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Summary

SUMMARY

Diastrophic dysplasia (DD) is an autosomally recessive type of skeletal dysplasia.
Although rare worldwide, it constitutes the most common form of skeletal dysplasia
in Finland. Typical clinical and radiological findings are short-limbed short stature,
multiple joint contractures, early degeneration of the joints, spinal and foot deformi-
ties and dysmorphic ear lobes. Scoliosis, cervical kyphosis and exaggerated lumbar
lordosis are often associated with DD.

The clinical and radiological severity of the spinal deformities varies greatly and
information on the natural history is sparse. The pathogenic mechanism of these
deformities is not fully known.

In the present study, 88 (55 female, 33 male) patients with DD underwent physical
examination. Plain radiographs of the cervical spine were available for analysis for
120 (71 female, 49 male) patients and of the thoracic and the lumbar spine for 130
(77 female, 53 male) patients. Magnetic resonance (MR) images of the skull base
and the cervical spine were available for 90 (57 female, 33 male) patients and of the
thoracic and the lumbar spine for 88 (55 female, 33 male) patients. In age the pa-
tients ranged from new-borns to 78-year-olds at the time of the first radiograph or
MR image. The average follow-up for all living patients with cervical kyphosis in the
first radiograph (n=26) was 10.0 (range 3 — 32) years. Consecutive radiographs (two
or more) of the whole spine were available for 105 patients (81%) with an average
follow-up of 17.0 (range 2 — 41) years.

The degree of kyphosis, lordosis and/or scoliosis was measured from plain radio-
graphs using Cobb’s method. Magnetic resonance imaging (MRI) was used in analysis
of the spinal cord, intervertebral discs, muscles and vertebrae. Transverse areas of
the spinal cord were measured from C1 to Th2 and of the dural tube from C1 to Th2
and from L2 to S1.

Physical examination showed that the range of movement in the spine was reduced.
The prevalence of cervical kyphosis was 24% (29/120). Among the patients whose
first radiographs were taken before the age of 18 months, 96% (24/25) had kypho-
sis. It was first noted at an average age of 0.8 (range new-borns — 6.5) years in 29



Summary

patients. At that time the average curve of the deformity was 35 (range 6 — 130)
degrees. Cervical vertebral body hypoplasia was associated with kyphosis. In 24
patients, the kyphosis resolved spontaneously at an average age of 7.1 years. Spon-
taneous resolution occurred if the kyphosis was less than 60 degrees (n = 24) in the
first radiograph. Two patients had cervical kyphosis in the last follow-up (10 and 165
degrees). Three patients with severe kyphosis died: two of them before the age of 1
year and one at the age of 8 years.

The prevalence of scoliosis was 77% (100/130). The prevalence was even higher,
88% (84/96), in patients aged 16 or over. The frequency of scoliosis among females
was 81% (62 /77) and among males 72% (38/53). There was no statistical differ-
ence in prevalence between genders. Scoliosis was 46 (range 11 — 188 ) degrees in
the last radiograph. Scoliosis could be further divided into three subtypes: 1) early
progressive (11 patients), 2) idiopathic (52 patients) and 3) mild, non-progressive
(36 patients). One patient had a congenital scoliosis.

In MR images, the spinal canal was moderately narrowed, particularly in adults. The
transverse areas of the medulla and of the dural tube were smaller than in the nor-
mal population (p<0.0001). One patient had severe thoracic and lumbar spinal ste-
nosis. Five patients showed compression of neural structures in the lumbar spinal
canal, but had no clinical symptoms. Compression of the medulla was associated
with severe kyphosis (cervical or thoracolumbar) in three patients, but not with sco-
liosis in any of them (n=88). All patients exhibited narrowed disc heights and de-
creased signal intensity of the intervertebral discs. The prevalence of protrusions
was low. Three patients had a prolapse in the lumbar spine. Two patients had verte-
bral anomalies (one wedge-shaped and one butterfly vertebra). All patients also
manifested muscular atrophy and degenerative-like facet joint hypertrophy. The se-
verity of these changes increased with age.



Introduction

INTRODUCTION

Osteochondrodysplasias are rare, inherited disorders of the growing skeleton
64.81,113,121,188,159179 - Qyer 150 different osteochondrodysplasias have been described
8113 Typical findings are dwarfism, often with disproportion between the lengths of
the trunk and the limbs and skeletal deformities 817°.

Diastrophic dysplasia (DD), previously often called diastrophic dwarfism, was first
described as an entity by two French doctors, Lamy and Maroteaux, in 1960 4,
Typical clinical and radiological findings include short-limbed short stature, multiple
joint contractures and early degeneration of the joints, knee joint instability and spi-
nal deformities such as scoliosis, cervical kyphosis and exaggerated lumbar lordo-
sis 104114152215 |ntelligence is normal 586876162 Thys the main problems in everyday
life are related to the orthopaedic complications of the disease.

DD is caused by mutations in a sulphate transporter gene (DTDST)®%. The muta-
tions are thought to result in impaired sulphate uptake of the cells and reduced
proteoglycan sulphation, further causing abnormal growth of cartilaginous structures

82,172,175

The present study focused on the spine. In physical examination the spine of DD
patients is often rigid, and deformities such as scoliosis and cervical kyphosis are
common. The most extensive studies have reported scoliosis in 37 — 88% of pa-
tients 152205215 gnd cervical kyphosis in one-third %2, The clinical and radiological
severity of these deformities varies greatly. Their pathogenic mechanism, however,
is not known, and few data regarding the natural history of the deformities is avail-
able 14152 |n addition, associated morphological changes in neural and soft tissue
structures have not previously been studied in detail. Risk factors for progressive
deformities are not known, nor have the timing and indications of treatment been
established. The aim of this study, then, was to take a closer look at these issues.
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REVIEW OF THE LITERATURE

Osteochondrodysplasias

Osteochondrodysplasias (skeletal dysplasias) are rare, inherited disorders of skel-
etal formation and linear growth. By definition, they involve disturbances of the car-
tilage components of the growing skeleton; however, other tissues may also be af-
fected 6481.113121.188159.179 - Qyer 150 different osteochondrodysplasias are currently
recognised 83113, They are characterised clinically by skeletal deformities and vary-
ing degrees of dwarfism, typically with disproportion between trunk and limb lengths
81113.121,158.159.179  Some osteochondrodysplasias are apparent at or before birth (e.g.
achondroplasia and diastrophic dysplasia) but others do not become evident for
several years (e.g. pseudoachondroplasia) 81121:158.15% Theijr severity ranges from those
incompatible with postnatal life (e.g. thanatophoric dysplasia) to those which are so
mild that they are difficult to detect (e.g. spondyloepiphyseal dysplasia tarda) 8122,
Thus, the osteochondrodysplasias are an extremely heterogeneous group of con-
nective tissue disorders 8115815 The prevalence of these dysplasias in the new-born
infant is estimated to be between 3 and 4.5 per 10,000 births. Furthermore, the
overall frequency of “lethal” skeletal dysplasias among perinatal deaths is about 9
per 1,000 2,

In the majority of skeletal dysplasias, the inheritance is transferred in the autosomes
by either dominant (e.g. achondroplasia and Kniest dysplasia) or recessive (e.g.
diastrophic dysplasia and cartilage-hair hypoplasia) trait 819179, Some of the delin-
eated conditions are sex-chromosome linked (for example X-linked
spondyloepiphyseal tarda) **°. This diversity points to a large number of genes es-
sential to the proper development of cartilage and bone 8.

The skeletal dysplasias result form gene mutations that disrupt endochondral ossi-
fication, the process responsible for skeletal formation and linear growth 81:1%8, Spe-
cifically, the target events include proliferation and terminal differentiation of growth
plate chondrocytes and the coincidental genesis and modulation of the cartilage
matrix that serves as a template for bone formation and gives rise to the articular
surfaces of the joints 778,

10
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Historical perspective

Short persons with abnormal body proportions can be identified in European and
American art from ancient times 8. However, it was not until 1878 that Parrot coined
the term “achondroplasia” to distinguish these individuals from short persons with
normal body proportions 3. Fifty years later, Morquio in France and Brailsford in
England separated them into two groups, those with predominantly short trunks and
those with predominantly short limbs ©. Until the 1960s, most disproportionate dwarfs
were considered to have either achondroplasia (those with short limbs) or Morquio
disease (those with a short trunk) 8%, During the 1950s, 1960s and 1970s many
new osteochondrodysplasias were identified and described 103:114.117.124,125.129,183,188
Delineating the diagnostic features (clinical manifestations, radiographic findings,
inheritance patterns and morphology of the growth plate) received the greatest at-
tention during this period. However, as this work continued, a gradual change of
emphasis occurred, shifting the focus in the 1980s to defining the natural history and
variability of the disorders 21.2279.144.157.177.178.222 gnd jn the 1990s to elucidating the
mutations responsible for the disorders and characterising the pathogenic mecha-
nism by which they disrupt bone growth 14:546872:81,176,189,190,197

Nomenclature and classification

The nomenclature traditionally used for skeletal dysplasias derives from a variety of
sources and is based 1) on terms that attempt to describe the pathogenesis of the
condition (e.g. achondroplasia and osteogenesis imperfecta), although they are some-
times inaccurate, 2) on a Greek term that describes the appearance of the bone or
the course of the disease (e.g. thanatophoric (=death-seeking) dysplasia), 3) on
recognition of the physician credited with the first description of the disorder (Larsen
syndrome, Kniest dysplasia) or 4) on the part of the skeleton that is affected
radiologically (e.g. spondyloepiphyseal dysplasia). 8158159178 However, none of these
radiographic distinctions necessarily reflect the extent of histological involvement.

Dwarfing conditions are frequently referred to as short-limb or short-trunk type, de-
pending on whether trunk or limbs are more heavily involved 81178 Additional terms
such as rhizomelic (proximal), mesomelic (middle) and acromelic (distal) are used
to describe the segment of the limb with the greatest involvement in patients with

11
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short-limbed dwarfism. These terms refer to the arm, forearm, and hand or thigh,
leg, and foot regions, respectively 981121159179,

A common tendency has been to split what was originally considered one condition
into two or more. Modifiers such as congenita, tarda, dominant, recessive, X-linked
and pseudo have been employed to distinguish such disorders and also to connote
particular features 82,

The diversity of the skeletal dysplasias and the heterogeneity that may exist within a
specific disorder have made classification difficult. In an attempt to develop a uni-
form nomenclature for these syndromes the International Nomenclature of Constitu-
tional Diseases of Bone was proposed in 1970, and updated in 1977, 1983 and
1997 81158.150.179.182 Fjye major groups were distinguished: 1) osteochondrodysplasias,
2) dystostoses, 3) idiopathic osteolyses, 4) chromosomal aberrations or primary
metabolic abnormalities and 5) miscellaneous disorders with osseous involvement.
In the last updating of the nomenclature newly described syndromes were added,
and the disorders were organised into a clinically and a pathogenically based classi-
fication '®2. Thus disorders that share clinical, radiological and morphological fea-
tures suggesting that they may be members of a family of disorders with a common
pathogenic mechanism were grouped together. This classification will certainly be
revised as the basic defect in each of these disorders is discovered 80158159,

Diastrophic dysplasia
Definition and classification criteria

Diastrophic dysplasia (DD) was first recognised as a separate entity in 1960 by
Lamy and Maroteaux '*. They borrowed the term ‘diastrophic’ from geology, diastro-
phism (Greek tortuous, twisted) being the process by which mountains, continents,
ocean basins, etc., are formed through bending of the earth’s crust 276214215 Even
earlier descriptions of the disorder do exist, but in these the condition was misclassified
as atypical achondroplasia 132% or achondroplasia with clubfoot. Cases were de-
scribed under many different designations in the past, many of them misdiagnoses
such as “atypical achondroplasia” and placed in the wastebasket of arthrogryposis
multiplex congenita or chondrodystrophia in hospital diagnostic files 195116214 Today,

12
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DD can be reliably distinguished from other forms of skeletal dysplasias 76:187:214.219,

Typical clinical and radiological features of DD include short-limbed short stature,
contractures and early degeneration in joints, unstable knee joints, spinal deformi-
ties such as scoliosis and cervical kyphosis, symphalangism and so-called “hitch-
hikers” thumb, cleft palate, tracheo- and bronchomalasia, and deformed ear pinnae
76,79,104,215. |nte”igence iS norma' 68,105,162,187,219'

Prenatal diagnosis

The birth of an affected child into a family has usually awaked the parents’ interest in
prenatal diagnosis during the next pregnancy. DNA analysis provides a reliable means
of prenatal diagnosis in the first trimester of pregnancy markers °. DNA can be
obtained in parents from blood leukocytes and in children from cultured amnion
cells or from chorion villus samples °. DNA markers have been used to predict the
status of foetuses in families with a previous history of DD. The results predicted
were concordant with those obtained by ultrasonography, and the phenotype of the
foetus was correctly predicted in all cases ™.

Ultrasonography permits prenatal detection in the second trimester 91.9495123137.153
Skeletal defects occur at an early stage and are clinically diagnosable early in foetal
development °. Due to the shortened long bone of the extremities, DD is an ideal
form of skeletal dysplasia for prenatal diagnosis by ultrasonography °, and has
been used in women with or without known increased risk of the disorder 1:94.95.123.137.153,
The cornerstones of diagnosis have been abnormally short limbs and lateral projec-
tion of the thumbs on ultrasound examination.

Prenatal diagnosis of DD has also been performed by fetoscopy °*'¥. It is recom-
mended, however, that this procedure should be reserved for problems that cannot
be resolved by a non-invasive technique due to increased risk of procedure-related
abortions and premature delivery .

Prevalence and incidence

The first observation of DD in the Finnish population was made by Perheentupa in

13
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1972 1°, The diagnosis has been confirmed in some 180 patients 28, making it the
most common skeletal dysplasia in this country °. The incidence of DD in Finland is
reported to be 1:33,000 °, with one to three cases in new-borns yearly.

Genetic background

DD is caused by mutations in a sulphate transporter gene (DTDST, Diastrophic
Dysplasia Sulphate Transporter)®, which encodes for a sulphate transporter mem-
brane protein. It is located in the distal long arm of chromosome 5 7%, Over 25
different mutations in the DTDST gene have been identified °*. The mutations are
thought to result in impaired sulphate uptake of the cells and reduced proteoglycan
sulphation, further causing structural and functional defects in the cartilage 5882172175,
Reduced incorporation of inorganic sulphate has been found in cartilage and fibroblast
samples 68165192 However, the pathogenic mechanism of DD is not yet known.

In addition to DD, mutations in the DTDST gene are responsible for two other skel-
etal dysplasias: lethal achondrogenesis type IB and atelosteogenesis type || 72190192,
All these skeletal dysplasias arising at mutations in the DTDST gene have recessive
inheritance and are currently classified as a DTDST-related family 2,

Cartilage morphology

Cartilage is abnormal in patients with DD. Histological, histochemical and ultrastruc-
tural studies have shown alterations in the growth plate and in articular, laryngeal,
tracheal and ear cartilage 8217218, |n the resting cartilage, chondrocytes are reduced
in number, enlarged and variable in shape and usually ovoid 82154172175 They show
premature nuclear and cytoplasmic degeneration 8217217518 gnd are surrounded by
a halo of dense appearing, concentric cartilage matrix 8215417518 |n the cartilage
matrix, collagen is irregularly organised and distributed and there are abnormal fi-
brous areas where collagen fibrils are thickened, short and irregularly aggregated
821712175 ' |n addition, large cystic lesions are found in the matrix 82154172175 Staining
with methods specific for sulphated proteoglycans indicates a deficiency of
proteoglycans of the matrix 172, In the growth zone, column formation appears regu-
lar 154185 albeit short 82185,

14
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Short stature and growth

Severe short-limb dwarfism, already identifiable at birth, is a persistent feature of
this disorder 26473.76.79,111,116,128.214215 - Scoliosis and hip and knee contractures further
accentuate the apparent short stature 276128187 Moreover, in relationship to trunk
length the limbs are relatively short. Although all portions of the limbs are shortened,
the proximal bones (humerus and femur) are relatively the shortest 187215219,

At birth, the median relative length is -3.0 SD or more below in both genders, indicat-
ing prenatal onset of the growth failure 2. The usual pubertal growth spurt does not
occur %12 glthough the other signs of puberty are normal 6. The average adult
height in skeletally mature patients with DD has been reported to be 135.7 (range
114.0 — 158.3) cm for males and 129.0 (range 98.0 — 143.0) cm for females. The
averages are -7.2 and -6.7 SD below norms 28, Growth failure has been reported to
be even more severe 825, The patients of these studies may present a more se-
lected population, i.e. the severely affected or “Finnish” phenotype may be milder 12,

Spine

Typical deformities of the spine in patients with DD are scoliosis, cervical kyphosis
and exaggerated lumbar lordosis 152204206215 |n physical examination, mobility of the
spine is often abnormally diminished 2°4. Our knowledge of spinal abnormalities in
DD is based largely on information obtained from plain radiographs 16:17:73.76.104.152.205.215

Scoliosis

Scoliosis is more common in patients with DD than in the normal population with DD
152 In the literature, the prevalence of the scoliosis has varied from 37 to 88% 152:205.215,
Scoliosis usually appears before the age of 5 to 6 years 217.76:104105127.206.219 ° Accentu-
ated kyphosis in the thoracic spine may or may not be associated with scoliosis
217.116.127.152.204.206 The clinical and radiological severity of scoliosis varies 17:127:152206.207.219,

In radiographs, the most common curve type has been lumbar %2, Tolo et al. 2%
found that 40% of patients with DD had deformities due to segmental defect in the
thoracic spine. In other studies, this phenomenon has not been confirmed 7312, The
curves can exceed 90 degrees in the early teens 104152,

15
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The outcome of treating scoliosis with braces have been poor 1673104152 gand early
surgical intervention has been proposed by several authors 17:7376.104127,204.206.207 " |n g
study of 21 patients with DD, combined anterior and posterior fusion gave the best
results in severe scoliosis #.

Cervical kyphosis

Stover and al. ¥ first described “a peculiar kyphosis of the cervical spine” shown in
one patient in their series. Since then, several reports, usually with one to four pa-
tients with kyphosis, have been published 217.26.73.100.105106.116.156.214 | the largest se-
ries, cervical kyphosis was noted in one-third of patients with DD %2, A study of the
literature, shows that the natural history of cervical kyphosis is obscure. Both spon-
taneous resolution and severe progression of this deformity, causing even quadri-
plegia and death, have been reported in DD 17:53.73.76.100,104,106,116,152,204,207.215 Tha patho-
genic mechanism of the kyphosis is not known.

Cervical spine has been associated with hypoplasia of the mid-cervical vertebrae
1773100116152 Tyyo reports of MRI findings for two young patients with DD and severe
cervical kyphosis causing cord compression %1% have been published.

Indications for the treatment of the kyphosis have not been established. In the litera-
ture, combined anterior and posterior fusion has been recommended 17:53.73:106,204.206

Lumbar lordosis
Exaggerated lumbar lordosis is often noted 17:7376.79.105127,152,204,205.207.219 gnd has been
suggested to be secondary to flexion contractures of the hips 17127152205 |n radio-

graphs, the lumbosacral angle is decreased, the average being 120 degrees %2,

Spinal stenosis

In some patients, the interpedicular distance in the lumbar spine is decreased
17.104,152.198.204.214 ' Qccasionally patients with thoracic and lumbar spinal stenosis, con-
firmed by positive myelography, have been reported %2, However, no studies have

been conducted on the prevalence or severity of spinal stenosis.

16
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Lower extremities

Hips

At birth, the hips are congruent and MR images of new-born infants have shown no
significant joint deformity 2!2, Flexion contracture of the joint is usual and becomes
evident as the child starts walking 2104149.198212.219 ' Elexjon deformity of the hip is partly
due to the abnormal shape of the femoral head and partly due to shortening of the
flexors 4. The range of rotational movements diminishes with age 2*2.

In radiographs, the appearance of the ossific nuclei of the proximal femoral epiphy-
ses is clearly delayed 276:104111.187.214219 " |n most patients the shape of the hip joint
remains nearly spherical although there is clear overgrowth of the greater trochanter
beyond the femoral head *. However, the femoral neck is short and broad and the
femoral head is flattened in one-quarter of patients 76194111198 gppearing as the “dou-
ble-hump” deformity 222, Coxa vara has commonly been presented 27:76:104.187.198.215.219
Signs of progressively severe degeneration may develop even before the capital
femoral epiphysis ossifies °4. Degenerative changes are progressive and thus hip
deformity and premature osteoarthritis are the rule in patients with DD 7104.149.166,

Intertrochanteric valgus-extension osteotomies have been performed in an effort to
prevent progression of the osteoarthritis 714, but rarely can the natural history be
altered by early surgical intervention “. Total hip replacement is the only solution in
adulthood 104149,

Knees

In contrast to other joints with contractures, knee joint instability is usually present
2148.166.187.219 nrobably due to congenital defect of the ligaments 148, The range of move-
ment of the knee starts to diminish before the age of 5 years. Some patients have
flexion contractures #818” and others hyperextension of knee %7,

Degenerative changes such as joint incongruity, unevenness of the subchondral
bone and flattening of the bony epiphysis have been noted in radiographs of pa-
tients as young as 3 years, and the changes are accentuated with age “8. The shape
of the proximal tibia is better preserved than that of the distal femur, although ante-
rior sloping of the tibial plateau has been noted in many cases 8. The proximal

17
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fibula is hypoplastic and short in relation to the proximal tibia in almost all patients
8.79.148.187,214215 The time of radiological appearance of the bony epiphysis of the pa-
tella is delayed. The patella is often inferiorly located and fragmented 48,

Patients with DD commonly need orthopaedic knee surgery, mainly due to severe
osteoarthritis. Total knee replacement is the treatment of choice after growth. Some
patients need surgery due to a congenitally dislocated patella to regain extension
force in the knee 5, However, according to Vaara et al., the whole anatomic com-
plex of the femoral condyles and patella may rotate laterally 2. Bilateral supra-
condylar osteotomies of the femur have been performed for the knee contractures
but these frequently recur 215219,

Foot

Foot deformities are common in patients with DD and can be seen in 93% of the
patients 7, Previously, the term “club foot” was often associated with DD
2/17,58,64,76,79,104,111,116,187,198.214 'However, there is great variation among the different types
of foot deformity, which have been classified by Ryoppy et al. as follows: metatarsus
adductus with (43%) or without (13%) tarsal valgus, equinus (8%) and equinovarus
adductus (29%) 7,

The foot deformity is relatively refractory to surgical treatment 217:104.116.167.187.214,219

Although use of the llizarov external fixation method to correct rigid deformities has

given hope of better results *#7. Patients have great difficulty in finding shoes that fit
104,219

Upper extremities
Shoulders and elbows
The main problem in the shoulder joint is limitation of movement 105116.187.215218 ' The

elbows frequently show contractures 2817.76.104.105.116,187.198,214.215.219 and subluxation of
the elbow joints has also been reported 76:111:116.215,

18
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Hand

The hand deformity is one of the most characteristic features of this disorder
2.1727.58,60,76,104,116,184,187.214.215 ' The hands are short and broad and may present ulnar
deviation due to shortening of the ulna 2°86476.79.111.116,187.214215  The fingers are short
and appear widely spaced with symphalangism, particularly of the proximal inter-
phalangeal jOintS 2,76,79,104,105,111,187,198,214,215,219_

Characteristic is the ‘hitchhiker’ thumb 217:58:6064.73,76,104,105,111,116.123.214215_yye to deformity
of the first metacarpal, this feature leads to the clinical appearance of proximal in-
sertion 5876.104.111.123198,214215.219  Thymps are, in contrast to the fingers, hypermobile
and usually broad 258105116.160.187.214215219 Thg |gcation of the thumb makes pinching
difficult, for which the patient compensates by using the ulnar aspect of the proximal
interphalangeal joint rather than the tip of the thumb 1°* or by holding objects be-
tween the third and fourth fingers 87,

Craniofacial features

Facial appearance is often typical. The nasal bridge is narrow, with broad, flared
nostrils and there is a characteristic circumoral fullness to the mouth %4, A peculiar
ear deformity is often noted 2#17.27:58.76,79,105,111,116,123,198,214,215.219 gand can be seen in 84%
of patients 225, Swelling of the ears usually occurs within the first few days or weeks
of life 76116, The pinnae swell and give an appearance of acute inflammation, often
with cystic swelling and fluctuation 5876116214215 After a period of three to four weeks,
the swelling diminishes and the ear becomes hard, with thickening and deformity of
the cartilage, which may later calcify and even ossify 217:58.73.76.116,187.214.215

Cleft pa|ate iS a common f|nd|ng 2,17,27,58,64,73,76,79,111,116,123,153,160,187,198,214,219. C|eft pa|ate
has been recorded in 30 — 40% and submucous cleft palate in 12 — 26% of patients
160 An open cleft palate is usually reconstructed in early childhood ¢°. Most patients
also have some degree of micrognathia 123:153.160.198.214

Patients with laryngo-tracheal stenosis, or even extreme narrowing of the trachea,
have been reported 225, High pitched voice and misarticulation of the R, S or L sound
are typical changes in speech %1€, A correlation between misarticulation and short
maxilla has been reported 8.
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Prognosis

Perinatal mortality is higher than normal population in patients with DD due to respi-
ratory problems 285560.6468,70,76,105.150,160.215.219 ' Hawever, the life expectancy of individu-

als who survive early infancy appears to be good 105150.187:215.219,

Except for the mildest cases, short stature, progressive, severe osteoarthritis, espe-
cially in the hip and knee joints, and spinal deformities result in a severe physical
handicap 6870104105116,149.214215219 ' Some patients are wheel-chair bound and, most have
to undergo repeated orthopaedic surgery 58104167,

The health-related quality of life of patients is diminished 4?13, Apart from the in-
creased pain, this is mainly due to difficulties in moving and in managing the activi-
ties of independently, for example, reaching the buttons in a lift or the items on a
shelf, or getting on a tram or a bus 223, However, patients have great adaptability to
deviations in health status 2*3.
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Imaging of the spine
General aspects

The challenge in diagnostic imaging of the spine resides in the spine’s complex
osseous and soft tissue anatomy along with the myriad of disease processes that
can affect it . The spine can be evaluated by a number of different imaging modalities
11 for example, plain radiography, computed tomography (CT), scintigraphy and
magnetic resonance imaging (MRI). Use of ultrasound in evaluation has been mainly
limited to prenatal diagnosis 3108210, Syrface topographic imaging methods can be
used to analyse the shape of the back surface 53%6+46.146.186.217,220,

Each of the modalities has specific advantages and disadvantages, and ultimately
the individual clinical situation determines the procedure of choice. Common prob-
lems are numerous findings in different imaging studies of features seen also in
asymptomatic people 1937:5661.8892.142.221 gnd variable interobserver agreement about
the interpretation of these findings “>°2.

In the evaluation of patients with spinal deformity, plain radiography is usually the
primary method 1. Evaluation sometimes requires assessment of the central spinal
canal contents and the paraspinal soft tissue structures . Owing to MRI's non-
invasiveness and its superb soft-tissue contrast, it has largely replaced both my-
elography and CT myelography in evaluation of the spinal canal in patients with
spinal deformity 5243,

Plain radiography

Plain radiography is the basic diagnostic tool in the evaluation of the spine. The
spinal radiograph still provides important information about problems with alignment,
fractures and bony abnormalities and, by interference, it tells something about the
disc 1343505192119 The degree of scoliosis, lordosis and kyphosis can be measured
from anteroposterior and lateral standing radiographs .

Advantages of plain radiographs are their low cost and ready availability. The big-
gest disadvantage of plain radiographs of the spine is radiation, especially to the
gonads 101,119.
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Computed tomography

Computed tomography (CT) is the preferred study in the evaluation of certain local
bony abnormalities such as fractures and spondylolysis and -olisthesis 67170201 |n
the cervical and the lumbar spine, it represents a cost-effective means of evaluating
patients with radicular complaints in whom there is a suspicion of underlying disc
herniation, bony foraminal or spinal stenosis 2°2%,

Problems with claustrophobia and patient motion are fewer with CT than with MR
imaging. Among the disadvantages of CT are its limitation to the axial plane. Three-
dimensional images can be reconstructed, but the spatial resolution is not so good
as with direct axial images. CT has relatively poor soft tissue contrast compared with
MRI and is less sensitive and specific than MRI for numerous soft tissue abnormali-
ties 62,

Scintigraphy

Scintigraphy can be used in screening evaluation. It is sensitive for stress fractures,
metastasis and infection #°. Disadvantages of the technique include its relatively
poor spatial resolution and limited specificity.

Single-photon emission computed tomography (SPECT) has been shown to im-
prove localisation and specificity, and is useful in detection of fresh pars defects
13120 There is also evidence that SPECT may aid in distinguishing between sympto-
matic and asymptomatic spondylolysis 3°%.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) has largely replaced CT and CT myelography in
the routine evaluation of patients with spinal disorders 62, including those with de-
generative diSC disease 15,29,131-133,163,164,193 tumour 15,34,85,171,180,193,194 infeCtion 48,151,180,193,200
and spinal deformities 47118135 |t can be used to evaluate post-traumatic patients to
assess fracture and soft tissue complications #351:92:109.145,161,169,196.209,

MRI examinations of the spine usually include T1- and T2-weighted images *°. Sur-
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face coils can be used to achieve better resolution and paramagnetic contrast agents
can be used to enhance soft tissues 15244189122,

The major advantages of MRI are soft tissue contrast, direct multiplanar imaging
and lack of ionising radiation 1015628 the disadvantages are currently limited avail-
ability, and occasional difficulty in imaging large patients and patients with claustro-
phobia. Absolute contraindications to MR scanning include the presence of a pace-
maker, a cochlear implant, older intracerebral aneurysm clips and metallic foreign
bodies in the orbit 82, Pregnancy, recent cardiac or vascular surgery and transcuta-
neous electrical nerve stimulators are relative contraindications 7. The costs of MRI
are currently about twice those of plain CT.

Surface topographic imaging

Surface topographic imaging methods register a three-dimensional description of
the shape of the back 146217, It has been proposed that such methods could be used
in the screening of scoliosis 546217, The presence, level and side of a scoliosis curva-
ture can be demonstrated moderately well by back surface topography &, but the
correlation with the magnitude of scoliosis from topograms is not sufficient for most
clinical purposes or decision-making #6186,
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AIMS OF THE PRESENT STUDY

The aims of the present study were:

1)

2)

3)

4)

5)

24

to ascertain the prevalence and natural history of cervical kyphosis in patients
with DD with a view to establishing whether there are prognostic factors which
could help us to predict clinical outcome of the deformity;

to evaluate the prevalence and natural history of scoliosis and the distribution of
different curve patterns in patients with DD;

to determine whether there is one group, or several groups, of patients with a
similar curve pattern, rate of progression and age at onset of deformity;

to establish any aetiological factors for the high incidence of spinal deformities
and diminished range of movements of the spine; and

to study changes in the spinal canal and medulla in this rare disease.



Patients and Methods

PATIENTS AND METHODS

Patients

The patients or their medical records accompanied by radiographs were referred to
the Hospital for Children and Adolescents, Helsinki University Central Hospital, or to
the Orton Orthopaedic Hospital of the Invalid Foundation, Helsinki, from all over
Finland in 1961 — 1997 (Figure 1, Table 1). The diagnosis of diastrophic dysplasia
(DD) was based on established clinical and radiological findings of DD 4215, The

diagnosis was confirmed by the same clinical geneticist with experience in skeletal

dysplasias.
Paper | Il Ll I\
Study design Partially prospective  Cross-sectional  Partially prospective  Cross-sectional
Type of data Radiographical MRI Radiographical Clinical and MRI
Patients 120 90 1302 88
Females 71 57 77 55
Males 49 33 53 33
Average age (years) 19 31 163 31
Range (years) 0-63 0-56 0-78 3-56
Follow up, N 69’ (58%) 105 (81%)
Average (years) 101 17
Range 3-32 2-41

TABLE 1. Summary of study design, type of data, patients and follow-up time. Iai living patients

with cervical kyphosis in the first radiograph (n=26) were followed for an average of 10 years.

2Eight families had two affected adult siblings, and three families had three affected adult siblings.
Ninety-six (74%) of the patients were over 16 at the time of the last radiograph.

Of the 130 patients included in the paper I, eight had undergone surgical treatment
of the thoracic and/or lumbar deformity. Only radiographs taken before operation
were included. Three of these eight patients were also included in MRI study (1V). Of
the 88 patients included in the study IV, two had undergone surgical treatment for
the lumbar spinal stenosis.
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FIGURE 1. Number of patients in each study (papers I-1V) in different age groups at the time of the
first radiographs or MR images.

Methods
Clinical data (study 1V)

The patients underwent clinical examination between June 1996 and March 1998.
In addition to questions soliciting demographic data, they were asked if they had
had low back pain (LBP) during the last 3 months (yes/no). On physical examina-
tion, thoracic kyphosis and lumbar lordosis were evaluated on a subjective arbitrary
scale with three grades: 1) exaggerated 2) normal and 3) straightened. Scoliosis, if
present, was recorded. The degree of rib hump was measured with a scoliometer 32,
The distance from finger tips to floor in forward bending was measured and spinal
mobility was visually evaluated. The degree of functional leg length discrepancy, if
any, was measured with wooden blocks placed under the shorter leg.

Radiographic data (studies | and Ill)
Spinal deformities (cervical kyphosis and scoliosis)
Radiographs

Anteroposterior and lateral radiographs of the cervical and the whole spine were
taken in an upright position. One hundred patients also had bending radiographs of
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the cervical spine. The youngest patients were radiographed supine. The radio-
graphs were obtained as part of a systematic radiological evaluation. All living pa-
tients who had cervical kyphosis in the first radiograph (n=26)were followed for an
average of 10.0 (range 3 — 32) years. Consecutive radiographs (two or more) of the
whole spine were available for 105 patients (81%) with an average follow-up of 17.0
(range 2 — 41) years.

Measurements

The degree of kyphosis or lordosis in the cervical spine or scoliosis, if any, in the
thoracic and/or lumbar spine was measured by Cobb’s method *® (Figure 2). Ante-
rior or posterior displacement of cervical vertebrae was measured from the lower
posterior corner of the upper vertebra to the upper posterior corner of the lower
vertebra. Rotation of the thoracic and lumbar vertebrae (yes/no) in association with
scoliosis was evaluated visually from the position of the spinous process.

\

Apood

N

FIGURE 2. Schematic presentation of Cobb’s method. Kyphosis and lordosis were measured in a
similar way.
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Definitions

Cervical kyphosis was defined as a local, posterior curve exceeding five degrees. It
was regarded as severe if it was more than 60 degrees. Kypholordosis was a mild
local kyphosis in the upper cervical spine followed by a lordotic segment in the lower
cervical spine with four-cornered vertebral bodies. A lateral curve of more than 10
degrees was regarded as scoliosis.

The criteria of vertebral hypoplasia was triangular or round form of the vertebral
body with decreased sagittal diameter. The limit of posterior displacement was a
step-off exceeding 3 mm between the lower posterior corner of the upper vertebra
and the upper posterior corner of the lower vertebra.

Criteria for classification of scoliosis

Curves were primarily classified according to King 1°2. However, not all curves fit this
classification, and thus curves were also classified according to the system intro-
duced by Coonrad et al. 2. Intrafamilial variation in the degree and curve pattern of
the scoliosis was also investigated.

King’s classification 1%

Type |

S-shaped curve in which both thoracic and lumbar curve cross midline. Lumbar
curve larger than thoracic curve on standing radiograph. Flexibility index a negative
value (thoracic curve 3 lumbar curve on standing radiograph, but more flexible on
side-bending).

Type Il
S-shaped curve in which thoracic and lumbar curve cross midline. Thoracic curve
larger than lumbar curve on standing radiograph. Flexibility index a positive value.

Type Il

Thoracic curve in which lumbar curve does not cross midline (so-called overhang-
ing).
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Type IV
Long thoracic curve in which L5 is centred over sacrum but L4 tilts into long thoracic
curve.

Type V
Double throracic curve with T1 tilted into convexity of upper curve. Upper curve
structural on side-bending.

Coonrad’s classification

Type 1A
Double structural thoracic and lumbar curve pattern, with a larger and less flexible
lower curve that has an apex at or below the L1-L2 disc space.

Type 1B
Double structural thoracic and thoracolumbar curve pattern, with a larger and/or
less flexible lower curve that has an apex at T12, L1 or the interspace between.

Type 2A

A double structural thoracic and lumbar curve pattern, with a larger and/or less flex-
ible upper curve, and with the apex of the lower curve at or below the L1-L2 disc
space.

Type 2B

Double structural thoracic and thoracolumbar curve pattern, with a larger and/or
less flexible upper curve, and with the apex of the lower curve at T12, L1 or the
interspace between.

Type 3
Single structural thoracic curve with the apex usually at T7, T8 or T9.

Type 4

Single structural thoracic curve, usually with a lower apex than type 3, commonly at
either T10 or T11, the lower end vertebra usually at L2 or L3, and with L4 always
tilted into the curve.
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Type 5
Double structural thoracic curve pattern with T1 or T2 usually tilted into the upper
curve, with the apices of both curves at the thoracic level.

Type 6
Single thoracolumbar curve pattern with the apex always at T12, L1, or the inter-
space between.

Type 7
Single lumbar curve pattern with the apex at or below the L1-L2 disc space, to the
level of the L4-L5 disc space.

Type 8
Triple curve pattern, with laterality determined by the size of the largest of the three
curves.

Type 9
Quadruple or multicurve pattern.

In a trial to classify patients with similar curve patterns, age at the onset of scoliosis,
the rate of progression and the magnitude of the scoliosis at the end of growth were
noted.

MRI data (studies Il and 1V)

MR images of the skull base, and of the cervical, the thoracic and the lumbar spine
were systematically taken between June 1996 and March 1998. Patients with MR
images of the cervical spine were divided into four age groups: 0 — 10, 11 — 20, 21 —
40 and 41 - 60 years, with 12, 14, 40 and 24 patients, respectively. The patients with
MR images of the thoracic and the lumbar spine were grouped in the same way,
except that there were 10 patients in the age group 0 — 10 years.

The MR images of the cervical spine were taken in 32 patients witha 1.0 T and in 58
patients with a 1.5 T superconducting imager (Siemens Magnetom Expert 1T and
Siemens Magnetom Vision 1.5 T, Siemens AG, Erlangen, Germany). The corre-
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sponding numbers for the thoracic and the lumbar spine were 31 (1.0 T) and 57 (1.5
T). A local coil was used in all studies. T1-weighted spin echo and T2-weighted fast
spin echo sequences were used in the sagittal direction with a slice thickness of 3 or
4 mm. T1l-weighted images were acquired at the coronal plane. In addition, T1-
weighted axial images were obtained at the level of the skull base and from each
intervertebral disc. The slices were angled perpendicular to the long axis of the
canal.

A pilot study with five patients was carried out in June 1996. Defined on the basis of
these results, the final parameters to be measured were the following.

Skull base

The relative size of the foramen magnum was estimated and stenosis was defined
as a medullar compression at the level of the skull base. The distance from tip of
dens to Chamberlain’s line was measured. Chamberlain’s line was drawn between
the posterior pole of the hard palate and the posterior margin of the foramen mag-
num 8, The structure and signal intensity of the medulla oblongata and cerebellar
tonsils were evaluated.

Spinal cord and canal

The course, shape and signal intensity of the spinal cord were assessed. The trans-
verse areas of the spinal cord from C2 to C7 **° and of the dural tube from C2 to C7
139 and from L2 to S1 % were measured (Figure 3) from T1l-weighted axial MR im-
ages at the level of the intervertebral disc using a GE Advanced Windows workstation
(GE Medical Systems, Milwaukee, Wisconsin, USA). The areas were measured
three times and the average was then calculated. The measurements were made
on the cervical spine of patients aged 20 years or over and on the lumbar spine of
patients aged 15 years or over. Measurements from decompressed levels in two
patients were not included in the analysis. These data were compared with the ref-
erence values reported in the literature %13, The size of the spinal canal from C2 to
S1 was evaluated on an arbitrary scale with four grades: 1) normal amount of cer-
ebrospinal fluid (CSF) around the medulla, 2) decrease in CSF around the medulla,
3) no CSF around the medulla and 4) medullar compression.

31



Patients and Methods

Dural tube area
Spinal cord

FIGURE 3. Schematic presentation of measurement of the spinal cord and the dural tube areas.

Intervertebral discs

Disc height was assessed visually (normal / decreased). Disc protrusion was re-
corded if the disc extended beyond the confines of the vertebral bodies including
bony spurs. Disc protrusions were classified as 1) a bulge, a small, diffuse, circum-
ferential symmetric extension of the disc or 2) a prolapse, a focal or asymmetric
extrusion 9% A decrease, if any, in signal intensity of intervertebral discs on T2-
weighted images was noted. Discs were classified as normal (bright), speckled or
black 20126,

Vertebrae and spinal alignment

Sagittal alignment of the cervical spine and coronal alignment of the thoracolumbar
spine were recorded from radiographs taken on the same day. The shape of the
vertebrae and facet joints was assessed for any anomalies and degenerative changes
such as bony spurs and facet joint hypertrophy. Schmorl’s nodes, defined as hernia-
tion of the disc into the vertebral body end-plate, and bone marrow changes were
noted. Bone marrow changes were classified according to Modic et al. '*® as type |,
defined as decreased signal intensity on T1-weighted images and increased signal
intensity on T2-weighted images, or type ll, defined as increased signal intensity on
T1-weighted images and isointense or slightly increased signal intensity on T2-
weighted images.
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Muscles

The status of the psoas and back muscles in the lumbar spine was assessed from
the T1l-weighted axial images. The back muscles, that is, the erector spinae and
multifidus, were assessed together. The evaluation took place in two ways: by visu-
ally comparing the cross-section of the muscles with the diameter of the nearby
vertebral body and by assessing the amount of high signal intensity streaks, repre-
senting fat in the muscle mass #1142, An arbitrary scale with three grades was used:
1) normal (normal volume, no fat), 2) mild atrophy (psoas: slightly to moderately
decreased volume, no fat; back muscles, slightly to moderately decreased volume,
slight to moderate amount of fat), and 3) severe atrophy (psoas: severely decreased
volume, no fat; back muscles, severely decreased volume, abundant amount of fat).

Intra- and interobserver error

To minimise the risk of intra- and interobserver error *° all MR images were read
together at least twice by two of the authors (VR and PT). The evaluation was based
on a consensus decision and, in borderline cases, the milder option was chosen.

Statistical methods

The statistical analysis of the prevalence of the various abnormalities and the area
measurements were performed by chi-square analysis and Student’s t-test, respec-
tively. Where the expected counts were low, less than five, Fisher's exact test re-
placed the chi-square analysis *. The statistically significant p-value was defined as
p<0.05 and the highly significant value as p<0.01.

Ethical considerations
The informed written consent of all participants was obtained from the patients them-
selves or from their parents if patients were under 18. The present study was ac-

cepted by the ethical committees of Hospital for Children and Adolescents, Helsinki
University Central Hospital, and Orton Orthopaedic Hospital.
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RESULTS
Clinical data

Low back pain history

The low back pain (LBP) was mild and age-dependent. None of the young patients,
under the age of 21 years (n=24), complained of LBP, but it was quite common in
older age groups: nine (23%) of the patients aged 21 — 40 years and nine (42%) of
those aged 41 — 60 had LBP. All, however, reported that the pain was mild.

Physical examination

Scoliosis was common and spine mobility was restricted, as indicated by physical
examination. Scoliosis was clinically evident in the thoracic spine in 40 (45%) and in
the lumbar spine in 35 (40%) of the 88 patients. The average rib hump was 12
(range 5 — 22) degrees in the thoracic and 9 (range 3 — 22) degrees in the lumbar
spine. Thoracic kyphosis was straightened in 40 (45%) and exaggerated in 13 (15%)
patients. Lumbar lordosis was straightened in 22 (25%) and exaggerated in 31 (35%)
patients. Half of the patients (42/84) stood in a stooping position and four were not
able to stand at all but needed a wheel-chair. Of the 88 patients, 72 (82%) were able
to stand without support and to bend forward without losing their balance. In these
patients, the mean distance from finger tips to floor was 13 (range 0 — 40) cm. Their
spine was often rigid and movement in forward bending usually occurred in the hip
joints. The remaining 16 (18%) patients were either wheel-chair bound (n=4) or had
problems standing without support due to flexion contractures of the hips and knees
and/or foot deformities. Functional leg length discrepancy, average 2.4 (range 1 —
5.5) cm, was noted clinically in 23 of 84 (27%) patients.

Radiographic data

Prevalence of cervical kyphosis

Cervical kyphosis was evident in 29 out of 120 (24%) patients (Figure 4). The first
radiographs were taken of 25 patients before the age of 18 months; 24 (96%) of
them had cervical kyphosis. The first radiographs had been taken of another 47
patients at the age of 20 years or later; none of them had cervical kyphosis, but two
(4%) had cervical kypholordosis (“swan-neck”)
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FIGURE 4. Number of patients in each age group. Dark columns indicate males. In the first two
age groups the tops of columns indicate the number of patients with cervical kyphosis in their first
radiograph.

Severity of kyphosis

In all cases cervical kyphosis was the primary deformity. It was first noted at an
average age of 0.8 (range new-borns — 6.5) years in 29 patients. At that time the
average curve was 35 (range 6 — 130) degrees. The development of the kyphosis
during growth in 29 patients is shown in Figure 5. In the four most severe cases the
kyphosis exceeded 60 degrees and the dens was parallel to the base of the occiput
(Figure 6d). The kyphosis was also evident in bending radiographs suggesting, a

structural deformity. Atlantoaxial instability was not noted in any bending radiographs.
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FIGURE 5. Development of kyphosis during growth in 29 patients with kyphosis in their first radio-
graph. Kyphosis is marked as a negative angle and lordosis as a positive angle. One circle indi-
cates one radiograph. Arrows indicate deceased patients.

Location of kyphosis and vertebral hypoplasia

The location of the kyphosis was mid-cervical with the apex at C3 or C4 and occa-
sionally at C5. Hypoplasia of the vertebral bodies, C3, C4 and/or C5, was always
linked to kyphosis (Figures 6 and 7). The apex vertebra was triangular or round.

Displacement of the vertebrae

Posterior displacement is associated with the magnitude of the kyphosis. When
spontaneous resolution occurred, posterior displacement disappeared. In radiographs
taken of 25 patients at different times, posterior displacement of 4 — 5 mm of the
apex vertebra was shown in 13 of 14 neutral radiographs showing kyphosis of 30 to
60 degrees, in 6 of 9 radiographs showing kyphosis of 15 to 29 degrees, and in 2 of
10 radiographs showing kyphosis of less than 15 degrees. In the most severe cases
(kyphosis greater than 60 degrees) it was not possible to measure the posterior
displacement due to the severely deformed structure of the cervical spine
(Figure 6).
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FIGURE 6.The most severe case of cervical kyphosis A) At the age of 1.3 years kyphosis was 61 degrees, B) at 3.1 years 140 degrees, C) at 15.6

years 147 degrees, and D) at 32 years 165 degrees. Note the rapid progression of kyphosis and the marked hypoplasia of the vertebral body of C3
to C5.
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FIGURE 7. An example of spontaneous resolution of cervical kyphosis. A), B) and C) At the age of one year kyphosis was 38 degrees in neutral
position, 32 degrees in extension and 65 degrees in flexion. There is no resolution in the bending radiographs suggesting a structural deformity. D)

At the age of 8 years lordosis 14 degrees. Note the spontaneous resolution of vertebral body hypoplasia of C4.
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Natural history of the cervical kyphosis

The kyphosis resolved spontaneously by the age of 7.1 years on average. In 11
patients, who underwent more systematic radiological follow-up during the first dec-
ade of life, the resolution occurred before the age of 5 to 6 years. Spontaneous
resolution occurred if the kyphosis was less than 60 degrees (n = 24) in the first
radiograph (Figure 5 and 7).

The kyphosis persisted in five patients. Two of these patients are alive: one patient
had a severe 165-degree kyphosis at the age of 32 years (Figure 6). The other, a 4-
year-old child with an initial curve of 55 degrees, had a 10-degree kyphosis at the
last follow-up. Three patients with severe kyphosis died. Two of them, with a 65-
degree and 76-degree kyphosis, died before the age of 1 year. They also had se-
vere tracheo- and bronchomalasia. Decompression and an anterior and posterior
fusion were performed on the patient with the 76-degree kyphosis without subse-
qguent relief of her symptoms, muscle weakness or respiratory problems. The third
patient, with a 130-degree kyphosis, had no neurological symptoms. He became
guadriplegic during anaesthesia for a foot operation at the age of 8 years and died of
cardiorespiratory failure 6 months later.

Prevalence of the scoliosis

Of the 130 patients, 100 (77%) had scoliosis. When compared with the normal popu-
lation 218, the difference was highly significant (p< 0.001). The prevalence of scolio-
sis was even higher, 88% (84/96), in patients aged 16 years or over. The frequency
of scoliosis among females was 81% (62 /77) and among males 72% (38/53). There
was no statistical difference in prevalence between genders.

Curve patterns
Eleven (11%) patients had severe scoliosis. In the last radiograph (Figure 8d) the
curves of these patients resembled each other. Scoliosis was evident at the age of 3
years or earlier in four patients with follow-up radiographs taken at that age. The
deformity was initiated as a low thoracic (apex Th 10-11) or thoracolumbar (apex
Th12-L1) curve, starting with a tilting of the L3 or L4 vertebra (Figure 8a-b). Rotation
was marked. Six patients with radiographs from early childhood showed rapid dete-
rioration of curves at follow-up. The curves averaged 134 (range 83 — 188) degrees
in the last radiograph (Table 2). The convexity of the curves was to the right in four
and in the left in seven patients. In the lateral view, severe kyphosis with an average
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FIGURE 8a-e. An example of the early progressive type of scoliosis. a) At the age of 2 years and 7 months scoliosis was 60 degrees. Note the
severe rotation in the lumbar spine. The apex of the scoliosis is T12. b) At 6 years scoliosis was 99 degrees; the apex is now T8. c) At 19 years
scoliosis has progressed to 167 degrees. d-e) Subsequent progression was slight and at 34 years scoliosis was 179 degrees. In the lateral view,
severe kyphosis of 166 degrees was noted.
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FIGURE 9. Natural history of early progressive type of scoliosis from birth to 60 years. One circle
is one radiograph.

of 97 (range 40 — 166) degrees was seen. The apex was located at the lower tho-
racic spine or at the thoracolumbar junction. The development of these curves is
shown in Figure 9.

Curve patterns similar to those in adolescent idiopathic scoliosis were seen in 52
(52%) patients (Figure 10). The curves were usually evident before the age of 10
(range 3 —16) years in 32 patients with follow-up radiographs from childhood. Pro-
gression of the curves was mild to moderate in these patients. The degree of rota-
tion to convexity seemed to be related to the severity of the deformity. The curve
magnitude was usually at least 20 degrees (n=50) at the last follow-up. Curves aver-
aged 46 (range 16 — 104) degrees in the last radiograph (Table 2). Only two of 41
(5%) patients had a curve of more than 100 degrees in adulthood. In the lateral view,
thoracic and lumbar alignment varied among patients. In the thoracic spine, the

average kyphosis was 30 (range 2 — 100) degrees. In the lumbar spine, the average
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FIGURE 10a-e. An example of the idiopathic type of scoliosis. a) At the age of 12 years scoliosis was 54 degrees, b) at 18 years 80 degrees and c)
at 35 years 84 degrees. d) In the last radiograph, at the age of 48 years, scoliosis was 104 degrees. e) At the same age in the lateral view, kyphosis

was 61 degrees and lordosis 26 degrees.
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Last radiograph
Type n nl age(yr) range(yr) average  range f-u range
Early progressive " 4 37 5-78 134°  83°-188° 20 4-32
|diopathic-like 52 3 30 4-63 46° 16°-104° 18 2-37

Mild non-progressive 6 9 35 7-56 18° 11°-40° 20 2-41

TABLE 2. Age of patients and degree of curve at the time of the last radiograph, and follow-up time
in different subgroups. n = number of patients, n1 = number of patients with only one radiograph,
range = range of age / curve / follow-up, average = average degree of curves, and f-u = follow-up
time in different subgroups. For two patients with early progressive and four with idiopathic-like
type of scoliosis, the last radiograph before surgery is given.

lordosis was 34 (range 2 — 112) degrees. In addition, 14 patients had a quadruple
curve pattern in the thoracolumbar spine (kyphosis-lordosis-kyphosis-lordosis or lor-
dosis-kyphosis-lordosis-kyphosis). The average lordosis in the upper (n=1) or the
lower (n=13) thoracic spine was 13 (range 4 — 21) degrees and the average kypho-
sis in the upper (n=13) or the lower lumbar spine (n=1) was 19 (range 2 — 60) de-
grees. Curves of the Idiopathic-like type were further categorised according to King’s

and Coonrad’s classifications (Table 3). The natural history of these curves is shown

in Figure 11.

KING (type) Coonrad (type) Left / Right Total (%)

| 1A 8/1 9 (17%)

1B 1/0 1 (2%)

I 2A 117 8 (15%)

2B 2/1 3 (6%)

1l 3 217 9 (17%)

v 4 4/3 7 (13%)

\Y% 5 1/2 3 (6%)

6 4/1 5 (10%)

7 2/1 3 (6%)

8 0/1 1 (2%)

9 3/0 3 (6%)
Total 28/24 52 (100%)

TABLE 3. Categories of idiopathic-like type of scoliosis according to King’s and Coonrad’s classi-
fications. L / R = number of patients with scoliosis convex to left and right, Total = total number and
percentage of patients with scoliosis in each type.
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FIGURE 11. Natural history of idiopathic-like type of scoliosis from birth to 60 years. One circle is
one radiograph.

Local curves associated with asymmetric disc degeneration (30 patients) (Figure
12) and local lumbar curve with pelvic tilting (six patients) were also noted. The
curves were usually evident at adulthood, also in eight patients with follow-up radio-
graphs from childhood (Figure 13). No significant progression (Figure 13) or rotation
of the curves was seen during follow-up. All curves were over 10 degrees but only in
one (3%) patient did the curve was exceed 30 degrees. The curves averaged 18
(range 11 — 40) degrees at the last radiograph. In the lateral view, sagittal deformi-
ties were uncommon and usually mild. In the thoracic spine, the average kyphosis
was 24 (range 4 - 46) degrees and in the lumbar spine, the average lordosis was 31
(range 4 — 72) degrees. A triple (kyphosis-lordosis-kyphosis) curve pattern was seen
in one patient and a quadruble curve pattern in five patients. In addition, long kypho-
sis from the upper thoracic spine to the lower lumbar spine was noted in one patient.
The average lordosis in the lower thoracic spine was 11 (range 9 —14) degrees and

kyphosis in the lumbar spine was 24 (range 4 — 60) degrees. Curves associated with
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FIGURE 12a-b. Two siblings with the mild, non-progressive type of scoliosis. Note the similar
curve patterns and degenerative changes associated with this type.

disc degeneration were reminiscent of type Xl in Coonrad’s classification (Figure
12a-b).

Scoliosis could thus be divided into three subtypes: 1) early progressive, 2) idiopathic-
like and 3) mild non-progressive (Table 4). The scoliosis of one patient was not
compatible with this classification: he had congenital scoliosis due to a wedged ver-

tebral body of L2 noted at the age of 1 year.
Intrafamilial variation in scoliosis

The early progressive type of scoliosis was seen in one pair of siblings; the idi-
opathic-like type in four and the mild, non-progressive type in three siblings (Table
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FIGURE 13. Natural history of mild non-progressive type of scoliosis from birth to 60 years. One
circle is one radiograph.

5). In three families, patients had either the idiopathic-like or mild, non-progressive
type of scoliosis. However, in two of these three families the patients had only a mild
idiopathic-like or mild, non-progressive type of curve (Table 5); only in one family did
one patient have a moderate idiopathic-like and the other patient a mild, non-pro-
gressive type of curve.

Feature / Subtype Early progressive Idiopathic-like Mild non-progressive

Age of onset <3 years <10 years > 15 years

Progression Rapid Mild to moderate No

Curve pattern Low thoracic or Similar to those of Multicurve or lumbar
thoracolumbar AIS

Thoracic kyphosis or lordosis ~ Severe kyphosis Mild lordosis - severe Mild lordosis - mild

kyphosis kyphosis
Rotation of vertebrae +++ +/++ -
Magnitude of deformity at type > 100 degrees > 30 degrees < 30 degrees

end of growth, if untreated

TABLE 4. Typical features of different subtypes of scoliosis.
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Age Apex Convex Magnitude Type

Family 1

F 34 Th Right 188 Early progressive

M 28 Th Left 1172 Early progressive
Family 2

M 50 L Left 40° Idiopathic-like

M 39 Th Right 26° Idiopathic-like

M 52 Th-L Left 36° Idiopathic-like
Family 3

F 56 L Left 37 Idiopathic-like

F 63 Th-L Left 35 Idiopathic-like
Family 4

F 29 Th Left 91° Idiopathic-like

F 24 Th Right 82° Idiopathic-like
Family 5

F 21 Th Left 20° Idiopathic-like

F 32 Th-L Left 36° Idiopathic-like
Family 6

F 43 L Right 12° Mild non-progressive

F 53 Th Right 14° Mild non-progressive
Family 7

F 3 Th-L Right 14 Mild non-progressive

M 25 Th Left 12° Mild non-progressive
Family 8

F 52 Th Right 11° Mild non-progressive

F 51 Th Left 20° Mild non-progressive
Family 9

F 47 Th Left 15 Mild non-progressive

F 45 L Left 20° Mild non-progressive

F 50 Th Right 23° Idiopathic-like
Family 10

M 33 L Left 20° Mild non-progressive

F 40 Th Right 60° Idiopathic-like
Family 11

F 41 L Left 35° Idiopathic-like

F 30 L Right 22° Mild non-progressive

F 34 Th Left 12° Mild non-progressive

TABLE 5. Scoliosis in eleven families with siblings. M = male and F = female. Age = age at time of
the last radiograph. Apex = primary curve thoracic (Th), thoracolumbar (Th-L) or lumbar (L), Mag-
nitude = Magnitude of curve in degrees in the last radiograph. Type of curve according to our
classification.
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MRI data

Skull base

The signal intensity and the location of the medulla oblongata and cerebellar tonsils
were normal. None of the patients had foramen magnum stenosis; on the contrary,
the foramen magnum appeared to be wider than normal. Nor were there any pa-
tients with basilar invagination. In all of them, the tip of the dens in relation to Cham-

berlain’s line was within normal limits (1 mm £6.6 mm) 82,

Spinal cord and canal

In general, the spinal cord was normal. MRI showed normal signal intensity of the
spinal cord in all patients (n=90) with no signs of medullar atrophy. Deformation of
the medulla was often associated with cervical or thoracolumbar kyphosis. Two (16%)
out of 12 patients in the age group 0 — 10 years had mid-cervical kyphosis. Their
ages were 4 and 18 months and the magnitude of kyphosis was 90 and 40 degrees,
respectively. The former patient subsequently died. One patient had an 165-degree
kyphosis at the age of 32 years. Deformation of the medulla was related to the
severity of the kyphosis (Figure 14a-b).

In patients with severe scoliosis, the medulla was located on the concave side of the
curve in the spinal canal (Figure 15). One patient, a 30-year-old male, had a local
syrinx at levels Th7 to Th9. Moreover, half of the patients, three (30%) aged 0 — 10
years, six (43%) aged 11 — 20, 17 (43%) aged 21 — 40 and 17 (71%) aged 41 — 60
years, had mild dilatation of the central canal. The conus was located at the level of
the Th12 vertebra or of the intervertebral disc below it in five (6%) patients, at the
level of L1 in 79 (93%) patients and at the level of L2 in one (1%) patient. This is
within normal limits 168218 The location of the conus could not be defined in three
patients due to imaging artefacts caused by the spinal instrumentation hardware.

The spinal canal was narrowed, but severe spinal stenosis was uncommon. Table 6
lists the results of the arbitrary scale grading of the spinal canal width. The most
markedly narrowed levels were in the cervical and lumbar spine, especially at the
levels of C3to C6 and L3 to S1. Narrowness increased with age due to the progres-
sion of degenerative changes. However, only one patient, a 50-year-old male, had
both thoracic and lumbar spinal stenosis (Figure 16). One patient in the age group
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FIGURE 14a-b. Sagittal T2-weighted image from three-month-old patient (a). Severe cervical ky-
phosis causes marked medullar compression. Despite of performed anteroposterior fusion and
decompression, the patient died. Sagittal T2—weighted image from one year and seven months
old patient (b). Mild kyphosis causes narrowing of the spinal canal, but not medullar compression.
In the both patients cervical vertebrae and intervertebral discs are narrow and signal intensity of
the discs is abnormally low.

\ 3

FIGURE 15. The T1-weighted magnetic reso-
nance image of a 48-year-old female. Medulla
is located on the concave side of the curve in
the spinal canal.
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C1-5 C5-Th2

gr1 gr2 gr3 gré gr1 gr2 gr3 gré
Age group n % n % n % n % n % n % n % n %
0-10 41 85 5 10 0 2 4 46 96 1 2 1 2 0 0
11-20 55 98 1 2 0 0 O 56 100 0 O 0 o0
21-40 132 83 23 14 2 1 3 2 147 92 9 6 3 2 1 1
41-60 66 69 18 19 10 10 2 2 82 85 1M1 " 3 3 0 O
Total 294 82 47 13 12 3 7 2 331 92 21 6 7 2 1 0

Th2-7 Th7-12

gr1 gr2 gr3 gr4 gr1 gr2 gr3 gr4
Age group n % n % n % n % n % n % n % n %
0-10 47 94 3 6 0 O 0 O 50 100 0 O 0 0 O
11-20 63 94 4 6 0 O 0 O 62 100 0 0 0 o0
21-40 184 95 9 5 0 O 0 O 188 99 1 1 1 1 0 O
41-60 112 93 4 3 2 2 2 2 100 83 19 16 1 1 0 O
Total 406 94 20 5 2 0 2 0 400 95 20 5 2 0 0 O

Th12-L3 L3-S1

gr1 gr2 gr3 gr4 gr1 gr2 ar3 gr4

Agegroup n % n % n % n % n % n % n % n %
0-10 29 97 1 3 0 O 0 O 25 83 5 17 0 O 0

11-20 33 87 13 0 O 0 O 30 71 19 4 10 0 O
21-40 100 88 9 8 4 4 0 O 76 68 26 23 9 8 1 1
41-60 50 69 18 25 11 3 4 35 51 26 38 7 10 1 1
Total 212 84 33 13 5 2 3 1 166 66 65 26 20 8 2 1

TABLE 6. Size of spinal canal from C1 to S1 evaluated on an arbitrary scale. Grades were 1)
normal amount of cerebrospinal fluid (CSF) around medulla, 2) decrease in CSF around medulla,
3) no CSF around medulla, and 4) medullar compression n = number and % = percentage.

21 — 40 years and four patients in the age group 41 — 60 years had radiological signs
of compression of neural structures in the lumbar spinal canal, but no clinical symp-
toms.

The average and standard deviation (SD) for transverse areas of the spinal cord in

the cervical and in the lumbar and the dural tube are shown in Table 7. The trans-
verse areas of the spinal cord and the dural tube were smaller in patients with DD
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FIGURE 16. The magnetic resonance image of
a 50-year-old male with severe spinal stenosis
in the thoracic spine. Decompression and pos-
terior spinal fusion with instrumentation were later
performed on this patient.

=

than in healthy subjects (p < 0.0001), except in the spinal cord area at the level of
intervertebral disc C6-7 (p = 0.15).

Intervertebral discs

The intervertebral discs were abnormal in all patients. The discs were either speck-
led or black on T2-weighted images (Table 8, Figure 17). The older the patients , the
higher the frequency of black discs, and they were most often seen in the cervical
and in the upper thoracic spine. The signal intensity from discs C2-6 and L2-S1 of
patients aged 20 years or over was lower than that from asymptomatic individuals
20128 (n < 0.001). There was no difference in the signal intensity from discs Th2-S1
either between adult patients with scoliosis and without scoliosis or between adult
patients with scoliosis of less than 50 degrees and with scoliosis of over 50 degrees.
The disc spaces, especially in the cervical and in the thoracic spine, were narrower
than in the normal population in every age group.

In the cervical spine, 12/90 (13%) patients had 14 bulges and only 2/90 (2%) pa-
tients had a prolapse. In the thoracic spine, 39 (44%) of the 88 patients had a disc
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Spinal Cord (mnt) Dural Tube (mnf)
Level AreaControl AreaDD Ratio AreaControl AreaDD Ratio
C2-3 794 +6.9 66.0+14 1.2 21881314 1726 +6.6 1.3
C3-4 829+7.2 65.2+14 1.2 192.6+21.9 1322+4.5 1.5
C4-5 85.8+7.2 69.9+15 1.2 189.8 +20.3 136.3+4.3 14
C5-6 81.2+7.2 724+14 1.1 186.0 £20.3 147.7+4.4 1.3
Ce6-7 69.3+8.0 66.7 + 1.4 1.0 186.6 £ 22.0 150.7+4.5 1.2
L2-3 170 £ 39 93.6+364 1.8
L34 157 +39 74.7+£31.0 2.1
L4-5 153 +42 62.9 £29.2 24
L5-S1 129 +55 56.9 + 32.1 2.3

TABLE 7. Data on spinal cord and dural tube area. Reference data (areaControl) on healthy
individuals from reports by Hamanishi et al. (J Spinal Disord 7:388-393, 1994) and Okada et al.
(Spine 1994;19:2331-5.) were compared with data (areaDD) on patients with diastrophic dyspla-
sia.

C2-6 C6-Th2 Th2-7
Age group S % B % S % B % S % B %
0-10 0 0 48 100 0 0 36 100 1 2 49 98
11-20 0 0 56 100 0 0 42 100 3 4 66 96
21-40 0 0 160 100 0 0 120 100 1 1 199 100
41-60 0 0 96 100 1 1 71 99 0 0 120 100
Total 0 0 360 100 1 0 269 100 5 1 434 99
Th7-12 Th12-L3 L3-S1
Age group S % B % S % B % S % B %
0-10 20 40 30 60 1 37 19 63 9 30 21 70
11-20 17 26 48 74 18 46 21 54 11 27 30 73
21-40 16 8 182 92 24 21 92 79 16 14 100 86
41 -60 2 2 118 98 5 7 67 93 5 7 67 93
Total 55 13 378 87 58 23 199 77 41 16 218 84

TABLE 8. Results of grading signal intensity of intervertebral discs on T2-weighted images. S =
number of speckled intervertebral discs. B = number of black intervertebral discs.% = f speckled or
black discs as percentage of total number of discs. No intervertebral discs were classified as
normal.

bulge at one level at least in the thoracic spine and one (1%) had a prolapse; num-
bers in the lumbar spine were 56 (64%) and 2 (2%), respectively. The frequency of
disc bulges in the lumbar spine decreased with age (Table 9). In the cervical spine,
the frequency of bulges lower than shown by the reference values *?¢ (p < 0.0001),
but in the thoracic and in the lumbar spine frequency of bulges was same as in
healthy subjects 822, However, our patients had significantly fewer prolapses in the
whole spine than did subjects in the normal population (p < 0.001).
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FIGURE 17. The T2-weighted magnetic resonance
image of a 30-year-old male. Note the dark interver-
tebral discs, especially in the thoracic spine.

C2-7 C7-Th2 Th2-7
Bulge Prolapse Bulge Prolapse Bulge Prolapse
Age group n % n % n % n % n % n %
0-10 1 2 0 0 1 4 0 0 1 2 0 0
11-20 0 0 0 0 0 0 0 0 5 7 1 1
21-40 7 4 0 0 7 9 0 0 14 7 0 0
41-60 6 5 1 1 7 15 1 1 5 4 0 0
Total 14 3 1 0 15 8 1 0 25 6 1 0
Th7-12 Th12-L3 L3-S1
Bulge Prolapse Bulge Prolapse Bulge Prolapse
Age group n % n % n % n % n % n %
0-10 0 0 0 0 23 77 0 0 21 70 0 0
11-20 3 5 0 0 18 46 0 0 20 45 3 7
21-40 6 3 0 0 17 15 0 0 18 16 0 0
41-60 9 8 0 0 19 26 0 0 17 24 0 0
Total 18 4 0 0 77 30 0 0 76 29 3 1

TABLE 9. Number (n) and percentages (%) of bulges and prolapses at different levels of the
cervical, thoracic and lumbar spine. A bulge was defined as a small, diffuse, non-focal protrusion
of non-osseous disc material and a prolapse as a focal extrusion.
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Vertebrae

In the MR images, three (3%) of the 90 patients had cervical and one (1%) of 88 had
thoracolumbar kyphosis. In the radiographs, scoliosis was noted in 70 (80%) of the
88 patients with MR images with an average of 42 (range 11 — 188) degrees.

Dens was normal in the age group 0 — 10 years in all patients. A hypertrophied dens
was noted in the age groups 11 — 20, 21 — 40 and 41 — 60 years, with four (29%), 14
(35%) and 11 (46%) patients in each group, respectively. The rest of the patients in
the age groups had a normal dens. Medullar deformation due to the hypertrophied
dens was noted as follows: one (9%) in the 0 — 10, three (21%) in the 11 — 20, six
(15%) in the 21 — 40 and three (13%) patients in the 41 — 60 year age groups (Figure
18).

Vertebral hypoplasia from C3 to C5 was associated with kyphosis. On the other
hand, in adult patients with cervical lordosis the sagittal diameter of the four-cor-
nered vertebral bodies from C3 to C5 seemed to be increased. Only two patients
had vertebral anomalies: a 17-year-old female had a Th7 butterfly vertebra and a

FIGURE 18. The cervical spine was always abnor-
mal. Typically, vertebral bodies and intervertebral
discs are narrow and signal from discs is low and
foramen magnum is exceptionally wide. Degenera-
tive changes with end-plate irregularities and "hyper-
trophied” dens in 39-year-old male patient. Spinal
canal was also narrowed.
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FIGURE 19. The T1-weighted magnetic resonance image of
a 36-year-old male. Junctional thoracolumbar kyphosis caused
compression of neural structures.

34-year-old male had an L2 anteriorly wedged verte-
bra (Figure 19).

Spondylotic bone spurs in the anterior and posterior
margins of the vertebrae could already be observed
in the age group 11 — 20 years and their prevalence
increased with age. These degenerative changes
affected all adult patients. All patients exhibited de-
generative-like hypertrophy of the facet joints in the
lumbar spine (Figure 20), and severity seemed to in-
crease as the patients aged. One patient, a 24-year-
old male, had L 5 spondylolysis and -olisthesis.

Schmorl node’s prevalence was stable after adoles-
cence (Table 10). Of the 88 patients with MR images of the cervical spine to the
sacrum, 43 (49%) had at least one Schmorl’'s node. In the cervical spine Schmorl’'s
nodes were seen in two (5%) and five (21%) patients in the age groups 21 — 40 and
41 — 60 years, respectively. In the thoracic spine, one (10%) patient in the 0 — 10, six

FIGURE 20. The T1l-weighted
magnetic resonance image of a
45-year-old female. As well as
hypertrophied facet joints, there
is severe muscle atrophy.
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C2-6 C6-Th2
SN Type | Type ll SN Type | Type ll
Age group n % n % n % n % n % n %
0-10 0 0 0 0 0 0 0 0 0 0 0 0
11-20 0 0 0 0 0 0 0 0 0 0 0 0
21-40 5 3 1 1 1 1 4 3 0 0 0 0
41-60 5 5 0 0 0 0 4 4 0 0 0 0
Total 10 3 1 0 1 0 8 2 0 0 0 0
Th2-7 Th7-12
SN Typel Typell SN Type Typell
Age group n % n % n % n % n % n %
0-10 0 0 0 0 0 0 0 0 0 0 0 0
11-20 3 4 0 0 0 0 11 18 1 2 0 0
21-40 14 7 1 1 0 0 20 10 4 2 0 0
41-60 13 11 0 0 2 2 16 13 5 4 5 4
Total 30 7 1 0 2 0 47 11 10 2 5 1
Th12-L3 L3-S1
SN Type | Type ll SN Type | Typell
Age group n % n % n % n % n % n %
0-10 3 10 1 3 0 0 3 10 0 0 0 0
11-20 7 18 2 5 0 0 5 12 0 0 1 2
21-40 10 8 2 2 8 7 3 3 3 3 13 11
41-60 9 13 6 8 5 7 4 6 2 3 4 6
Total 29 11 11 4 13 5 15 6 5 2 18

TABLE 10. Number (n) and percentage (%) of Schmorl's nodes (SN), and type | and Il bone
marrow changes in studied vertebrae of the thoracic and lumbar spine. Schmorl’s nodes, defined
as herniation of disc into the vertebral body end-plate, and bone marrow changes were also noted.
Bone marrow changes were classified as type |, defined as decreased signal intensity on T1-
weighted images and increased signal intensity on T2-weighted images, or type Il, defined as
increased signal intensity on T1-weighted images and isointense or slightly increased signal inten-
sity on T2-weighted images.

(43%) in the 11 — 20, 18 (45%) in the 21 — 40 and nine (38%) in the 41 — 60 year age
groups had Schmorl’s nodes. In the lumbar spine, the numbers for these age groups
were four (40%), six (43%), four (10%) and eight (33%), respectively. Table 10 gives
the number and percentage of Schmorl’s nodes in the studied vertebrae. In statisti-
cal comparison with healthy subjects 822! we found no difference in patients aged
20 years or over in the thoracic or in the lumbar spine.
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In our study, bone marrow changes were usually seen in the lumbar spine of the
adult patients. Type | bone marrow changes were found in one (1%), nine (10%) and
13 (15%) patients in the cervical, in the thoracic and in the lumbar spine, respec-
tively. The numbers for type 1l bone marrow changes were one (1%), six (7%) and 21
(24%), respectively.

Muscles

Muscular atrophy was common. The psoas muscles in 99% and the back muscles
in 92% of the patients were considered abnormal by visual assessment of T1-weighted
MR images (Table 11, Figure 21). The older the patient the more severe was the
observed atrophy. Back muscles contained high signal intensity fatty streaks within
the muscle mass. The atrophied psoas muscles showed a diminished cross-section
area, but fat was not detected within the muscle. The patients with the most fatty
streaks and the smallest back muscles also had the most atrophied psoas muscles,
too. We found a highly significant difference (p< 0.001) in the prevalence of muscu-
lar atrophy between adult patients and the normal, healthy population 42, There was
no difference in the prevalence of the muscle abnormality either between adult pa-
tients with scoliosis and without scoliosis or between adult patients with scoliosis of
less than 50 degrees and with scoliosis over 50 degrees.

lliopsoas muscles Paraspinal muscles
Normal Mild Severe Normal Mild Severe
Age group n % n % n % n % n % n %
0-10 0 0 10 10 0 0 4 40 6 60 0 ©
11-20 0 0 10 7 4 29 1 7 64 4 29
21-40 1 3 13 34 24 63 2 5 17 46 18 49
41-60 0 0 8 33 16 67 0 0 9 38 15 63
Total 1 1 41 48 44 51 7 8 41 48 37 44

TABLE 11. Results of visual assessment of psoas and back muscles in different age groups.
Muscle status was estimated on an arbitrary scale with three grades: 1) normal, 2) mild atrophy
and 3) severe atrophy. The back muscles, that is, the erector spinae and multifidus, were esti-
mated together. n = number and % = percentage.
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FIGURE 21. The T1-weighted mag-
netic resonance image on the right
was taken of a 35-year-old female.
Note the severe atrophy in the
paraspinal and iliopsoas muscles.
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DISCUSSION

Material and methods

The patient population in this study was unselected and included those with only a
mild clinical picture. The data on one sample may therefore be interpreted and trans-
formed to represent the patient population. The prevalence of DD is higher in Fin-
land than reported elsewhere °, and the fact that the number of Finnish patients with
DD accounts for about half of the known patient population worldwide enabled the
spinal deformities to be investigated in detail.

In the radiographical studies (I and IIl) there was a follow-up of the majority of the
patients with spinal deformity. However, the interval between the spinal radiographs
varied due to the nature of the studies (partly retrospective). MRI is an excellent tool
in evaluation of the soft tissues, the contents of the spinal canal in particular. How-
ever, Myelo-CT is better than MRI at demonstrating spinal stenosis caused by bony
structures 8197 and it can be a complementary investigation in evaluation of spinal
stenosis. Disadvantages of myelo-CT are invasiveness and radiation. MR studies
were cross-sectional and follow-up MR images would have offered more close evalu-
ation.

In measurement of the scoliotic angle from plain radiographs, the mean inter- and
intraobserver error has been small, ranging from 1.5 to 4.2 degrees 12:49:59.134.136.174.223

Findings on MR images were compared, if possible, with those reported on healthy
subjects 1988126133141 There was no difference in sex distribution between our pa-
tients and those in reference groups. However, our patients tend to be younger (4 to
10 years). This difference was statistically significant, except in one case, but not
necessarily clinically significant. Evaluation of the findings is based on visual as-
sessment rather than on absolute measurements. Measurements from MR images
were compared with reference values reported elsewhere %13°. However, these re-
ports were from a Japanese population; none were available on a Caucasian popu-
lation at the time of the study. Hultman et al.  and Karantanas et al. ® found a
correlation between the transverse area of the spinal canal and a person’s body
length. The Japanese are shorter than Caucasians 14%1% and so the reference val-
ues used may be lower than those from a Caucasian population. The literature gives
no reference values for children and the thoracic spine.
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Physical examination

The impaired mobility of the spine found on physical examination is attributed to
abnormal intervertebral disc structure and rapid degeneration, rigid ligamentous struc-
tures and the high prevalence of spinal deformities. Physical examination included,
in addition of those reported on methods section, measurement of standing height,
sitting height and weight. Movement of the hip and knee joints, stability of the knee
joint and deformity of the feet were evaluated. Patellar and achilles reflexes and
sense of the skin in the L4-S1 dermatomes were also studied. Results of these
studies will be reported elsewhere. Laseque’s test is not reliable in patients with DD
is due to diminished range of movements in the hip and knee joints.

Cervical kyphosis

Cervical kyphosis is usually shown in childhood. The majority of DD patients with
cervical kyphosis in our study, as reported also in the literature, were young
2.1728,73,100,105,106,116.156.214 | qur study, 66 patients had no radiographs from early child-
hood, but it is possible that these adult and adolescent patients with normal lordosis
had a kyphotic deformity as children. The swan-neck deformity noted in two patients
may be a result of an incompletely resolved kyphosis or degeneration.

Cervical kyphosis usually resolves spontaneously. The clinical and radiological out-
come of cervical kyphosis in DD differs from other skeletal dysplasias. Spontaneous
resolution of this deformity is not seen in patients with Larsen’s syndrome or
camptomelic dysplasia 2344530,

Living adult patients with DD and severe cervical deformity are rare. The kyphosis
remained unresolved during follow-up in two living patients. The first patient had an
165-degree kyphosis at the age of 32 years and had no major neurological compli-
cations. There were no problems with anaesthesia in her previous foot operations
between ages of 6 to 12 years. For the second patient, a 4-year-old child with a 10-
degree kyphosis at the last follow-up, spontaneous resolution is to be expected dur-
ing the next few years.

Cervical kyphosis was associated to increased mortality in this series. Three pa-
tients with severe kyphosis died. Two of them, both new-borns, had severe tracheo-

and bronchomalasia, and their deaths were most likely due to severe kyphosis with
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POSTURAL AND ANATOMICAL FACTORS DEVELOPMENTAL FACTORS

- Cervical spine of foetus in utero is in hyperflexion - Hypoplastic and defectively ossified vertebrae in
cervical spine
- The increased angle of facet joints allows more

movement between vertebrae in AP direction * Hypoplastic vertebrae can be seen in radiographs
(phenomenon is also known as pseudodislocation of new-borns with DD
or -luxation.)

Vertebral ossification begins from lower cervical
vertebrae and proceeds upwards, C1 and C2 ossify
in differently from other cervical vertebrae [
mid-cervical vertebrae are the last to ossify'>®

Ossification is delayed in DD mid-cervical
vertebrae are usually hypoplastic

Severe hypoplasia in C3 or C4 causes wedge-
shaped form of vertebral body, which together
with posterior position of vertebra, increases the
angle of kyphosis

- Abnormal ligament structures

TABLE 12. Factors which may be related to the formation of cervical kyphosis in DD in utero.

myelopathy combined with severe tracheo- and bronchomalasia. The third patient
became quadriplegic during anaesthesia, possibly due to extension of the cervical
spine during intubation. He had shown no major neurological symptoms before sur-
gery. Severe forms of kyphosis causing medullar compression leading to quadriple-
gia and death have also been reported in the literature 28100152,

The pathogenic mechanism of kyphosis is unknown. This deformity most likely de-
velops in utero, because it is already evident at the neonatal age. Tables 12 and 13
set out factors which could be linked to the formation and resolution or progression
of this deformity. Vertebral hypoplasia is probably due to delayed and/or defective
growth of the cartilaginous structures. The anterior part of the vertebra is most se-
verely affected, causing a wedge-shaped vertebral body and “bending” of the cervi-
cal spine. Posterior displacement of the apex vertebra is often associated with hypo-
plasia. No correlation has been found between the presence of spina bifida occulta
and cervical kyphosis *’.

Severe kyphosis will usually progress. Kyphosis exceeding 60 degrees may progress
due to biomechanical factors. On the other hand, Bethem et al. " reported on a

61



Discussion

RESOLVING KYPHOSIS (<60°)

PROGRESSIVE KYPHOSIS (>60°)

- Child begins to hold the head up, which strengthens
extensor muscles of cervical spine

- Hypoplastic vertebrae become more normal

- Angle of facet joint is reduced, leading to decreased
movement between vertebrae in AP direction

- Highly hypoplastic C3 or C4 vertebrae, which causes
marked wedge-shaped vertebrae

- Increased angle of kyphosis causes pathological load
to the cartilaginous parts in vertebrae and to the
ligaments U increase of mechanical stress impairs
growth of vertebrae to “normal” four-cornered shape

U angle of kyphosis increases
- Angle of kyphosis is reduced and thus pathological
load to the cartilaginous parts in vertebrae and to the
ligaments is diminished [ decrease of mechanical
stress facilitates growth of vertebrae to “normal” four-
cornered shape U angle of kyphosis decreases

- Progression leads to extensor-flexor muscle imbalance
and thus extensor muscles may become flexor muscles

TABLE 13. Factors which may be related to the progression or resolution of cervical kyphosis in
DD in childhood.

patient with a spontaneously resolved 82-degree kyphosis. In our patients, severe
kyphosis was associated with the apex vertebra, which was round or triangular and
posteriorly displaced. The same phenomenon has been reported elsewhere
217:28,73.100.105106.214 |f the kyphosis is spontaneously resolved, the vertebral body of the
apex develops into a more normal “four-cornered” shape and posterior displace-
ment is reduced.

Severe kyphosis causes an abnormal atlantoaxial joint. On the basis of our data and
other reports 217.2853.73.100106.214 gayere kyphosis causes the position of the dens to
become parallel to the occiput. Normal articulation between the upper cervical ver-
tebrae is then impossible. Richards described one diastrophic patient with atlantoaxial
instability °¢. We found no such instability in our study.

It is unclear, how useful conservative treatment is in preventing the progression of
kyphosis. Bethem et al. described two patients with cervical kyphosis of 42 and 40
degrees who were placed in a Milwaukee brace for associated scoliosis *’. The
kyphosis resolved within 18 months in both patients, most likely reflecting the natu-
ral history of kyphosis rather than the effect of the treatment itself. Their most severe
case, a patient with an 82-degree kyphosis, was not treated and had continual slow,
spontaneous resolution 7.

Indications for operative treatment have not been established. Patients with severe
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cervical deformity and medullar compromise are rare. In the literature, combined
anterior and posterior fusion has been the most favoured technique 17:53731% How-
ever, such operations have been occasional with only a short follow-up and thus
final conclusions cannot be drawn.

Scoliosis

An almost constant finding in the thoracic and the lumbar spine is scoliosis. The
prevalence of scoliosis in this study was even higher than reported previously 152205215,
The high prevalence is not explained by diagnostic criteria, as the diagnosis of DD
can be made without the presence of spinal deformity - although it is often present.
In some patients early progressive type scoliosis can already be seen at the age of
3 years, but the prevalence is highest in adulthood, when mild forms of scoliosis can
also be noted.

Three new subtypes of scoliosis were identified. The early progressive type can be
distinguished from the idiopathic-like type on the basis of (1) curve type (Figures 8a-
d and 10a-c), (2) age at onset, (3) rate of progression and (4) degree of rotation of
curve. Patients with the early progressive type had the most severe outcome (Table
2). The mild non-progressive type of scoliosis is also readily distinguished. Only the
lumbar curve associated with pelvic tilting and the single lumbar curve pattern
(Coonrad's type 7) resembled each other. Discrimination is facilitated by the ab-
sence of both rotation and progression in radiographs.

The early progressive type is reminiscent of the progressive form of infantile idi-
opathic scoliosis, both having early onset, rapid progression and severe outcome
86.130 |n addition, patients have a shortened trunk and humpback appearance due to
the combination of vertebral rotation and kyphosis in the upper thoracic region &, as
seen in our patients, too.

The curve patterns in the idiopathic-like type of scoliosis were similar to those seen
in patients with adolescent idiopathic scoliosis (AlS). The curves were categorised
according to King’'s and Coonrad’s classifications. Fifteen patients (29%) with the
idiopathic-like type of curve did not fit King’s classification, which cannot accommo-
date single thoracolumbar, double thoracic or thoracolumbar, single lumbar, triple
and multiple curve patterns. All curves could, however, be classified according to
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Coonrad’s classification. Hence Coonrad’s classification, although originally intro-
duced for the classification of idiopathic scoliosis, may be more appropriate for sco-
liosis in skeletal dysplasias. Nevertheless, both classifications play a only minor role
in the planning of treatment, whether surgical or conservative, of patients with DD.

The pathogenic mechanism of scoliosis is not known. Asymmetric disc degenera-
tion is associated with mild, local curves (Figure 12a-b). DD is caused by mutations
in the DTDST gene, which encodes a certain sulphate transporter. Impaired function
of the transporter leads to undersulphation of the proteoglycans ® resulting in abnor-
mal growth of cartilaginous structures 82172175 and of ligaments and tendons. The
structure of the intervertebral discs is abnormal 2 and ligaments and tendons are
often rigid. These changes may lead to imbalance in growth of the spine and the
spinal deformity. Tolo et al. have stated that 40% of the patients had deformities due
to segmental defect in the thoracolumbar spine 2%. In our study, only one patient had
a vertebral anomaly of L2 causing scoliosis and thoracolumbar kyphosis.

The correlation between genotype and spinal deformities is unclear. Although clini-
cal variability is known among siblings in patients with DD 79, the siblings in our study
all showed a strong tendency to have similar spinal deformities (Figure 12a-b). Over
20 different mutations in the DTDST gene ®1°! have been described. It is possible
that a different mutation or mutations lead to more severe spinal deformity. Addi-
tional studies incorporating knowledge of gene mutations in DD and the natural
history of spinal deformities are needed.

Previously, the spinal deformities of patients with DD have been treated mainly with
a conservative approach 1673104127152 Sayere scoliosis can cause imbalance of the
trunk, leading to difficulties in gait and a reduction in the already short standing
height 104127152 ' Many of these patients had been allowed to develop severe deformi-
ties under the mistaken belief that surgery was inadvisable because of their young
age and dwarf status . In Finland, before the 1970s, the main interest focused on
other orthopaedic problems, mainly those of the lower extremities 52, Early surgical
intervention has now been proposed by several authors 17:7376.104,127.152,204,206207 ' Thea
results of brace treatment for scoliosis have been poor 1673104152 gnd currently brac-
ing is not recommended in the treatment of patients with DD %2,
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The indications for treatment of scoliosis in DD have not been established. From our
results and those of previous studies 73104127.152187.219 ' the most important prognostic
factors of the progression are time of onset - the earlier the time of onset, the more
rapid and severe the progression and curve type. It would seem that scoliosis of the
early progressive type will always develop into a severe deformity unless surgery is
performed. Both posterior fusion % and combined anterior and posterior fusion
1271152 have been proposed in the treatment of progressive curves.

Anteroposterior fusion is the treatment of choice in patients with the early progres-
sive type scoliosis. The operation causes loss of the growth potential of the spine,
but does not necessarily affect standing height 2. On the other hand, there is appar-
ently no growth spurt in patients with DD 128, Timing of the surgery is important and
we propose that it should be considered before the curve exceeds 70 degrees, which
tends to be quite early.

The treatment of choice in patients with the idiopathic-like type of scoliosis is poste-
rior fusion. Progression of the curve is slower and the operation can be performed
later in life than in the early progressive type. We propose that surgery should be
considered if the curve exceeds 50 degrees.

Patients with the mild non-progressive type of scoliosis do not apparently need treat-
ment for their scoliosis.

Spinal cord and canal

Sagittal, but not coronal, deformities cause deformation of the medulla, and the
foramen magnum tends to be wide. Severe kyphosis causes medullar compression
17.5373.100,106.152 '35 was also shown in our two patients with cervical kyphosis and one
patient with thoracolumbar gibbus. However, even in patients with the most severe
kyphosis, the T2-signal intensity of the spinal cord was not increased. This may be
due to slow progression of kyphosis and medullar compression, but could also be
due to plasticity of the medulla in early childhood.

The spinal canal is developmentally narrowed. The ratio of the dural tube area (ref-
erence / DD) was greater than the ratio of the spinal cord area (reference / DD) in the

cervical spine (Table 7). Thus the dural tube area is relatively even smaller than the
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spinal cord area, suggesting that the spinal canal fails to reach its “normal” size
during growth. Degeneration causes further narrowness in the spinal canal; the most
narrowed levels are usually in the cervical (C3-6) or in the lumbar (L3-S1) area.
However, in the cervical spine the narrowness was mainly due to large vertebral
bodies constricting the spinal canal and to disc degeneration with osteophytes. In
the lumbar spine, hypertrophy of the facet joints as well as disc degeneration caused
increased narrowness. Poussa et al. 2 also noted a tendency towards narrowing of
the interpedicular distances from L1 to L5. The advantage of arbitrary scaling is that

it describes the degree of true narrowness better than absolute values.

Developmental narrowness of the spinal canal was accentuated by disc degenera-
tion, notably in older age groups, and degenerative-like hypertrophy of the facet
joints. Radiological signs of severe lumbar spinal stenosis were, however, uncom-
mon. On the other hand, images were taken while the patients were in supine; in a
standing position, pressure in the spinal canal is elevated  and extension of the
lumbar spine increases, leading to a decrease in spinal volume 8224, Reports on the
operative treatment of lumbar spinal stenosis are sparse: Kopits * discussed one
patient and Poussa et al. two patients who needed decompressive procedures to
relieve symptoms. Thus, it seems that despite the narrowed spinal canal, patients
seldom need surgical treatment for spinal stenosis.

Despite the high prevalence of spinal deformities and the shorter trunk, the location
of the conus in our series was normal. The conus is normally located between Th12
and L3 168218 The effect of disturbed growth in patients with DD is most severe in the
extremities, but the spine is also involved. The location of the conus in our patients
was similar to that in the normal population, i.e. our patients have an absolutely, but
not a relatively, shorter spinal cord. It is possible that longitudinal growth of the neu-
ral structures is partially regulated by growth of the axial skeleton, i.e. traction.

Intervertebral discs

Intervertebral discs develop abnormally. In all patients, the T2-signal of the disc was
attenuated. The loss of the T2-signal in all discs studied may reflect disc degenera-
tion. On the other hand, even the youngest child participating in our study had speckled
or black discs. Moreover, as the structure of proteoglycans changes in patients with
DD, their function, i.e. water binding capacity *°, also changes. Loss of water, i.e.
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loss of protons, results in loss of signal on T2-weighted MRI images 2°2. The loss of
disc T2-signal intensity and height is therefore probably not solely due to degenera-
tion; more likely discs fail to reach their normal water content and height during
growth due to the presence of abnormal proteoglycans. The prevalence of prolapses
was significantly lower in our patients with DD than in the normal population. One
explanation might be that as the discs fail to reach their normal size and volume
there is less material to protrude. The decrease noted in the number of bulges with
age might be due to profound osteophytes.

Vertebrae

The prevalence of hypertrophied, large dens increased with age. The pathophysiol-
ogy of the hypertrophy is unknown. In some patients, a hypertrophied dens also
seemed to cause medullar deformation.

Hypoplasia of vertebrae C3-C5 was associated with cervical kyphosis. In the older
age groups (21 years or over) the depth of these same vertebral bodies was often
increased, as noted elsewhere *°. Vertebral growth depends on both genetic and
mechanical factors. Vertebral body height may even be primarily genetically deter-
mined %1% put horizontal growth and peripheral vertebral growth are more de-
pendent on mechanical factors and upright posture %1%, |t is possible that the
overgrowth is a results of increased strain on these vertebrae due to kyphosis in
childhood.

Vertebral anomalies were rare. Tolo et al. 2% found that 40% of patients with DD had
deformities due to a segmental defect in the thoracic spine. In our study, only one
patient had a vertebral anomaly of L2 causing scoliosis and thoracolumbar kypho-
sis; one other patient had a Th7 butterfly vertebra.

All patients had abnormal facet joints. The high prevalence of degenerative-like
changes (hypertrophy) must be due, at least in part, to abnormal development of the
cartilage facet joints. Hypertrophy increases with age due to the high frequency of
disc degeneration, which causes changes to the mechanical loading of facet
joints 33,
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The prevalence and distribution of Schmorl’s nodes were within normal limits in the
thoracic and the lumbar spine. Reference values for the cervical spine were not
available. Previous studies have associated an increase in degenerative changes
with Schmorl’s nodes 75221, Hilton et al. ”® found that Schmorl’'s nodes most often
occur in the lower thoracic or the upper lumbar spine. In their study, the frequency of
nodes did not increase after adolescence. Similar findings were made in our pa-
tients, although early degenerative changes were common in our study.

The prevalence of bone marrow changes was low. Modic type | bone marrow changes
may be considered an acute or subacute response of the vertebral bone marrow to
disc degeneration. In contrast, Modic type Il changes reflect a more stable end state
of the degeneration process *. An association has been reported between Modic
type | bone marrow and LBP 2%, but not with discography 2> or segmental instability
of the lumbar spine 6. The prevalence of these changes in the healthy population is
not known.

Muscles

Atrophy of low back muscles was common. Atrophy may be due partly to diminished
physical activity and partly to immobilisation caused by rigid deformities of the spine.
The back muscles accumulated fat deposits whereas the psoas muscles did not
(Figure 21). Parkkola et al. noted the same phenomenon #1142 in healthy individuals.
They also showed that neither the body-mass index (BMI) nor obesity has any cor-
relation with the fat deposits of the back muscles. The severity of muscular atrophy
increased with age in our patients. However, both the psoas and back muscles be-
come smaller in old age in healthy individuals, too 1. It is not known whether the
histological and biochemical structure of muscles is normal in patients with DD.
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CONCLUSIONS

From the results following conclusions can be made:

Cervical kyphosis in DD is usually evident at birth. Prevalence of the deformity in
childhood is high (96%). It almost always resolves spontaneously during growth
by the age of 5 to 6 and seldom needs treatment. Signs of poor prognosis are an
angle exceeding 60 degrees and round or triangular and posteriorly displaced
apex vertebra.

The exact pathogenic mechanism of kyphosis remains unknown. An abnormal
intervertebral disc structure may be one aetiological factor. However, vertebral
body hypoplasia seems to play a major role.

Prevalence of scoliosis is high (77%) in patients with DD. Three different subtypes
can be identified - early progressive, idiopathic-like and mild non-progressive.
The natural history of scoliosis in patients with DD ranges from severe deformity
and rapid progression (early progressive) to mild deformity without progression
(mild non-progressive). The earlier the curve was initiated the more severe was
its progression. The classification we propose may help to predict the natural
history of scoliosis in DD and adjust the timing of surgery in individual patients.

The exact pathogenic mechanism of scoliosis remained unclear. The abnormal
intervertebral disc structure and the rigid ligamentous structures may be aetio-
logical factors. In this respect; abnormal atrophied psoas and back muscles may
be secondary changes. However, vertebral anomalies are not the aetiology of
scoliosis as was previously suggested.

The impaired mobility of the spine found on physical examination was attributed
to abnormal intervertebral disc structure and height in addition to a high preva-
lence of spinal deformities.

Abnormal MR findings on the spine in patients with DD are common. Interverte-
bral discs are developmentally abnormal and degeneration proceeds rapidly.
Diastrophic dysplasia offers an interesting model of early disc degeneration
caused by abnormal proteoglycan synthesis. Sagittal deformities cause defor-
mation of the medulla. The spinal canal area is narrowed, but absolute lumbar
spinal stenosis is uncommon.

In forthcoming studies we shall focus on incorporating knowledge of gene muta-
tions in DD and the natural history of scoliosis in order to establishing whether
genotype can be used to predict of the severity of scoliosis.
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