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A Diagnostic Approach to Skeletal Dysplasias

SHEILA UNGER, ANDREA SUPERTI-FURGA, and DAVID L. RIMOIN

INTRODUCTION

The skeletal dysplasias are disorders characterized by
developmental abnormalities of the skeleton. They form
a large heterogeneous group and range in severity from
precocious osteoarthropathy to perinatal lethality [1,2].
Disproportionate short stature is the most frequent clin-
ical complication but is not uniformly present. There are
more than 100 recognized forms of skeletal dysplasia,
which can make determining a specific diagnosis difficult
[1]. This process is further complicated by the rarity of
the individual conditions. The establishment of a precise
diagnosis is important for numerous reasons, including
prediction of adult height, accurate recurrence risk, pre-
natal diagnosis in future pregnancies, and, most import-
ant, for proper clinical management. Once a skeletal
dysplasia is suspected, clinical and radiographic indica-
tors, along with more specific biochemical and molecular
tests, are employed to determine the underlying diagno-
sis. This process starts with history gathering, including
the prenatal and family history. This is followed by
clinical examination with measurements and radio-
graphs. It is important to obtain a full skeletal survey
because the distribution of affected and unaffected areas
is key to making a specific diagnosis [3]. Only after a
limited differential diagnosis has been established should
confirmatory molecular investigations be considered.
When available, histological examination of cartilage is
a useful diagnostic tool. This is especially important for
those conditions that are lethal in the perinatal period.
In these instances, the acquisition of as much informa-
tion as possible, while the material is available, is critical.
This chapter reviews this sequence of diagnostic steps
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and outlines some of the more important radiographic
findings.

BACKGROUND

Each skeletal dysplasia is rare, but collectively the
birth incidence is approximately 1/5000 [4,5]. The ori-
ginal classification of skeletal dysplasias was quite sim-
plistic. Patients were categorized as either short trunked
(Morquio syndrome) or short limbed (achondroplasia)
[6] (Fig. 1). As awareness of these conditions grew, their
numbers expanded to more than 200 and this gave rise to
an unwieldy and complicated nomenclature [7]. In 1977,
N. Butler made the prophetic statement that “in recent
years, attempts to classify bone dysplasias have been
more prolific than enduring” [8]. The advent of molecu-
lar testing allowed the grouping of some dysplasias into
families. For example, the type II collagenopathies range
from the perinatal lethal form (achondrogenesis type II)
to precocious osteoarthritis [9]. Although grouping into
molecularly related families has simplified the classifica-
tion, the number of different genes involved is very large.
There remain a large number of dysplasias without a
known molecular defect that are grouped with others
on the basis of a shared clinical or radiographic feature.
The nomenclature continues to undergo revisions as new
molecular genetic information becomes available [1]. The
nomenclature has been renamed as a nosology to indi-
cate that it represents a catalog of recognized skeletal
dysplasias rather than a succinct grouping of the varied
and numerous disorders (Table 1). A framework in
which to classify the skeletal dysplasias on the basis of
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FIGURE 1
droplasia due to the less common FGFR3 mutation (G375C). The
shortening is predominantly limb shortening with the proximal seg-
ments most affected (rhizomelia). (B) A child with Morquio syndrome

Differences in body proportions. (A) A boy with achon-

(mucopolysaccharidosis type IVA). Although there is overall
shortening, it is clear that the trunk is more severely affected.

their molecular defects has recently been developed
[10,11] that groups the skeletal dysplasias by the basic
function of the defective gene/gene product but does not
delineate the biological pathway involved [10].

The spectrum of skeletal dysplasias ranges from peri-
natal lethal to individuals with normal stature and sur-
vival but early onset osteoarthrosis [1]. The approach to
diagnosis varies between the lethal/semilethal disorders
and those compatible with life; thus, they are reviewed
separately. Most lethal skeletal dysplasias (and many
nonlethal ones) can be identified on prenatal ultrasound.
An attempt should be made to make a precise diagnosis
during pregnancy, but this may be impossible until after
pregnancy termination/delivery. However, under experi-
enced eyes, a prenatal ultrasound distinction can usually
be made between those disorders compatible with life
and those lethal prenatally or during early postnatal
life. Patients with a nonlethal skeletal dysplasia generally
present to their physician for evaluation of short stature.
It is sometimes unclear whether the cause of growth
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failure is systemic or skeletal. Renal, endocrine, and
cardiac abnormalities might need to be ruled out. How-
ever, these conditions present with proportionate short
stature, whereas the dysplasias usually cause dispropor-
tionate short stature. Also, some genetic syndromes
cause significant prenatal growth failure but should be
easily distinguishable on the basis of associated features,
such as developmental delay and dysmorphic facies,
and by radiographs. In fact, a chapter in Smith’s Re-
cognizable Patterns of Human Malformation [12] is
dedicated to disorders with “very small stature, not
skeletal dysplasia.”

HISTORY AND
PHYSICAL EXAMINATION

When presented with a child with disproportionate
short stature, a focused history can give invaluable
clues as to the differential diagnosis. In genetics, this
starts with prenatal history and includes length at birth.
Many of the nonlethal dysplasias (e.g., achondroplasia)
present with short stature at birth [13], whereas others (e.
g., pseudoachondroplasia) present with a normal birth
length with subsequent failure of linear growth [14].
Although the age at which growth failure is first noted
for a specific skeletal dysplasia is variable, it tends to be
fairly constant and can be used in developing a differen-
tial diagnosis. Increasingly, both lethal and nonlethal
skeletal dysplasias are being detected on prenatal ultra-
sound, and it is worthwhile to inquire if any ultrasounds
were done during pregnancy and if any discrepancy was
noted between fetal size and gestational dates [15].

Inquiry should be made for findings related to the
skeletal system. Some of these are obvious, such as
joint pain and scoliosis. Some skeletal dysplasias present
with multiple congenital joint dislocations (e.g., atelos-
teogenesis type III) [16]. Other findings that the family
might notice include ligamentous laxity or conversely
progressive finger contractures. Fetal joint dislocations
due to extreme laxity can present at birth as contractures
due to failure of proper in utero movement [17]. It is also
important to ascertain when growth failure was first
noted. Sometimes, findings unrelated to the skeletal
system can be most helpful in making the diagnosis,
such as abnormal hair and susceptibility to infections in
cartilage-hair hypoplasia (McKusick metaphyseal dys-
plasia) [18]. Unfortunately, these findings are by no
means constant. Parents may not consider other mani-
festations relevant to the diagnosis and a history will not
be offered unless specifically asked for. Conversely, the
diagnosis of a specific skeletal dysplasia may also lead
the physician to detect abnormalities that had not been
apparent to the patient or the family, such as renal
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16. A Diagnostic Approach to Skeletal Dysplasias

abnormalities in asphyxiating thoracic dysplasia (ATD
or Jeune syndrome) [19]. Most skeletal dysplasias are
associated with normal intellectual development. How-
ever, a developmental history should be taken because
there are notable exceptions to this rule. For children
with achondroplasia, there is a gross motor developmen-
tal delay in the first 2 years of life likely related to large
head size and ligamentous laxity [20]. Specific learning
disabilities have been reported in hypochondroplasia and
achondroplasia, but their significance remains contro-
versial [21]. Certainly, there is marked developmental
delay in children with the syndrome known as severe
achondroplasia with developmental delay, which is a
related fibroblast growth factor receptor 3 disorder
[22,23]. Dgyvve—Melchior—Clausen and dysteosclerosis
are both rare dysplasias associated with severe to pro-
found mental retardation [24,25].

A detailed family history should also be taken. Obvi-
ously, if another family member has a skeletal dysplasia,
this will be important in assessing the mode of inherit-
ance. It is also important to note parental heights since it
is possible that the child might simply have familial short
stature. Frequently, there is no family history of dwarf-
ism because many, if not most, of the skeletal dysplasias,
including the most common (achondroplasia), are auto-
somal dominant but most often caused by new mutations
rather than being inherited [26]. Certain dysplasias are
more common among certain ethnic groups, such as
cartilage-hair hypoplasia in the Amish [27] and spondy-
loepimetaphyseal dysplasia with joint laxity in the South
African Afrikaner population [28].

On physical examination, various growth parameters
must be precisely determined. It is important to note not
only the height of the child but also the weight and head
circumference. This can sometimes establish a pattern;
for example, in children with achondroplasia, the head
circumference is larger than normal but height is dramat-
ically reduced compared to normal [13]. A simple method
of determining proportions consists of measuring the
lower segment (symphysis pubis to floor) and subtracting
this figure from the total height to determine the
upper segment and then calculating the upper segment-
to-lower segment ratio. This ratio, along with the arm
span-to-height ratio, is used to document whether the
spine or limbs are more severely shortened. When there
is limb shortening, it is helpful to classify it as rhizomelic
(proximal), mesomelic (middle), or acromelic (distal)
depending on which segment is most affected. Once a
specific diagnosis has been established, it is useful to
plot the child’s growth against disorder-specific growth
curves. Specialized growth curves have been developed
for achondroplasia, pseudoachondroplasia, spondyloe-
piphyseal dysplasia congenita, and diastrophic dysplasia
[13,29]. These curves are most helpful for achondroplasia

389

and should be used more cautiously for the other dis-
orders because they show much more allelic heterogen-
eity and thus much greater phenotypic variability. In
addition, assessment of symmetry or asymmetry can in-
dicate certain diagnoses (e.g., chondrodysplasia punctata
Conradi-Hunermann) [30] (Fig. 2).

As in other genetic syndromes, ancillary signs can be
helpful in securing the diagnosis; thus, a general physical
examination is also recommended. These signs include
such findings as congenital heart disease, polydactyly,
and dystrophic nails in chondroectodermal dysplasia
(Ellis—van Creveld syndrome) [31]. A single finding is
never present in 100% of patients but if present can be
instructive. A good example of this is the cystic ear

FIGURE 2 (A) A 21-year-old woman with chondrodysplasia punc-
tata Conradi-Hunerman type CDP-CH. Her face and limbs show the
asymmetry characteristic of this disorder. She presented at birth with
hypoplasia of the right side of her body and icthyosis. She also had
scoliosis, bilateral club feet, and laryngeal stenosis requiring surgical
correction. On radiographs, there were multiple areas of stippling,
particularly at the right knee and ankle. Her diagnosis was confirmed
by plasma sterol analysis, which showed an increase in 8(9) cholestenol
(analysis by Dr. Lisa Kratz and Dr. Richard Kelley).

[AU6]
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FIGURE 3 (A) A young child with diastrophic dysplasia. Note the
gross deformation of the helical contour of the ear by the underlying
cystic swelling. Generally, these swellings are not present at birth but
develop during the first year of life and can be quite useful in establish-
ing the diagnosis. (B) Another clue to the diagnosis of diastrophic
dysplasia is this deformity of the thumb, termed the hitchhiker
thumb, caused by a shortened first metacarpal.

swellings seen in children with diastrophic dysplasia,
which are fairly specific for this disorder [32] (Fig. 3). In
general, children with skeletal dysplasias do not show
dysmorphic features of the head and neck, but one import-
ant feature is the Pierre-R obin sequence seen in the type 11
collagenopathies and campomelic dysplasia [9] (Fig. 4).

DIAGNOSTIC IMAGING

The number of clinical discriminators is far less than
the number of skeletal dysplasias; thus, radiographs are
necessary for diagnosis. A complete skeletal survey is

Sheila Unger et al.

recommended because the demonstration of normal find-
ings in a specific region (e.g., the hands) can be important
in making a differential diagnosis. The genetic skeletal
survey should include the following views: lateral skull,
anteroposterior and lateral thoracic and lumbar spine,
and separate lateral views of the cervical spine, thorax,
pelvis with hips, long bones, hands, and feet [3]. An as-
sessment of the size, structure, and shape of the individual
bones should also be performed. The dysplasias are trad-
itionally classified by the parts of the skeleton that are
involved. The patterns may include any or all of the
following: spondylo-, epiphyseal-, metaphyseal-, and dia-
physeal abnormalities. Recognition of the area or areas
involved helps to narrow the differential. Pseudoachon-
droplasia (PSACH) is a classic example of a spondyloepi-
metaphyseal dysplasia. In childhood, children with
PSACH have anterior beaking of their lumbar vertebrae,
small irregular epiphyses, and metaphyseal flaring (Fig.
5). This pattern of features is specific to PSACH and
sufficient for making the diagnosis [33]. This dysplasia
also illustrates that radiographic features of a dysplasia
are not static. As with most dysplasias, the diagnosis of
PSACH is much more difficult using adult radiographs
when the epiphyses have fused and the anterior beaking of
the vertebrae is replaced by nonspecific platyspondyly.
In addition to the pattern of skeletal abnormalities,
the region of the skeleton that is affected can be used
to narrow the differential diagnosis. For example, in
cartilage-hair hypoplasia (CHH) (McKusick metaphy-
seal dysplasia), the metaphyses are abnormal with rela-
tive sparing of the epiphyses and spine, but not all
metaphyses are equally affected. The knees are most com-
promised, with relative sparing of hips [34]. This pattern
of affected regions helps to differentiate CHH from the

FIGURE 4 (A) A newborn with campomelic dysplasia and typical craniofacial features. He has midface
hypoplasia, protuberant eyes, and Pierre-Robin sequence (U-shaped cleft soft palate and micrognathia. (B) A
4-year-old girl with Stickler syndrome. She has high myopia and hearing loss (note hearing aids), in addition to the
Pierre-Robin sequence. She has a proven type 11 collagenopathy with a 9 base pair deletion in exon 41.

[AUT]



16. A Diagnostic Approach to Skeletal Dysplasias 391

FIGURE 5 Radiographs of a 5-year-old girl with pseudoachondro-
plasia (PSACH). The lateral spine radiograph shows anterior beaking
with central protrusion, which is typical of the disorder. At her knee,
the epiphyses are small and dysplastic and the metaphyses are flared. In
PSACH, the radiographic findings are sufficient and specific enough to
allow for diagnosis.

other metaphyseal dysplasias and nutritional rickets [35].
The pattern is key to the diagnosis because few radio-

graphic features are specific. One notable exception
is the finding of iliac horns (Fig. 6) in nail-patella syn-
drome, which are essentially pathognomonic for the
disorder [36].

Although it is a subjective assessment, the bone qual-
ity can also help to discriminate between various dyspla-
sias. Dense bones are seen in several disorders, including
osteopetrosis and pycnodysostosis [37,38] (Fig. 7).
Osteopenia is seen in another group of disorders, includ-
ing osteogenesis imperfecta and hypophosphatasia [39].
Bone mineral density studies are available to quantify the
impression of osteopenia, but care should be taken to use
age-matched controls.

The spine radiographs can reveal more than simple
platyspondyly. In the newborn period, several disorders,
including Kniest dysplasia and various forms of chon-
drodysplasia punctata, have multiple coronal clefts [40].
One of the more specific findings in the spine is the
“double hump” seen in Dgyvve—Melchior—Clausen syn-
drome [24] (Fig. 8). Again, it is important to keep in mind
the “fourth dimension™ or the evolution of findings over
time [41]. The humped vertebrae of spondyloepiphyseal
dysplasia tarda will not be apparent until adolescence,
and the abnormalities in the lumbar spine in sponastrime
dysplasia change from platyspondyly with an anterior
protrusion to biconcave deformities of the posterior por-
tion of the vertebral bodies [42,43].

Abnormal findings have been recorded for every bone
or anatomical region. The hands are worthy of special
mention because of the variety of abnormal findings and
their frequently critical role in establishing a diagnosis.
Although bone age is not reliable for estimating potential
adult height in a person with a skeletal dysplasia, it can
be a useful indicator. Several skeletal dysplasias show
retarded osseous maturation, whereas advanced carpal

FIGURE 6 Radiograph of the pelvis of an approximately 4-year-old
girl who has nail-patella syndrome. She has short stature, dystrophic
nails, and absent patellae. The radiograph shows bilateral iliac horns,
which were asymptomatic.
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FIGURE 7 AP radiograph of the left hand of a 41/2-year-old boy
with pycnodyostosis. Of note are the osteolysis seen in all the distal
phalanges and the increased density of the bones, which are both typical
of this disorder.

bone age has been reported in few, such as Desbuquois
dysplasia [44]. Cone-shaped epiphyses are a cardinal
finding that can help establish a limited differential diag-
nosis. Cone-shaped epiphysis refers to an epiphysis that
is broader at the base than distally and is frequently
associated with an indentation in the metaphysis, most
often in the phalanges but occasionally in the metacar-
pals. Experts in this field can recognize 38 types of cones
and certain types are specific for distinct disorders [45].
The classic example is type 12 cone epiphyses in the
trichorhinophalangeal disorders [46] (Fig. 9). Brachydac-
tyly can be the only radiographic abnormality in certain
syndromes (multiple forms have been delineated) or seen

FIGURE 8 Lateral radiograph of the lumbar spine of a teenage girl
with Dgyvve—Melchior—Clausen syndrome. She presented with short
stature, dysplastic hips, and developmental delay. The spine has a
“double-hump” appearance with a central indentation. This is one the
few skeletal dysplasias associated with developmental delay.

FIGURE 9 (A) Radiograph of the left hand of a 3-year-old boy with
Langer-Giedion syndrome (trichorhinophalangeal syndrome type II).
He presented with short stature, unusual facies, and severe develop-
mental delay. There are multiple cone epiphyses particularly well seen
in the middle phalanges (arrows) and exostoses at both the distal ulna
and tibia (arrowheads). (B) Radiograph of the knee demonstrates
multiple exostoses at the distal femur and both tibiaec and fibulas
(arrows).

as part of a more generalized dysplasia (e.g., Robinow’s
syndrome) [47].

Campomelia (bowed bones) should not be considered
a specific indicator but rather as a starting point for
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generating a differential diagnosis. Campomelic dysplasia
is named for the bowing seen classically in the femurs and
tibiae and associated with an overlying skin dimple. How-
ever, the bowing is merely one of the radiographic criteria,
and more specific and constant findings are actually seen
in the chest, including hypoplastic/aplastic scapulae,
hypoplastic thoracic vertebral pedicles, and 11 pairs of
thin gracile ribs [48]. Several children with acampomelic
campomelic dysplasia due to point mutations in SOX9 or
chromosomal rearrangement have been reported [49,50]
(Fig. 10). Campomelia is also seen in other dysplasias,
such as Stuve-Wiedemann syndrome [51], and more
commonly as a reflection of fractures/bone fragility in
osteogenesis imperfecta [52]. Campomelia can also be
seen in nonskeletal dysplastic conditions, such as
Meckel-Gruber syndrome, presumably as a consequence
of fetal hypokinesia [53].

Like campomelia, chondrodysplasia punctata is a
radiographic sign and not a specific diagnostic entity
[54]. The terms chondrodysplasia punctata, stippled
epiphyses, and punctate epiphyses have been used inter-
changeably in the literature. Although this finding will
help generate a differential diagnosis, it is seen in more
than 20 disorders, including teratogen exposures, intra-
uterine infections, chromosomal abnormalities, and
some metabolic diseases [55]. Punctate epiphyses disap-
pear with age as the multiple calcified centers coalesce,
reinforcing the need for an early and complete skeletal
survey if a dysplasia is suggested.

FIGURE 10 AP radiograph of a newborn with campomelic dyspla-
sia. Of note is the absence of vertebral pedicles in the thoracic spine
(present in the lumbar spine) and 11 pairs of ribs. A nearly diagnostic
and uniform feature is the hypoplastic scapulae (large arrowhead). Not
seen here but often present are cervical kyphosis and cervical or thor-
acic scoliosis.
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FIGURE 11
acic dysplasia (ATD) are important diagnostic features. This radio-
graph shows the typical pelvis of ATD with narrow sacrosciatic
notches and trident appearance of the acetabular roof (radiograph
provided by Dr. Elke Schaefer).

The pelvic radiographic findings in asphyxiating thor-

Radiographic views of the pelvis can also be import-
ant in the differential diagnosis. In a child with ATD, the
neonatal manifestations are due to the small chest size,
but this does not differentiate ATD from other disorders
associated with short, horizontally oriented ribs, such as
Barnes syndrome [56]. Although the pelvic abnormalities
are clinically silent, they are diagnostically important
(Fig. 11). The pelvic abnormalities in some conditions,
such as Schneckenbecken and baby rattle dysplasias, are
so striking that they have been used in naming the
conditions [57,58].

BIOCHEMICAL INVESTIGATIONS

Biochemical investigations are not often useful but in
certain instances can be invaluable. Classic examples of
dysplasias diagnosed in this manner are the mucopoly-
sacharidoses and mucolipidoses. Screening is done by
quantitation of urine mucopolysaccharides and oligosac-
charides and diagnosis is by specific enzyme assay on
leukocytes or fibroblasts. These disorders have varying
degrees of skeletal involvement but follow a pattern
known as dysostosis multiplex [59]. The findings in the
skull include J-shaped sella turcica and premature fusion
of the cranial sutures. The vertebral bodies tend to be
ovoid in shape and there can be ossification defects. The
ossification defects are pronounced in Morquio syn-
drome and, along with the platyspondyly, result in the
gibbus deformity, which is frequently the presenting sign
of the disorder [60] (Fig. 12). There are also characteristic
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FIGURE 12 Lateral radiograph of a 41/2-year-old boy with Morquio
A (N-acetyl-galactosamine sulfatase deficiency). In the cervical spine,
note the platyspondyly and hypoplastic dens. The lumbar spine is
typical of severe dysostosis multiplex, with flattening and midanterior
beaking. There is a kyphosis of approximately 15°

changes in the hands, including short proximally pointed
metacarpals and bullet-shaped phalanges (Fig. 13). Wide
ribs that narrow posteriorly are a frequent sign of dysos-
tosis multiplex [59] (Fig. 14).

Recently, abnormalities in sterol metabolism have
been recognized as causing several forms of chondrodys-
plasia punctata, including chondrodysplasia punctata
Conradi-Hunermann and congenital hemidysplasia
with icthyosis and limb defects [30,61]. Sterol analysis
was useful to show that these were metabolically related
disorders and is now used for confirmation of diagnosis
[61]. Another example of biochemical analysis is the
measurement of GNASI1 function in the diagnosis of
Albright hereditary osteodystrophy [62]. Quantitative
analysis of this protein’s activity in the erythrocyte

FIGURE 13 Radiograph of the left hand of a 10-month-old boy with
Hurler disease (a-iduronidase deficiency). Of note is the marked prox-
imal pointing of the metacarpals, resembling a sharpened pencil.

FIGURE 14 Chest radiograph of a 5-month-old girl with T cell
disease who died at 7 months of age. Particularly noteworthy is the
expansion of the ribs.

membrane has been used for diagnosis prior to gene
discovery [63].
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CARTILAGE HISTOLOGY

Although not commonly used, histological assessment
can be helpful and occasionally crucial to the diagnosis
of skeletal dysplasias identified both prenatally and post-
natally, especially if the molecular defect is unknown.
The most useful bone from an autopsy is the femur
because it offers bone tissue, cartilage tissue, and two
large growth plates. Iliac crest biopsies from living pa-
tients can be quite useful. The following are useful cri-
teria for the distinction and diagnosis of bone dysplasias:
(i) Where is the primary abnormality—in bone tissue
(e.g., osteogenesis imperfecta), in cartilage tissue (e.g.,
achondrogenesis 1b and 2), or at the growth plate (tha-
natophoric dysplasia)? (ii) Is the extracellular matrix
affected or is it microscopically normal? (iii) Are the
chondrocytes morphologically normal or do they show
changes in shape (e.g., spindle shaped as in fibrochon-
drogenesis or ballooned as in collagen 2 dysplasias)? (iv)
Within the growth plate, are the relative widths of the
columnar zone, the hypertrophic chondrocyte zone, and
the provisional calcification zone correct? Routine hema-
toxyline and eosine staining is of limited value because of
the poor affinity of cartilage matrix for these dyes.
Whenever possible, Azan—Mallory staining or another
trichrome staining method should be performed to visu-
alize collagen fibers, and staining with a cationic azo
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dye (Alcian blue or toluidine blue) should be performed
to visualize the anionic sulfated proteoglycans in the
cartilage matrix. To obtain the best visualization of
cellular and matrix components, specimens should not
be decalcified and embedding should be done in a plastic
such as methylmerthacrylate rather than paraffin.

Fibrochondrogenesis is a lethal (presumed autosomal
recessive) disorder named for its unusual histological
pattern [64]. Radiographically, there is a resemblance to
lethal metatropic dysplasia, but microscopic evaluation
of the growth plate revealed a very disturbed pattern
compared to controls that is particular to fibrochondro-
genesis [64,65]. The columnar zone is reduced in width
in the thanatophoric dysplasia/achondroplasia group,
whereas it can be markedly wider than normal in hypo-
phosphatasia [66] (Fig. 15). The importance of cartilage
histology is further demonstrated in the achondrogenesis
group: Many of the distinctive radiographic features are
not reliably detected in midgestation fetuses, but cartil-
age histology may allow for reliable distinction between
type 1B (normal chondrocytes and rarefied matrix with
coarse collagen fibers), type 1A (normal matrix and in-
clusions in chondrocytes), and type 2 (matrix dehiscence
and vacuole formation and ballooned chondrocytes)
[67,68] (Fig. 16). These data can be used to decide
what confirmatory laboratory investigations should be
obtained first.

FIGURE 15 Examples of architectural disturbances at the metaphyses. (Left) Metaphysis of a long bone of a
fetus (28 weeks) with thanatophoric dysplasia type 1. The width of the proliferating, columnar chondrocyte zone
(between the arrows) is dramatically reduced; column formation is barely recognizable. There is a dense fibrooss-
eous band just proximal to the growth zone that correlates with a cupped appearance of the metaphysis on
radiographs. (Right) Metaphysis of a long bone of a fetus (33 weeks) with hypophosphatasia. The defect in alkaline
phosphatase activity impairs terminal differentiation of the proliferating chondrocytes to hypertrophic chondro-
cytes. Therefore, column formation is exuberant (some columns can be followed almost to the bottom of the

figure). Magnification, approximately 20x.
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FIGURE 16 Examples of different patterns of changes in chondrocytes and cartilage matrix in epiphyseal
cartilage of fetuses with achondrogenesis type 1A (left) and type 1B (middle) and fibrochondrogenesis (right).
(Left) The cartilage matrix in achondrogenesis type 1A is smooth and homogeneous and thus near normal. The
chondrocytes have irregular sizes, and in some vacuolization of the cytoplasm can be recognized. Also, some
chondrocytes display eosinophilic inclusions (which would show better after PAS staining). (Middle) The cartilage
matrix in achondrogenesis type 1B does not have a smooth ground-glass pattern but shows instead coarse collagen
fibers that tend to coalesce around the chondrocytes. Some of the chondrocytes show a limited pericellular
(territorial) zone with some preservation of matrix. (Right) Fibrochondrogenesis. With this conventional hema-
toxyline and eosine staining, the main abnormality visible is the spindle-shaped (fibroblast-like) chondrocytes that

tend to be grouped in nests separated by fibrous strands.

Although the role of careful histological examination
for diagnostic purposes is undisputed, its contribution to
suggesting possible pathogenetic mechanisms is contro-
versial because it has been helpful in some cases (e.g., in
linking dyssegmental dysplasia to the perlecan gene by
virtue of histologic analogies to a perlecan mouse knock-
out) but misleading in others [69]. For example, histo-
chemical evidence suggesting a proteoglycan defect in
achondrogenesis and diastrophic dysplasia has been pre-
sent for many years, but the disorders were linked only
after biochemical and molecular evidence of a common
sulfation defect; histochemical data had long been inter-
preted as suggestive of a collagen 2 defect or a metabolic
defect leading to cellular demise in diastrophic dysplasia.
The intermediate defect, atelosteogenesis 2, was separ-
ated from severe diastrophic dysplasia despite radio-
graphic and histologic evidence of a close relationship
between the two.

MOLECULAR BASIS

As the molecular basis has become known for increas-
ingly more skeletal dysplasias, mutation analysis has
become an increasingly useful tool for confirmation of

the clinical/radiographic diagnosis. The determination of
a specific molecular diagnosis can have clinical implica-
tions for prognosis of the patient and for recurrence risk
for the family. This is particularly important for those
disorders that are inherited in an autosomal recessive
manner or have significant germline mosaicism and that
might be amenable to prenatal diagnosis. Knowledge of
the gene defect also allows for the description of the
complete spectrum of a disorder and the overlap of
certain disorders. For example, it has been shown that
recessive metaphyseal dysplasia without hypotrichosis
is a variant of CHH and that hair anomalies and im-
munodefciency are not obligate features of CHH [70].
Similarly, molecular analysis has revealed that Ehlers—
Danlos syndrome type 7 is caused by splicing mutations
in the type 1 collagen genes, thus explaining the pheno-
typic overlap between this disorder and osteogenesis
imperfecta [71].

PRENATAL DETECTION OF
SUSPECTED SKELETAL DYSPLASIA

In recent years, ultrasonographic examination during
pregnancy has become part of standard prenatal care,
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and measurements of the skull, abdomen, and femurs are
a routine part of the exam. Currently, more than 80% of
the lethal dysplasias are detected on prenatal ultrasound,
and the nonlethal or variably lethal skeletal dysplasias
are increasingly detected [72]. The most common find-
ings prompting suspicion of a skeletal dysplasia are short
limbs for gestational age or polyhydramnios [73]. Once a
skeletal dysplasia is suspected, the patient is referred to a
tertiary care center for detailed anatomic screening. Al-
though historically in utero radiographs were used to
establish a diagnosis, in practice this has been abandoned
due to its limitations and the advances in ultrasound
technology [74].

Prenatally, it is most important to determine whether
or not the fetus actually has a skeletal dysplasia and, if
so, whether it is lethal because this will often play a role
in pregnancy management. Perinatal lethality in skeletal
dysplasias is usually secondary to restrictive lung disease
as a consequence of a small bony thorax; thus, measure-
ments of the thoracic circumference and the thoracic/
abdominal ratio are the best indicators of lethality [75]
(Fig. 17). Severely shortened limbs (micromelia) are a
useful but indirect indicator of lethality and can some-
times be appreciated earlier in the pregnancy than small
thoracic circumference [75]. However, not all short limbs
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are due to dysplasia, and intrauterine growth retardation
can be mistaken for a skeletal dysplasia. This is import-
ant to recognize because it will affect prognosis for the
current pregnancy and recurrence risk dependent on the
underlying cause of the growth failure [76].

Prenatally, in addition to assessing the individual
bones, such as by examining postnatal radiographs, it is
necessary to assess the pattern of bony abnormalities. It
is more difficult to judge radiographic features pre-
natally, but an examination of the skeleton and the vari-
ous patterns seen in dysplasias can help formulate a
reasonable differential diagnosis. Ultrasound visualiza-
tion of a skull defect might lead to the diagnosis of
osteogenesis imperfecta or hypophosphatasia. However,
a more detailed examination of the fetal skeleton might
reveal absent clavicles and delayed ossification of the
pubis and lead to the diagnosis of cleidocranial dysplasia
[77]. Examination of the fetal head and neck might
reveal other clues, such as the kleeblattschadel of thana-
tophoric dysplasia type II or the micrognathia of the
type II collagenopathies [78] (Fig. 18). A detailed ultra-
sound examination of fetal structures and organs is
recommended because ancillary ultrasound findings are
helpful in forming the differential diagnosis. Findings
includepolyhydramnios, abnormal fetal positioning
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FIGURE 17 (A) Ultrasound performed at 23.5 weeks due to suspicion of skeletal dysplasia. Mildly shortened
femurs were noted at 12 weeks and repeat ultrasound at 19 weeks showed micromelia, small thorax, and marked
midface hypoplasia. Based on the findings, the parents were counseled that the fetus had a lethal condition and
that thanatophoric dysplasia (TD) was the likely diagnosis. This view of the fetus shows the narrow chest diameter
compared to the abdomen. After termination of pregnancy, the diagnosis of type 1 was confirmed by radiographs
and molecular analysis. (B) Radiograph of the fetus with TDI. This diagnosis was subsequently confirmed by
molecular analysis, which showed the C742T mutation in the FGF-R3 gene (typical of TDI). The radiographic
findings are severely shortened limbs with trident positioning of the fingers and bowed femurs. In the thorax,
there are H-shaped platyspondyly and short ribs. TD is broadly classified into two types. TD1 causes bent/
angulated femurs. TD2 is associated with cloverleaf skull caused by multiple craniosynostoses and relatively

straight femurs.
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FIGURE 18 A fetus assessed for short limbs at 22 weeks of gestation. Of note, the head was relatively large and
on profile had features of achondroplasia. Most noticeable was the prominent forehead and the depressed nasal
bridge. (B) On inspection of the extremities, the diagnosis of achondroplasia was supported by the finding of

trident hand. The diagnosis was confirmed postnatally.

(e.g., club feet and contractures), and congenital heart
defects [76].

Accurate prenatal diagnosis of skeletal dysplasias
remains problematic. In order to ensure appropriate
counseling, posttermination or postnatal examination
should be done, including clinical exam/autopsy and
radiographs. Unless a specific diagnosis is highly suspect,
molecular testing should be reserved until after delivery
or termination of pregnancy to avoid inaccurate prenatal
diagnosis leading to “normal” molecular results and false
reassurance of the expectant parents.

CONCLUSION

In practice, the diagnosis of skeletal dysplasias is not
difficult, but it remains complicated. It demands a famil-
iarity with numerous rare conditions and good pattern-
recognition skills. The sequence of steps in this chapter
provides a framework for establishing a differential diag-
nosis, but consultation with an expert in the field of
skeletal dysplasia is a key step in refining a suspected
diagnosis. Despite advances in molecular medicine, the
interpretation of skeletal radiographs is still essential for
diagnosis. When the clinician has delineated the pattern
of radiographic abnormalities and clinical features, it is
possible to search the medical literature and radio-
graphic atlases for a matching pattern. However, as the
number of skeletal dysplasias that are molecularly
defined increases, mutation analysis is becoming an
increasingly more important method of confirming the
suspected diagnosis of rare entities. Establishment of

a precise and correct diagnosis is important for appro-
priate counseling regarding potential complications,
expected adult height, and recurrence risk.

References

1. International Working Group on Constitutional Diseases of Bone
(1998). International nomenclature and classification of the osteo-
chondrodysplasias. Am. J. Med. Genet. 79, 376-382.

2. Ala-Kokko, L., Baldwin, C. T., Moskowitz, R. W., and
Prockop, D. J. (1990). Single base mutation in the type II procolla-
gen gene (COL2A1) as a cause of primary osteoarthritis associated
with a mild chondrodysplasia. Proc. Natl. Acad. Sci. USA 87,
6565-6568.

3. Lachman, R. S. (1998). Radiologic and imaging assessment of the
skeletal dysplasias. In Growth Disorders (C. J. H. Kelnar, M. O.
Savage, H. F. Stirling, and P. Saenger, Eds.), pp. 251-264.
Chapman & Hall, London.

4. Andersen, P. E., and Hauge, M. (1989). Congenital generalised
bone dysplasias: A clinical, radiological, and epidemiological
survey. J. Med. Genet. 26, 37-44.

5. Orioli, I. M., Castilla, E. E., and Barbosa-Neto, J. G. (1986). The
birth prevalence rates for the skeletal dysplasias. J. Med. Genet. 23,
328-332.

6. Spranger, J. (2001). Changes in clinical practice with the unravel-
ling of diseases: Connective tissue disorders. J. Inherit. Metab. Dis.
24, 117-126.

7. International Working Group on Constitutional Diseases of Bone
(1992). International classification of osteochondrodysplasias. Eur.
J. Pediatr. 151, 407-415.

8. Butler, N. R. (1977). The classification and registration of bone
dysplasias. Postgrad. Med. J. 53, 427-428.

9. Spranger, J., Winterpacht, A., and Zabel, B. (1994). The type II
collagenopathies: A spectrum of chondrodysplasias. Eur.
J. Pediatr. 153, 56-65.

10. Superti-Furga, A., Bonafe, L., and Rimoin, D. L. (2002). Molecu-
lar—pathogenetic classification of genetic disorders of the skeleton.
Am. J. Med. Genet. 106, 282-293.



11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

16. A Diagnostic Approach to Skeletal Dysplasias

Rimoin, D. L. (1996). Molecular defects in the chondrodysplasias.
Am. J. Med. Genet. 63, 106-110.

Jones, K. L. (1997). Smith’s Recognizable Patterns of Human Mal-
formation, 5th ed. Saunders, Philadelphia.

Horton, W. A., Rotter, J. 1., Rimoin, D. L., Scott, C. 1., and
Hall, J. G. (1978). Standard growth curves for achondroplasia.
J. Pediatr. 93, 435-438.

McKeand, J., Rotta, J., and Hecht, J. T. (1996). Natural
history study of pseudoachondroplasia. Am. J. Med. Genet. 63,
406-410.

Lachman, R. S. (1994). Fetal imaging in the skeletal dysplasias:
Overview and experience. Pediatr. Radiol. 24, 413-417.

Schultz, C., Langer, L. O., Laxova, R., and Pauli, R. M. (1999).
Atelosteogenesis type III: Long term survival prenatal diagnosis,
and evidence for dominant transmission. Am. J. Med. Genet. 83,
28-42.

Hall, J. G. (1997). Arthrogryposis multiplex congenita: Etiology,
genetics, classification, diagnostic approach, and general aspects.
J. Pediatr. Orthop. B 6, 159-166.

Makitie, O., Pukkala, E., and Kaitila, I. (2001). Increased mortality
in cartilage-hair hypoplasia. Arch. Dis. Child. 84, 65-67.

. Ozcay, F., Derbent, M., Demirhan, B., Tokel, K., and Saatci, U.

(2001). A family with Jeune syndrome. Pediatr. Nephrol. 16,
623-626.

Todorov, A. B., Scott, C. 1., Warren, A. E., and Leeper, J. D.
(1981). Developmental screening tests in achondroplastic children.
Am. J. Med. Genet. 9, 19-23.

Thompson, N. M., Hecht, J. T., Bohan, T. P., Kramer, L. A.,
Davidson, K., Brandt, M. E., and Fletcher, J. M. (1999). Neuroa-
natomic and neuropsychological outcome in school-age children
with ahondroplasia. Am. J. Med. Genet. 88, 145-153.

Bellus, G. A., Bamshad, M. J., Przylepa, K. A., Dorst, J., Lee, R. R.,
Hurko, O., Jabs, E. W., Curry, C. J. R., Wilcox, W. R,
Lachman, R. S., Rimoin, D. L., and Francomano, C. A. (1999).
Severe achondroplasia with developmental delay and acanthosis
nigricans (SADDAN): Phenotypic analysis of a new skeletal dys-
plasia caused by a Lys650Met mutation in fibroblast growth factor
receptor 3. Am. J. Med. Genet. 85, 53-65.

Tavormina, P. L., Bellus, G. A., Webster, M. K., Bamshad, M. J.,
Fraley, A. E., Mclntosh, 1., Szabo, J., Jiang, W., Jabs, E. W,
Wilcox, W. R., Wasmuth, J. J., Donoghue, D. ],
Thompson, L. M., and Francomano, C. A. (1999). A novel skeletal
dysplasia with developmental delay and acanthosis nigricans is
caused by a Lys650met mutation in the fibroblast growth factor
receptor 3 gene. Am. J. Hum. Genet. 64, 722-731.

Toledo, S. P., Saldanha, P. H., Lamego, C., Mourao, P. A.,
Dietrich, C. P., and Mattar, E. (1979). Dyggve—Melchior—Clausen
syndrome: Genetic studies and report of affected sibs. Am. J. Med.
Genet. 4,255-261.

Pascual-Castroviejo, 1., Casas-Fernandez, C., and Lopez-Martin,
V. (1977). X-linked dysosteosclerosis: Four familial cases. Eur.
J. Pediatr. 126, 127-138.

Vajo, Z., Francomano, C. A., and Wilkin, D. G. (2000). The
molecular and genetic basis of fibroblast growth factor receptor 3
disorders: The achondroplasia family of skeletal dysplasias,
Muenke craniosynostosis and Crouzon syndrome with acanthosis
nigricans. Endocr. Rev. 21, 23-39.

McKausick, V. A., Eldridge, R., Hostetler, J., Egeland, J. A., and
Ruangwit, U. (1965). Dwarfism in the Amish. II. Cartilage-hair
hypoplasia. Bull. Johns Hopkins Hosp. 116, 285-326.

Beighton, P., Kozlowski, K., Gericke, G., Wallis, G., and Grobler,
L. (1983). Spondylo-epimetaphyseal dysplasia with joint laxity
and severe, progressive kyphoscoliosis. S. Afr. Med. J. 64,
772-1775.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44,

45.

46.

47.

48.

399

Horton, W. A., Hall, J. G., Scott, C. 1., Pyeritz, R. E., and
Rimoin, D. L. (1982). Growth curves for height for diastrophic
dysplasia, spondyloepiphyseal dysplasia congenita, and pseudoa-
chondroplasia. Am. J. Dis. Child. 136, 316-319.

Kelley, R. I., Wilcox, W. G., Smith, M., Kratz, L. E., Moser, A.,
and Rimoin, D. L. (1999). Abnormal sterol metabolism in patients
with Conradi-Hunermann-Happle syndrome and sporadic lethal
chondrodysplasia punctata. Am. J. Med. Genet. 83, 213-219.
Digilio, M. C., Marino, B., Giannotti, A., and Dallapiccola, B.
(1997). Atrioventricular canal defect and postaxial polydactyly
indicating phenotypic overlap of Ellis-van Creveld and Kauf-
man-McKusick syndromes. Pediatr. Cardiol. 18, 74-75.

Rossi, A., and Superti-Furga, A. (2001). Mutations in the dia-
strophic dysplasia sulfate transporter (DTDST) gene (SLC26A2);
22 novel mutations, mutation review, associated skeletal pheno-
types, and diagnostic relevance. Hum. Mutat. 17, 159-171.
Wynne-Davies, R., Hall, C. M., and Young, I. D. (1986). Pseudoa-
chondroplasia: Clinical diagnosis at different ages and comparison
of autosomal dominant and recessive types. A review of 32 patients
(26 kindreds). J. Med. Genet. 23, 425-434.

Glass, R. B. J., and Tifft, C. J. (1999). Radiologic changes in
infancy in McKusick cartilage hair hypoplasia. Am. J. Med.
Genet. 86,312-315.

Thacher, T. D., Fischer, P. R., Pettifor, J. M., Lawson, J. O.,
Manaster, B. J., and Reading, J. C. (2000). Radiographic scoring
method for the assessment of the severity of nutritional rickets.
J. Trop. Pediatr. 46, 132-139.

Karabulut, N., Ariyurek, M., Erol, C., Tacal, T., and Balkanci, F.
(1996). Imaging of “iliac horns” in nail-patella syndrome. J. Com-
put. Assist. Tomogr. 20, 530-531.

Wilson, C. J., and Vellodi, A. (2000). Autosomal recessive osteope-
trosis: Diagnosis, management, and outcome. Arch. Dis. Child. 83,
449-452.

Sedano, H. D., Gorlin, R. J., and Anderson, V. E. (1968). Pycno-
dysostosis: Clinical and genetic considerations. Am. J. Dis. Child.
116, 70-77.

. Byers, P. H. (2000). Osteogenesis imperfecta: Perspectives and

opportunities. Curr. Opin. Pediatr, 12, 603-609.

Westvik, J., and Lachman, R. S. (1998). Coronal and saggital clefts
in skeletal dysplasias. Pediatr. Radiol. 28, 764-770.

Giedion, A. (1994). The weight of the fourth dimension for the
diagnosis of genetic bone disease. Pediatr. Radiol. 24, 387-391.
Whyte, M. P., Gottesman, G. S., Eddy, M. C., and McAlister, W. H.
(1999). X-linked recessive spondyloepiphyseal dysplasia tarda.
Clinical and radiographic evolution in a 6-generation kindred and
review of the literature. Medicine ( Baltimore) 78, 9-25.

Langer, L. O., Beals, R. K., and Scott, C. 1. (1997). Sponastrime
dysplasia: Diagnostic criteria based on five new and six previously
published cases. Pediatr. Radiol. 27, 409-414.

Jequier, S., Perreault, G., and Maroteaux, P. (1992). Desbuquois
syndrome presenting with severe neonatal dwarfism, spondylo-
epiphyseal dysplasia and advanced carpal bone age. Pediatr.
Radiol. 22, 440-442.

Giedion, A. (1976). Acrodysplasias. Clin. Orthop. Rel. Res. 114,
107-115.

Giedion, A. (1998). Phalangeal cone-shaped epiphyses of the hand:
Their natural history, diagnostic sensitivity, and specificity in car-
tilage hair hypoplasia and the trichorhinophalangeal syndromes I
and II. Pediatr. Radiol. 28, 751-758.

Patton, M. A., and Afzal, A. R. (2002). Robinow syndrome.
J. Med. Genet. 39, 305-310.

Mansour, S., Hall, C. M., Pembrey, M. E., and Young, I. D. (1995).
A clinical and genetic study of campomelic dysplasia. J. Med.
Genet. 32, 415-420.



400

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Thong, M.-K., Scherer, G., Kozlowski, K., Haan, E., and Morris,
L. (2000). Acampomleic campomelic dysplasia with SOX9 muta-
tion. Am. J. Med. Genet. 93, 421-425.

Ninomiya, S., Narahara, K., Tsuji, K., Yokoyama, Y., Ito, S., and
Seino, Y. (1995). Acampomelic campomelic syndrome and
sex reversal associated with de novo t(12;17) translocation. Am.
J. Med. Genet. 56, 31-34.

Cormier-Daire, V., Munnich, A., Lyonnet, S., Rustin, P., Dele-
zoide, A.-L., Maroteaux, P., and LeMerrer, M. (1998). Presenta-
tion of six cases of Stuve-Wiedemann syndrome. Pediatr. Radiol.
28, 776-780.

Thompson, E. M. (1993). Non-invasive prenatal diagnosis of osteo-
genesis imperfecta. Am. J. Med. Genet. 45,201-206.

Majewski, F., Stob, H., Goecke, T., and Kemperdick, H. (1983).
Are bowing of long tubular bones and preaxial polydactyly signs of
the Meckel syndrome? Hum. Genet. 65, 125-133.

Poznanski, A. K. (1994). Punctate epiphyses: A radiological sign,
not a disease. Pediatr. Radiol. 24, 418-424.

Patel, M. S., Callahan, J. W., Zhang, S., Chan, A. K. J., Unger, S.,
Levin, A. V., Skomorowski, M.-A., Feigenbaum, A. S.,
O’Brien, K., Hellmann, J., Ryan, G., Velsher, L., and Chitayat,
D. (1999). Early-infantile galactosialidosis: Prenatal presentation
and postnatal follow-up. Am. J. Med. Genet. 85, 38-47.

Burn, J., Hall, C., Marsden, D., and Matthew, D. J. (1986). Auto-
somal dominant thoracolaryngopelvic dysplasia: Barnes syndrome.
J. Med. Genet. 23, 345-349.

Borochowitz, Z., Jones, K. L., Silbey, R., Adomian, G.,
Lachman, R., and Rimoin, D. L. (1986). A distinct lethal neonatal
chondrodysplasia with snail-like pelvis: Schneckenbecken dyspla-
sia. Am. J. Med. Genet. 25, 47-59.

Cormire-Daire, V., Savarirayan, R., Lachman, R. S., Neidich, J. A.,
Grace, K., Rimoin, D. L., and Wilcox, W. R. (2001). “Baby rattle”
pelvis dysplasia. Am. J. Med. Genet. 100, 37-42.

Spranger, J. W. (1977). Catabolic disorders of complex carbohy-
drates. Postgrad. Med. J. 53, 441-448.

Northover, H., Cowie, R. A., and Wraith, J. E. (1996). Mucopoly-
saccharidosis type IVA (Morquio syndrome): A clinical review.
J. Inherit. Metab. Dis. 19, 357-365.

Grange, D. K., Kratz, L. E., Braverman, N. E., and Kelley, R. I.
(2000). CHILD syndrome caused by deficiency of 3B-hydro-
xysteroid-A® A”-isomerase. Am. J. Med. Genet. 90, 328-335.
Patten, J. L., Johns, D. R., Valle, D., Eil, C., Gruppuso, P. A.,
Steele, G., Smallwood, P. M., and Levine, M. A. (1990). Mutation
in the gene encoding the stimulatory G protein of adenylate cyclase
in Albright’s hereditary osteodystrophy. N. Engl. J. Med. 322,
1412-1419.

Levine, M. A., Downs, R. W., Singer, M., Marx, S. J.,
Aurbach, G. D., and Spiegel, A. M. (1980). Deficient activity of
guanine nucleotide regulatory protein in erythrocytes from patients
with pseudohypoparathyroidism. Biochem. Biophys. Res. Com-
mun. 94, 1319-1324.

Lazzaroni-Fossati, F., Stanescu, V., Stanescu, R., Serra, G.,
Magliano, P., and Maroteaux, P. (1978). Fibrochondrogenesis.
Arch. Fr. Pediatr. 35, 1096-1104.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Sheila Unger et al.

Whitley, C. B., Langer, L. O., Ophoven, J., Gilbert, E. F.,
Gonzalez, C. H., Mammel, M., Coleman, M., Rosemberg, S.,
Rodriques, C. J., Sibley, R., Horton, W. A., Opitz, J. M., and
Gorlin, R. J. (1984). Fibrochondrogenesis: Lethal, autosomal re-
cessive chondrodysplasia with distinctive cartilage histology. Am.
J. Med. Genet. 19, 265-257.

Wilcox, W. R., Tavormina, P. L., Kkrakow, D., Kitoh, H.,
Lachman, R. S., Wasmuth, J. J.,, Thompson, L. M., and
Rimoin, D. L. (1998). Molecular, radiologic, and histopathologic
correlations in thanatophoric dysplasia. Am. J. Med. Genet. 78,
274-281.

Superti-Furga, A. (1994). A defect in the metabolic activation of
sulfate in a patient with achondrogenesis 1B. Am. J. Hum. Genet.
55, 1137-1145.

Korkko, J., Cohn, D. H., Ala-Kokko, L., Krakow, D., and
Prockop, D. J. (2000). Widely distributed mutations in the
COL2AL1 gene produce achondrogenesis type II/hypochondrogen-
esis. Am. J. Med. Genet. 92, 95-100.

Arikawa-Hirasawa, E., Wilcox, W. R., Le, A. H., Silverman, N.,
Govindraj, P., Hassell, J. R., and Yamada, Y. (2001). Dyssegmen-
tal dysplasia, Silverman-Handmaker type, is caused by functional
null mutations of the perlecan gene. Nature Genet. 27, 431-434.
Bonafe, L., Schmitt, K., Eich, G., Giedion, A., and Superti-Furga,
A. (2002). RMRP gene sequence analysis confirms a cartilage-hair
hypoplasia variant with only skeletal manifestations and reveals a
high density of single nucleotide polymorphisms. Clin. Genet. 61,
146-151.

Weil, D., D’Alessio, M., deWet, W., Cole, W. G., Chan, D., and
Bateman, J. F. (1989). A base substitution in the exon of a collagen
gene causes alternative splicing and generates a structurally abnor-
mal polypeptide in a patient with Ehlers-Danlos syndrome type
VII. EMBO J. 8,1705-1710.

Rasmussen, S. A., Bieber, F. R., Benacerraf, B. R., Lachman, R. S.,
Rimoin, D. L., and Holmes, L. B. (1996). Epidemiology of osteo-
chondrodysplasias: Changing trends due to advances in prenatal
diagnosis. Am. J. Med. Genet. 61, 49-58.

Tretter, A. E., Saunders, R. C., Meyers, C. M., Dungan, J. S.,
Grumbahe, K., Sun, C.-C. J., Campbell, A. B., and
Waulfsberg, E. A. (1998). Antenatal diagnosis of lethal skeletal
dysplasias. Am. J. Med. Genet. 75, 518-522.

Lachman, R. S., and Rappaport, V. (1990). Fetal imaging in the
skeletal dysplasias. Clin. Perinatal. 17, 703-722.

Ramus, R. M., Martin, L. B., and Twickler, D. M. (1998). Ultra-
sonographic prediction of fetal outcome in suspected skeletal dys-
plasias with use of the femur length-to-abdominal circumference
ratio. Am. J. Obstet. Gynecol. 179, 1348-1352.

Gaffney, G., Manning, N., Boyd, P. A., Ra, V., Gould, S., and
Chamberlain, P. (1998). Prenatal sonographic diagnosis of skeletal
dysplasias—A report of the diagnostic and prognostic accuracy in
35 cases. Prenatal Diagn. 18, 357-362

Hassan, J., Sepulveda, W., Teixeira, J.,Garrett, C., and Fisk, N. M.
(1997). Prenatal sonographic diagnosis of cleidocranial dysostosis.
Prenatal Diagn. 17, 770-772

Turner, G. M., and Twining, P. (1993). The facial profile in the
diagnosis of fetal abnormalities. Clin. Radiol. 47, 389-395.



Page: 375

[AU1]PIs provide affiliation
Page: 375

[AU2]Sentence as meant?

Page: 376

[AU3]Sentence ok?

Page: 376

[AU4]Sentence ok?

Page: 389

[AUS5]Sentence as meant?

Page: 389

[AU6]Sentence ok?

Page: 390

[AU7]Sentence ok?

Page: 395

[AUS8]Sentence ok?

Page: 396

[AU9]Sentence as meant?

Page: 396

[AU10]Heading as meant?

Page: 396

[AU11]Sentence ok?

Page: 397

[AUI12]Sentence as meant?

Page: 397

[AU13]Sentence as meant?

Page: 397

[AU14]Sentence as meant?

Page: 389

[AU15]8(9) cholestenol as meant?
Page: 393

[AU16]Legend as meant? No small arrowheads in figure
Page: 395

[AU17]PIs check figure to ensure that both left and right parts are present
Page: 396

[AU18]PIs check figure to ensure that all three parts are present



