformity
of the wrists in HMO develops slowly over time and can be visualised using the
time-lapse technic. The study shows that some patients had a gradually shorting of
the ulna, which was not directly depending on the growth of osteochondromas. The
radial deformity seems more depended on the proximity of radial osteochondromas.
The described development of a Madelung-like deformity at the wrists of about
half of the HMO affected patients could not completely be seen in the patients from
this study10-12. The described shortening of the ulna however was clearly visible in
the majority of the patients. In our patient group only one patient suffered from wrist
pain and three patients had decreased wrist function. One patient was operated
upon to resect a large radial osteochondroma oppressing the ulna. Even after
resection this patient had a decreased volar flexion. The involvement of the upperlimb bones by HMO should be associated with greater loss of function because of
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the paired bones as described by Abe et al.,13 but many authors underline that
deformities of the upper extremity in patients who have HMO are well tolerated and
lead to little loss of function as seen in our study14-17.
The relationship between the ulnar length and the sliding of the lunate could
not be found. However there seemed to be a relationship between the radial
inclination and the ulnar shortening.
A study by Burgess et al. described no correlation between the radial articular
angle and the ulnar position11. However, the study by Gottschalk et al. - who
separated the different types of forearm deformity - found a correlation between the
growth arrests in the ulna, caused by osteochondromas, that preceded the deformity
seen in the distal radius in one subgroup10. Possibly in some types of growth
disturbance the ulnar growth can influence the radial development or vice versa.
The most obvious deformity in the HMO wrists is the ulnar shortening. This
automatically leads to a disruption of the distal radio-ulnar joint (DRUJ). Many others
have described this problem12,18-20. Notwithstanding the joint deformity, the function
of the DRUJ stays intact. However, the marked shortening is considered important
in the planning of treatment for forearm deformities10-14,15,20-24. Some advocate early
aggressive management to prevent deformity and disability12,15,19-21,24-28 and others
are more conservative and have reported satisfactory function in skeletal mature
patients without surgical intervention3,14 The natural history of wrist deformity in
HMO remains unknown and the role and timing of surgical treatment therefore
controversial. Perhaps monitoring the changes over time can help unravelling the
natural history. Time-lapse technic itself is very suited for monitoring changes in time.
However, the presented study has limitations and disadvantages. The first limitation
is the difference in projection of the wrists. Not all of the radiographs are taken in
the exact same position. The position of the wrist and hand vary in several images
making it more difficult to compare the successive images. The second limitation is
the difference in time in-between the radiographs. Not all intermediate times were
similar making the interpretation of the changes difficult.
A clearly disappearing osteochondroma was found in two patients. Yanagawa
et al. described the disappearing of osteochondromas in 200130. They considered
recovery of normal skeletal growth control as most likely mechanism. They further
stated that in osteochondromas with fracture an alteration of vascular supply might
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contribute to growth arrest. In the two patients in this study no fracture of the
osteochondromas was seen.
A disadvantage of taking multiple radiographs is exposing children to ionizing
radiation. Besides the exposure to radiation the radiographs only show a twodimensional image. In future studies the use of standardized MR images of the wrist
used in a time-lapse manner could counter these disadvantages. These images could
show the epiphyseal cartilage and the deformity of the joints more clearly, making
a three-dimensional time-lapse possible. Hopefully this will lead to a better
understanding of the developmental deformities in the wrists of HMO patients.

C ONCLUSION
Time-lapse technique is suitable to monitor growth of wrists in HMO patients. It
showed no direct relationship between growth of wrists and osteochondromas but
it did show osteochondromas disappearing. A steep radial inclination seems related
to ulnar shortening and might be due to proximity of radial osteochondromas.
Patients had marked radiological changes, but relatively few clinical problems.
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G ENERAL

DISCUSSION

In this thesis the natural development and growth of osteochondromas is addressed
to increase the understanding of the disease Hereditary Multiple Osteochondroma
(HMO). The three main subjects of the thesis are origin and development, structure
and clinical visualisation of the osteochondromas.
Origin and development
Origin. Different hypotheses regarding the formation of osteochondromas have been
postulated. The cellular origins that have been suggested for osteochondromas are
the perichondrium1,2, the groove of Ranvier3-5 or the epiphysis6-10. In this thesis
several chapters support the hypothesis of the epiphysis as the origin of
osteochondromas. In chapters one and six is shown that, histologically, the cartilage
on top of osteochondromas has a similar structure as epiphyseal cartilage. It consists
of separated clusters of chondrocytes in columns, more or less similar to the lobbed
histological appearance of the epiphysis. This is supported by Huch et al., their study
shows that osteochondromas and normal growth plates share similar proliferation
capacity10. In chapter three no newly formed osteochondromas proximal to the
existing osteochondroma were observed during longitudinal growth of the distal
femur, and chapter six shows the presence of hypertrophic chondrocytes staining
positive for collagen type X, similar to hypertrophic chondrocytes in the epiphysis.
Therefore the epiphysis may be a likely place of origin. The osteochondroma as an
epiphyseal structure could also explain the growth capacity of osteochondromas in
harmony with the growth of the patient11,12. No ratification was found for the
perichondrium or the groove of Ranvier as place of origin. The perichondrium as a
source could not explain how the chondrocytes could gain their proliferative
capacity and could not explain the growth of the osteochondromas and the femur
both increased over time during growth, as shown in chapter three. In chapter
seven no loose cartilage islands were detected in the metaphysis making the
perichondrium and the groove of Ranvier an unlikely source. As described by
Hameetman et al., the histology of the cells and the fact that the bony stalk grows
outside and never in the epiphysis, make these sites unlikely as the
pathophysiological source13.
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Development. Recent advancements in understanding HMO suggest that aberrant
growth factor signalling play a major role in growth of osteochondromas1,3,5-9,14-18.
In HMO there is a genetic defect of the exostosin (EXT) genes, these genes play an
important role in the heparan sulfate (HS) biosynthesis. HSs influence many
important processes in skeletal growth and morphogenesis14. Studies have indicated
that HSs influence the distribution and availability of growth and signalling proteins
by influencing the diffusion gradients in the epiphyseal growth plate15. Disruption
of the diffusion gradient in HMO (due to aberrant HS presence) likely leads to
abnormal proliferation of growth and signalling proteins, including members of the
hedgehog (Hh), bone morphogenetic protein (BMP), fibroblast growth factor (FGF)
and Wnt families1,15,18. These families of signalling molecules play crucial regulatory
roles in epiphyseal skeletal development. This role seems supported by results of the
study presented in chapter four. The chapter describes the systemic influence of the
disease HMO on the overall growth rate of the affected individual by determining
the skeletal age in relation to the calendar age. The skeletal age in young children
with HMO is lower than their calendar age, while especially for adolescent boys it
is higher. This phenomenon may explain diminished stature in HMO and supports
the theory that the systemic influence of the genetic defect leading to
osteochondromas may influence the epiphyseal growth. These results are supported
by the results of a study performed by Clement et al. in 2012. The results of their
study show that the final diminished stature of HMO patients was relative to their
age; in the adolescent age group the stature of HMO children was taller than that of
their peers without the disorder, after the age of 15 they were shorter compared to
their peers19. Preclinical studies, like the mouse study performed by Koziel et al.,
that describes a genetic mouse model expressing a truncated form of EXT1,
displaying shortened skeletal elements and fused vertebrae, support the theory of
the general influence of the gene defect on growth18. The general influence on
growth is of direct clinical relevance in the planning of epiphysiodesis in leg length
discrepancy and hemi-epiphysiodesis in axial deformities, common features in HMO
patients. Until now there is no algorithm available to predict the growth in these
patients. Therefore individual longitudinal follow-up of bone growth is advised and
care should be taken especially in boys because of possibly earlier than expected
closure of their growth plates.
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Structure
Osteochondromas have a striking structure: the cartilage cap exhibits an intriguing
growth plate-like organization and the bony part of osteochondromas grows at an
average angle of 60 degrees to the normal growth direction of the bone20,21. Amongst
other, because of this off-axis position osteochondromas are expected to carry fewer
loads than normal bone. Chapter five of this thesis addresses the micro architecture
of the bone compartment of the osteochondromas. The chapter investigates the
hypothesis that osteochondromas present with a less developed microstructure than
normal developing trabecular bone. This was investigated by determining the bone
morphology of osteochondromas using micro-CT scanning. The results of this pilot
study show that osteochondromas have thicker and wider spaced trabeculae with a
relatively normal trabecular number and a normal bone volume fraction in the
osteochondromas compared to normal trabecular bone of children in the same age
range. Since this is the first time a study of the microarchitecture of human
osteochondromas was conducted using micro-CT, no comparable values were
available. However, a mouse study performed by Sgariglia et al. describes a
significantly larger number of osteoclasts and deranged trabecular bone formation
in EXT1 deficient mice22. If human osteochondromas have a larger number of
osteoclasts this might be the cause for the special architecture found in this study.
Possibly, these abnormally formed trabeculae can carry smaller load and therefore
osteochondromas can spontaneously fracture23-26.
Apart from the lesser load, the cause of this abnormal trabecular bone
formation may originate from the abnormal heparan sulphate-reduced biological
environment of the osteochondromas. The cartilage tissue on top of the
osteochondromas forms the trabeculae, probably by endochondral ossification.
Chapter six compares the histology of this epiphyseal-like chondrocyte cap, to the
histology of the articular cartilage cells in Dysplasia Epiphysealis Hemimelica (DEH).
In literature, DEH is described as an epiphyseal osteochondroma or as an
osteochondroma-like lesion based on histological evaluation. Both diseases are seen
as different entities only based on their different location and appearance, thereby
implying a common aetiology27-35. Chapter six shows that even if DEH and HMO
are histologically comparable on a cellular level, their biological activity seems
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different. For example the immunostaining for collagen type X, stained positive in
the hypertrophic chondrocytes of the osteochondromas and it was not able to detect
any staining in DEH chondrocytes.
Visualisation
Osteochondromas are easily detected on conventional radiographs. Nevertheless, the
radiographs only show the calcified bony stalk of osteochondromas. The top of
osteochondromas, and at younger age the complete osteochondroma, is cartilaginous
and therefore not visible using conventional radiography. Because osteochondromas
grow and influence their surrounding tissues, they can lead to compression of tendons,
nerves, muscles, ligaments and of the spinal cord36,37. Therefore there is a need to
increase the visibility of osteochondromas in two areas: the visibility of the soft tissues
and the monitoring of growth. This way complication might be prevented, for example,
by prior resection of the osteochondroma. Chapter seven describes a study in which
Whole body MR Imaging (Wb MRI) was used as an imaging technique in HMOaffected paediatric patients. Wb MRI showed accurate detectability of
osteochondromas. It potentially reduces the exposure to ionising radiation and may
lead to early detection of osteochondromas compared to conventional radiography.
Until now there are no Wb MRI protocols available for HMO. In our approach the
proton density SPIR setting showed the best visibility of osteochondromas. Therefore
this setting is advised for Wb MRI in children with HMO. To subsequently follow
growth, the Wb MRI without a standardised patient positioning protocol is not suitable.
In order to follow growth in time chapter eight describes the use of time-lapse
technique on wrists of paediatric patient with HMO. About half of the HMO-affected
patients develop a Madelung-like deformity at their wrists11,12,21,36-38. This deformity
develops slowly over time and the best way to visualise the slow development is the
time-lapse technique. The results of the study indicate that in some patients a gradual
shorting of the ulna does not directly depend on the growth of osteochondromas. The
radial deformity seems more dependent on the proximity of radial osteochondromas.
The time-lapse technique is suited for monitoring changes in time. However, since the
radiographs only show the bony part, a three-dimensional time-lapse method following
standardized MR images would provide a better image and possibly lead to better
understanding of the developmental deformities in HMO patients.
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Of course the drive of a paediatric orthopaedic surgeon consulting children with
HMO is to find a treatment. Hopefully early detection of osteochondromas and
associated deformities can lead to an early intervention in order to prevent
deformities that later need to be corrected surgically.

F UTURE

DIRECTION AND CONCLUDING REMARKS

This thesis describes different aspects of the natural development and growth of
osteochondromas, with three main subjects: origin and development, structure, and
visualisation of the osteochondromas. The structure, origin and development are
possibly due to the genetics of the disease. The exostosin (EXT) genes play a role in
the heparin sulphate (HS) biosynthesis. The absence of HS seems to disturb the major
regulatory systems of epiphyseal growth and subsequently assists in the development
of the osteochondromas. Studies show that HMO patients suffer from a variety of
less obvious problems that can include wound healing delay, general laxity, learning
disabilities and dental problems39,40. These findings can relate to the HS’s general
influence. Besides these non-skeletal features in patients suffering from HMO,
patients suffering from other genetic diseases can have multiple osteochondromas
as investigated by Morales-Piga et al.41. They studied a group of patients with
fibrodysplasia ossificans progressiva (FOP) phenotype and found metaphyseal
osteochondromas as a very frequent trait of FOP. Mutations in the ACVR1 gene are
associated with FOP. The ACVR1 gene encodes a type I receptor for bone
morphogenetic proteins (BMPs), underlining the crosslinking between the different
regulatory systems. Unveiling the links between these pathways could help to
illuminate the mechanisms that govern bone morphogenesis.
Future studies could be conducted to elaborate on these pathways and could
direct towards the understanding of the metabolism of cartilage in HMO. For instance,
the biological activity of the cartilage of the epiphysis can be compared to the cartilage
on top of an osteochondroma and articular cartilage using the Delayed ContrastEnhanced MRI (dGEMRIC), to study cartilage glycosaminoglycan (GAG) content in vivo.
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Another way to study cell function has been described by Frost et al.42:
Administration of tetracyclines can be used to visualize bone metabolism.
Administering tetracycline as a bone fluorophor, in different doses and at different
timeframes, allows for a comparison of the ingrowth of the tetracycline in the
developmental areas of bony tissue. Therefore it is expected to provide insight into
the development of the bony part of the osteochondroma from the cartilage top in
comparison to the formation of skeletal-bone from the epiphyseal cartilage.
In addition, great progress has been made over the years in genome
sequencing. A recent study by Sgariglia et al. in 213 HMO patients and 1890 controls
showed a significant underrepresentation of T allele in the HMO43. It is suggested
that modifier genes play a role in determining the severity of the disease because of
wide clinical heterogeneity. The data by Sgariglia indicate that there is a possible
genetic connection between TCF7L2 and EXT. These loci could possibly modulate
shared pathways and can be further studied in the future.
The first study into the bone structure of human osteochondromas is described
in this thesis44. In this study the microarchitecture of the osteochondromas is
demonstrated; showing less, but thicker and wider spaced trabeculae with a
relatively normal bone volume. Future studies are directed toward the use of the
HR-pQCT (XtremeCT) for imaging the osteochondromas in vivo and to visualize the
adjacent long bone. This is expected to give insight into the structure and quantifies
the differences between the host bone and the osteochondroma. If the study is
conducted longitudinally in growing children, a quantified measure of growth could
potentially be identified.
The recent possibility to study MR images in a three-dimensional manner
creates the opportunity to study the cartilage and bone of osteochondromas in a
time-lapse manner. It also opens doors to volume measurements. Volume
measurement, of for example cartilage cap in consecutive MR images, could
demonstrate the growth of the cartilage compartment of the osteochondroma.
An important issue to be addressed in the future is whether and how
osteochondroma formation can be prevented or even reversed therapeutically. At
present symptomatic osteochondromas are removed surgically. Surgery can be
dangerous and can have serious complications. Therefore biological or minimal
invasive surgical solutions are needed. A better understanding of the origin, the
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biology and the influence on the surrounding tissues might aid in finding an early
treatment for osteochondromas and HMO. Thoughts about minimal or non-invasive
treatment by cryosurgery or laser treatment come to mind. Further along maybe
genetic or biological manipulation by specific biological or gene therapy would be
possible.
This thesis describes the natural development of osteochondromas in HMO.
Since HMO is a genetic disorder the systemic influence of the disease is responsible
for many of its features. In the future the missing link between the affected gene loci
and the underlying pathways could be uncovered by a better understanding of
heparan sulphate influence on the signaling proteins. The use of genome sequencing,
the administration of tetracyclines and Delayed Contrast-Enhanced MRI technique
may further help to unravel this knowledge hiatus.
The thesis further shows the general influence on the maturation of the growth
plate leading to the shorter stature and possibly leading to the growth deformities
associated with HMO. Individual radiological monitoring of patients’ bone age and
the development of growth deformities is therefore advised. In the future Whole body
MRI screening could replace radiological monitoring. Three dimensional imaging
techniques may aid in the search for early interventions, making minimal or non
invasive treatment by cryosurgery or laser treatment possible.
Gain in these fields is expected to increase understanding of osteochondroma
growth patterns and may help in the search for early diagnosis and early treatment.
Heleen M. Staal

145

Chapter 9

R EFERENCES
1.

Jones, KB, Morcuende JA, Of hedgehogs and hereditary bone tumors: reexamination of the
pathogenesis of osteochondromas. Iowa Orthop J, 2003. 23: 87-95.

2.

Muller, Uber hereditare multiple cartilaginare exostosen und ecchondrosen. Beitr Pathol
Anat 1914, 57: 232.

3.

Hecht JT, Hayes E, Haynes R, Cole WG, Long RJ, Farach-Carson MC, Carson DD,
Differentiation-induced loss of heparan sulfate in human exostosis derived chondrocytes.
Differentiation. 2005 Jun;73(5):212-21.

4.

Porter DE, Simpson AH, The neoplastic pathogenesis of solitary and multiple
osteochondromas.J Pathol. 1999 Jun;188 (2):119-25.

5.

Mansoor A, Beals RK, Multiple exostosis: a short study of abnormalities near the growth
plate. J Pediatr Orthop B, 2007. 16(5): p. 363-5.

6.

Jones KB, Piombo V, Searby C, Kurriger G, Yang B, Grabellus F, Roughley PJ, Morcuende JA,
Buckwalter JA, Capecchi MR, Vortkamp A, Sheffield VC, A mouse model of
osteochondromagenesis from clonal inactivation of Ext1 in chondrocytes, Proc Natl Acad
Sci U S A. 2010 Feb 2;107(5):2054-9.

7.

Matsumoto K, Irie F, Mackem S, Yamaguchi Y, Ruoslahti E, A mouse model of chondrocytespecific somatic mutation reveals a role for Ext1 loss of heterozygosity in multiple
hereditary exostoses. Proc Natl Acad Sci U S A. 2010 Jun 15;107(24):10932-7

8.

Zak BM, Schuksz M, Koyama E, Mundy C, Wells DE, Yamaguchi Y, Pacifici M, Esko JD.
Compound heterozygous loss of Ext1 and Ext2 is sufficient for formation of multiple
exostoses in mouse ribs and long bones. Bone. 2011 May 1;48 (5):979-87.

9.

Sgariglia F, Candela ME, Huegel J, Jacenko O, Koyama E, Yamaguchi Y, Pacifici M,
Enomoto-Iwamoto M. Epiphyseal abnormalities, trabecular bone loss and articular
chondrocyte hypertrophy develop in the long bones of postnatal Ext1-deficient mice. Bone.
2013 Nov;57(1):220-31.

10.

Huch K, Mordstein V, Stöve J, Nerlich AG, Amholdt H. Delling, G; Puhl, W; Günther, KP;
Brenner, RE. Expression of collagen type I, II, X and Ki-67 in osteochondroma compared to
human growth plate cartilage. Eur J Histochem 2002 46: 249-258.

11.

Schmale GA,.Conrad EU, Raskind WH, The natural history of hereditary multiple exostoses.
J Bone Joint Surg Am, 1994. 76(7): p. 986-92.

146

General discussion, future direction and concluding remarks

12.

Kitsoulis P, Vassiliki G, Kalliopi S, Georgios P, Georgios K, Niki JA, Maria B.
Osteochondromas: review of the clinical, radiological and pathological features. In Vivo,
2008. 22(5): p. 633-46.

13.

Hameetman L, Szuhai K, Yavas A, Knijnenburg J, van Duin M. The role of EXT1 in
nonhereditary osteochondroma: identification of homozygous deletions. J Natl Cancer Inst
2007, 99: 396-406.

14.

Huegel J, Sgariglia F, Enomoto-Iwamoto M, Koyama E, Dormans JP,Pacifici M, Heparan
Sulfate in Skeletal Development, Growth, and Pathology: The Case of Hereditary Multiple
Exostoses Dev Dyn. 2013 Sep;242(9):1021-32.

15.

de Andrea CE, Prins FA, Wiweger MI, Hogendoorn PC, Pancras CW. Growth plate
regulation and osteochondroma formation: insights from tracing proteoglycans in zebrafish
models and human cartilage. J Pathol 2011, 224: 160-168.

16.

Kronenberg HM. Developmental regulation of the growth plate. Nature. 2003, May 15;

17.

Häcker U, Nybakken K, Perrimon N. Heparan sulphate proteoglycans: the sweet side of

423(6937):332-6.

development Nat Rev Mol Cell Biol. 2005 Jul;6(7):530-41.
18.

Koziel L, Kunath M, Kelly OG, Vortkamp A. Ext1-dependent heparan sulfate regulates the
range of Ihh signaling during endochondral ossification. Dev Cell. 2004 Jun;6(6):801-13.

19.

Clement ND, Duckworth AD, Baker AD, Porter DE. Skeletal growth patterns in hereditary
multiple exostoses: a natural history. J Pediatr Orthop B. 2012 Mar;21(2):150-4.

20.

Milgram JW, The origins of osteochondromas and enchondromas. A histopathologic study.
Clin Orthop Relat Res 1983: 264-284.

21.

Vanhoenacker FM, Van Hul W, Wuyts W, Willems PJ, De Schepper AM Hereditary multiple
exostoses: from genetics to clinical syndrome and complications. Eur J Radiol 2001, 40:
208-217.

22.

Sgariglia F, Candela ME, Huegel J, Jacenko O, Koyama E, Yamaguchi Y, Pacifici, M,
Enomoto-Iwamoto M, Epiphyseal abnormalities, trabecular bone loss and articular
chondrocyte hypertrophy develop in the long bones of postnatal Ext1-deficient mice. Bone
2013, 57: 220-231.

23.

Henry NE, Carow SD, Kocher BL. Osteochondroma fracture at the distal medial femur. J
Orthop Sports Phys Ther 2014, 44: 457.

147

Chapter 9

24.

Kanauchi T, Suganuma J, Kawasaki T, Mochizuki R, Inoue Y. Fracture of an osteochondroma
of the femoral neck caused by impingement against the ischium. Orthopedics 2012, 35:
e1438-1441.

25.

Kose O, Ertas A, Celiktas M, Kisin B. Fracture of an osteochondroma treated successfully
with total excision: two case reports. Cases 2009, J 2: 8062.

26. Theodorou SD, Karamitsos S, Tsouparopoulos D, Hatzipavlou AG. Rare complications of
exostosis. Fractures and injury to the common peroneal nerve. Acta Orthop Belg 1978, 44:
496-505.
27.

Ouyang Z, Xu M, Li X, Peng D. Dysplasia epiphysealis hemimelica with involvement of the
distal tibial epiphysis and talus: recurrence of a case and literature review. The Journal of
foot and ankle surgery : official publication of the American College of Foot and Ankle
Surgeons. 2014 Mar-Apr;53(2):199-202.

28.

Wiart E, Budzik JF, Fron D, Herbaux B, Boutry N. Bilateral dysplasia epiphysealis
hemimelica of the talus associated with a lower leg intramuscular cartilaginous mass.
Pediatric radiology. 2012 Apr;42(4):503-7.

29.

Takeuchi H, Ito K, Ogino T, Hasegawa T, Kitamura M, Ishii S. A case of osteocartilaginous
mass involving the coronoid process of the ulna: solitary osteochondroma or dysplasia
epiphysealis hemimelica? Journal of shoulder and elbow surgery / American Shoulder and
Elbow Surgeons. 2003 Sep-Oct;12(5):510-3.

30.

Vogel T, Skuban T, Kirchhoff C, Baur-Melnyk A, Siegert S, Heimkes B. Dysplasia
epiphysealis hemimelica of the distal ulna: a case report and review of the literature.
European journal of medical research. 2009 Jun 18;14(6):272-6.

31.

Vanhoenacker F, Morlion J, De Schepper AM, Callewaert E. Dysplasia epiphysealis
hemimelica of the scaphoid bone. European radiology. 1999;9(5):915-7.

32.

Shinozaki T, Ohfuchi T, Watanabe H, Aoki J, Fukuda T, Takagishi K. Dysplasia epiphysealis
hemimelica of the proximal tibia showing epiphyseal osteochondroma in an adult. Clinical
imaging. 1999 May-Jun;23(3):168-71.

33.

Takagi M, Kiyoshige Y, Ishikawa A, Ogino T. Multiple occurrence of osteochondromas in
dysplasia epiphysealis hemimelica. Archives of orthopaedic and trauma surgery.
2000;120(5-6):358-60.

34.

Azzoni R. Dysplasia epiphysealis hemimelica of the talus. Journal of orthopaedics and
traumatology : official journal of the Italian Society of Orthopaedics and Traumatology.
2009 Mar;10(1):43-6.

148

General discussion, future direction and concluding remarks

35.

Bosch C, Assi C, Louahem D, Alkar F, Mazeau P, Delfour C, Canavese, F, Prodhomme, O,
Cottalorda, J. Diagnosis and surgical treatment of dysplasia epiphysealis hemimelica. A
report of nine cases. Orthopaedics & traumatology, surgery & research : OTSR. 2014
Dec;100(8):941-6.

36.
37.

Bovee, JV, Multiple osteochondromas. Orphanet J Rare Dis, 2008. 3: p. 3.
Goud AL, de Lange J, Scholtes VA, Bulstra SK, Ham SJ. Pain, physical and social
functioning, and quality of life in individuals with multiple hereditary exostoses in The
Netherlands: a national cohort study. J Bone Joint Surg Am. 2012 Jun 6;94(11):1013-20.

38.

Madelung O: Die spontane subluxation de hand nach vorne. Verhandlungen der deutschen

39.

Hosalkar H, Greenberg J, Gaugler RL, Garg S, Dormans JP. Abnormal scarring with keloid

Gesellschaft fur Chirurgie 1878;7:259-276

formation after osteochondroma excision in children with multiple hereditary exostoses. J
Pediatr Orthop. 2007 Apr-May;27(3):333-7.
40.

Wiweger MI, Zhao Z, van Merkesteyn RJ, Roehl HH, Hogendoorn PC. HSPG-deficient
zebrafish

uncovers

dental

aspect

of

multiple

osteochondromas.

PLoS

One.

2012;7(1):e29734.
41.

Morales-Piga A, Bachiller-Corral J, González-Herranz P, Medrano-SanIldelfonso M,
Olmedo-Garzón J, Sánchez-Duffhues G. Osteochondromas in fibrodysplasia ossificans
progressiva: a widespread trait with a streaking but overlooked appearance when arising at
femoral bone end. Rheumatol Int. 2015 Oct;35(10):1759-67.

42.

Frost HM.Tetracycline-based histological analysis of bone remodeling. Calcif Tissue Res.
1969;3(3):211-37

43

Sgariglia F, Pedrini E, Bradfield JP, Bhatti TR, D’Adamo P, Dormans JP, Gunawardena AT,
Hakonarson H, Hecht JT, Sangiorgi L, Pacifici M, Enomoto-Iwamoto M, Grant SF. The type
2 diabetes associated rs7903146 T allele within TCF7L2 is significantly under-represented
in Hereditary Multiple Exostoses: insights into pathogenesis. Bone. 2015 Mar;72:123-7.

44.

Staal HM, Nijhuis W, Witlox MA, Boom KRJ, Paffen G, Ham SJ, Welting TJM, van
Rietbergen B, van Rhijn LW The microarchitecture of bone in osteochondromas, a pilot
study with micro computed tomography imaging. Journal of Bone Reports and
Recommendations, 2015. Vol. 1 No. 2:10

149

Begrijp jij er nog iets
van...iedereen wil maar zo’n
boek maken.

150

Terrible!!..nou
ja...niet zo terrible
maar...wie leest er
nog een boek?

CHAPTER TEN
Summary
Valorisation
Nederlandse samenvatting

151

Chapter 10

152

Summary

S UMMARY
In this thesis the natural development and growth of osteochondromas is addressed
to increase the understanding of the disease Hereditary Multiple Osteochondroma
(HMO). The subjects described are origin and development, structure and clinical
visualisation of osteochondromas.
Origin and Development: In the past different hypotheses regarding the
formation of osteochondromas have been postulated. Studies presented in this thesis
support the hypothesis of the epiphysis as the origin of osteochondromas, because of
two reasons; firstly because of the histological comparison between osteochondroma
cartilage and epiphyseal cartilage and secondly because growth patterns of
osteochondromas equal growth patterns of the epiphysis in individual patients.
Development of osteochondromas seems to be directed by growth hormones. Since
HMO is a genetic disorder, the systemic influence of the genetic abnormality may be
responsible for many HMO-related clinical features, for example the general
influence of HMO-associated gene mutations on the maturation of the growth plates.
Genetic mutations in the exostosin genes lead to abnormal chondrocyte
differentiation and proliferation, due to aberrant expression and function of growth
factors and other signaling molecules. Families of these signaling molecules play
crucial regulatory roles in epiphyseal skeletal development. This may result in
decreased stature and growth deformities that are typically associated with HMO.
Data presented in this thesis show that the skeletal age in young children with HMO
is lower than their calendar age, while for adolescent boys it is higher. This general
influence on growth is of direct clinical relevance in the planning of epiphysiodesis
in leg length discrepancy and hemi-epiphysiodesis in axial deformities, which are
common features in HMO patients. Until now there is no algorithm available to
predict the growth in these patients, therefore individual monitoring of patients’ bone
age and the development of growth deformities is advised.
Structure: The microstructure of osteochondromas is addressed in a pilot study.
It shows that osteochondromas have thicker and wider spaced trabeculae. This is
combined with a relatively normal trabecular number and a normal bone volume
fraction, compared to normal trabecular bone of children in the same age range.
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These observations may provide an explanation why osteochondromas have an
osteoporotic-like appearance and why they can spontaneously fracture. In future a
better understanding of the microstructure might potentially lead to early
interventions to influence the growth of the osteochondromas.
Clinical visualisation: Conventional radiographs clearly show the bony part of
osteochondromas but fail to visualize the cartilaginous cap. Because osteochondromas
grow, they can compress surrounding tissues. As the cartilaginous cap is a substantial
part of the osteochondroma, especially in children, there is a need to increase the
visibility of the cartilaginous part of osteochondromas as well. A study using Whole
body MR (Wb MRI) with proton density SPIR setting showed accurate detectability of
osteochondromas based on the clear visualisation of the cartilaginous cap. The use of
MR imaging reduces the exposure to ionising radiation and it may lead to early
detection of osteochondromas compared to conventional radiography. Another way
to improve the visibility of the growth of osteochondromas over time could be the use
of time-lapse technique. This technique enhances the visibility of slow changes over
time. It is suitable to monitor growth of wrists in HMO patients, but showed no direct
relationship between growth of wrists and osteochondromas. It did show however
osteochondromas disappearing, demonstrating that not all osteochondromas remain.
Future studies are directed towards the use of the HR-pQCT (XtremeCT) for
imaging the osteochondromas in vivo. Furthermore the missing link between the
affected gene loci and the underlying pathways could be uncovered through a better
understanding of the role of heparan sulphate chains in sequestering of signaling
proteins.
Progress in these fields is expected to increase understanding of osteochondroma
growth patterns and may help in the search for early diagnosis and early treatment.
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VALORISATION
In this thesis the natural development and growth of osteochondromas is addressed
to increase the understanding of the disease Hereditary Multiple Osteochondroma
(HMO). The three subjects described are origin and development, structure and
clinical visualisation. Osteochondromas are defined as cartilage-capped bony
outgrowths on the surface of long bones containing a marrow cavity that is
continuous with that of its underlying host bone1,2. They are usually localized near
the metaphysis of bones that develop by endochondral ossification3,4. In theory every
bone element that is formed by endochondral bone formation is thought to be
susceptible for osteochondroma formation.
In this thesis the first study into the bone structure of human osteochondromas
is described (chapter five). By using Micro-Ct imaging in vitro, the structure of the
bone morphology was visualized. It showed a difference between bone morphology
of children and the morphology of the osteochondromas. The bone structure of
osteochondromas showed thicker and wider spaced trabeculae. This wider spacing
could possibly explain the osteoporotic-like in vivo structure and might also explain
the tendency of osteochondromas to easily fracture. These observations might lead
the way in future studies, directed toward the use of the HR-pQCT (XtremeCT) for
imaging the bone structure of osteochondromas in vivo. With the HR-pQCT we
might be able to visualize the difference in bone formation of the host bone and the
adjacent osteochondroma. Which might give a hint on why some osteochondromas
subsist and others disappear, possibly giving a clue on how to intervene in an early
stage.
For a better understanding of the natural growth of HMO patients, two
radiological studies were conducted. Both studies (chapters three and four) showed
that growth of osteochondromas is linked to general skeletal growth of individuals.
Chapter four further shows a discrepancy, especially in adolescent boys, between
the skeletal and the calendar age. This observation is of relevance to patients with
HMO because leg length discrepancy and axial deviation are common in HMO5,6.
These deformities can be treated operatively to guide the patient’s growth7. In this
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kind of surgical intervention it is of utmost importance to know the remainder of
growth, to calculate the best possible moment to intervene in order to correct the
deformity at best. The presented findings show that the prediction models for normal
growth in children do not apply to children with HMO. This implies that for timing
of surgery in children with HMO, it is essential to use individual growth curves of
each individual patient to predict their growth and not the broadly used general
growth predictors of normal children. Regular bone age tests, height and bone-length
measurements are therefore advised in children with HMO.
To follow the skeletal growth and bone deformity formation in HMO patients
in current practice, subsequent radiographs are used. The results presented in chapter
seven show an alternative with the use of Whole body MRI. Using the Whole body
MRI to subsequently follow growth in HMO patients has clear advantages: less
radiation is needed, soft tissues can be visualized and costs can be reduced.
Subsequent radiographs of all involved bones in severe HMO outweigh the costs of
Whole body MRI. The proton density SPIR setting showed the best visibility of
osteochondromas in Whole body MRI, the cartilage cap clearly visible and was even
more intensely visible than articular cartilage. Therefore this setting is advised for
Whole body MR imaging in children with HMO. In future, with the right setting and
scanning protocol and shorter scanning time, Whole body MRI screening can
replace conventional radiological monitoring in the future.
Deformities in HMO develop slowly over time. Therefore the presently used
conventional radiographs can be used in a clinically more informative manner by
projecting the radiographs in a time lapse (chapter eight). In this way the changes
over time in the development of osteochondromas and their surrounding anatomical
structures become more evident and may be clinically more easily interpretable.
Knowledge about these growth changes may aid in the search for early interventions
in osteochondroma formation and in the possible interventions in order to prevent
deformities of the host bone or surrounding tissues.
Increased understanding of osteochondroma growth patterns and host bone
development may help in the search of early diagnosis and early treatment of
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osteochondromas. This might make minimal or non-invasive treatment possible in
the future. Treatment opportunities like for instance cryosurgery or laser treatment
in an early stage of the development of the cartage cap could be thought of.
Furthermore the work in this thesis may contribute to the development of universal
follow-up protocols on how to follow growth in HMO patients, aiding clinicians
and patients in foreseeing deformity formation and planning the timing of surgical
treatment.
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S AMENVATTING
Dit proefschrift is geschreven om het ziekteproces van de ziekte Hereditaire Multiple
Osteochondromen (HMO) beter te begrijpen. Osteochondromen zijn benige
botuitsteeksels, bekleedt met een kraakbeenkap. Er is gekeken naar opvallende
aspecten van de natuurlijke groei en ontwikkeling van osteochondromen. Het meest
in het oog springend is het “tegen de richting in” groeien, anders dan alle andere
botten in het lichaam die de assen van de belasting volgen. De osteochondromen
maken een hoek van gemiddeld 60 graden op deze belastingsas. Onbelast bot wordt
in het algemeen geresorbeerd en zal dus langzaam verdwijnen. Wat bij
osteochondromen opvalt is dat ze dus buiten de belastingsas groeien, maar niet
allemaal verdwijnen. Ondanks de kennis die we hebben over de genetische
afwijking bij HMO, is het nog steeds onduidelijk waaruit de osteochondromen
ontstaan. Om deze aspecten te belichten geeft het tweede hoofdstuk een overzicht
van de literatuur. Bij HMO zijn de exostosin (EXT) genen gemuteerd. De producten
van deze genen hebben een rol in de synthese van heparan sulfaat (HS). De
afwezigheid van HS lijkt de belangrijkste regulerende systemen van de groeischijf
te verstoren, waardoor de ontwikkeling van osteochondromen mogelijk is.
De top van een osteochondroom bestaat uit een kraakbenige kap. Deze kap
wordt gevormd door kraakbeencellen die overeenkomsten vertonen met de
kraakbenige cellen van een groeischijf, daarom is gekeken naar de groei van
osteochondromen in relatie tot de normale bot-groei. De groei van
osteochondromen van het bovenbeen houdt gelijke tred met de normale groei van
het bovenbeen (hoofdstuk 3). Het toont bovendien dat er geen nieuwe
osteochondromen gevormd worden proximaal van de bestaande osteochondromen.
Het lijkt aannemelijk dat osteochondromen worden gevormd op of nabij de
groeischijf.
We beschrijven de systemische invloed van de ziekte HMO op de
groeisnelheid door bepaling van de skeletleeftijd ten opzichte van de kalenderleeftijd
(hoofdstuk 4). De skeletleeftijd bij jongere kinderen met HMO is lager dan hun
kalenderleeftijd, terwijl het voor adolescenten omgekeerd is; zij zijn dus sneller
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uitgegroeid. Dit verschijnsel kan de geringere lengte van volwassenen met HMO
verklaren. Het ondersteunt de theorie dat de systemische invloed van het genetisch
defect dat tot osteochondromen leidt, ook de groeischijf beïnvloedt.
In het proefschrift wordt verder de architectuur bestudeerd van de
osteochondromen, zowel het benige als het kraakbenige deel. De benige opbouw
wijkt af van normaal bot, de botbruggen zijn breder en staan wijder van elkaar,
terwijl het totale botvolume ongeveer gelijk is aan normaal bot (hoofdstuk 5). De
kraakbeencellen lijken op de normale kraakbeencellen in een groeischijf, maar de
organisatie van de cellen is anders; in de groeischijf liggen de cellen in rijen, terwijl
in de osteochondromen de cellen geclusterd zijn in lobben (hoofdstuk 6).
Daarnaast worden twee technieken beschreven om de osteochondromen bij
kinderen in beeld te brengen. Er is gebruik gemaakt van een totale-lichaams-MRI
(hoofdstuk 7). Met behulp van deze scantechniek, waarbij het gehele lichaam wordt
afgebeeld, kunnen alle osteochondromen worden gedetecteerd (kraakbeen en bot).
Het voordeel van het gebruik van de MRI-scan is dat de stralenbelastende
röntgenfoto’s bij kinderen niet meer nodig zijn. Het nadeel is dat kleinere kinderen
eventueel onder narcose moeten worden gebracht om de scan te vervaardigen. Het
groeiproces van osteochondromen bij de pols wordt gevisualiseerd met de timelapse techniek, waardoor het langzame groeiproces en de groeistoornissen versneld
zichtbaar worden. Zo ontstaat er een beter beeld van de ontwikkeling van
osteochondromen en van groeistoornissen van het onderliggende bot (hoofdstuk 8).
Het proefschrift sluit af met een aantal ideeën voor toekomstige studies. Met
de HR-pQCT (XtremeCT) kan onderzoek worden gedaan naar de structuur en groei
van het benige deel in vivo. Onderzoek naar het metabolisme van kraakbeen in de
kap met MRI techniek of histologisch onderzoek kan mogelijk meer inzicht geven
in het cellulaire aspect van HMO. Het werk beschreven in dit proefschrift geeft een
beter begrip van de groei van osteochondromen en van het onderliggende bot. In
de toekomst kan het helpen in de zoektocht naar een vroegtijdige behandeling van
HMO.
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