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We report on a series of 514 consecutive diagnoses of skeletal

dysplasia made over an 8-year period at a tertiary hospital in

Kerala, India. The most common diagnostic groups were dysos-

tosis multiplex group (n¼ 73) followed by FGFR3 (n¼ 49) and

osteogenesis imperfecta and decreased bone density group

(n¼ 41). Molecular confirmation was obtained in 109 cases.

Clinical and radiographic evaluation was obtained in close

diagnostic collaboration with expert groups abroad through

Internet communication for difficult cases. This has allowed

for targeted biochemical and molecular studies leading to the

correct identification of rare or novel conditions, which has not

only helped affected families by allowing for improved genetic

counseling and prenatal diagnosis but also resulted in several

scientific contributions. We conclude that (1) the spectrum of

genetic bone disease in Kerala, India, is similar to that of other

parts of the world, but recessive entities may be more frequent

because of widespread consanguinity; (2) prenatal detection of

skeletal dysplasias remains relatively rare because of limited

access to expert prenatal ultrasound facilities; (3) because of

the low accessibility to molecular tests, precise clinical-radio-

graphic phenotyping remains the mainstay of diagnosis and
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counseling and of gatekeeping to efficient laboratory testing;

(4) good phenotyping allows, a significant contribution to the

recognition and characterization of novel entities. We suggest

that the tight collaboration between a local reference center with

dedicated personnel and expert diagnostic networks may be a
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proficient model to bring current diagnostics to developing

countries. � 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Wepresent a tertiary hospital-based experience of skeletal dysplasia

(SD) over 8 years (November 2005–April 2013) from the state of

Kerala, India. The population of India was estimated at 1.21 billion,

and population of Kerala is 33.3 million (2011). The Kerala

population has a literacy rate and female literacy rate of 93.9%

and 92%, respectively, which is high in comparison with the rest of

India. Our hospital’s patient population comes from all over Kerala

and to a small extent from neighboring states, Tamil Nadu and

Karnataka. Fifty-two percent of people of Kerala live in rural areas.

Only 35% of the hospitals in Kerala state are in the Government

sector (2003). The health system in India does not provide the

facility ofGovernment insurance coverage.This fact, coupledwith a

very low availability of confirmatory genetic testing, adds to a

significant burden for families seeking genetic counseling. Due

to a high rate of consanguineous marriages, many rare types of

autosomal recessive genetic conditions are encountered in clinical

practice, which emphasizes the need for molecular confirmation.

State of the art prenatal ultrasound facilities are accessible only to

urban dwellers and not to the people from rural areas. All these

factors point towards the need for precise clinical and radiological

evaluation of patients with SD so that the most appropriate

investigation can be chosen for confirmation of diagnosis.

Indian statistics on the prevalence of SD are scanty. A hospital-

based prospective study fromDavangere estimated the incidence of

SD as 19.6/10,000 births and lethal dysplasias (LD) as 5.2/10,000

births [Kulkarni et al., 1995]. Population-based studies on SD are

scanty but two studies from Latin-America and France have shown

a prevalence of SD of 2.3/10,000 and 3.2/10,000, respectively,

achondroplasia being the most frequent SD in both studies [Orioli

et al., 1986; Stoll et al., 1989]. Two recent studies from Utah and

South-America have shown a prevalence of 3/10,000 and 3.2/

10,000, respectively, which is probably an accurate estimation;

due to the large populations sampled [Barbosa-Buck et al., 2012;

Stevenson et al., 2012]. The most common dysplasias in these two

studies were osteogenesis imperfecta (OI) followed by the FGFR3

group (achondroplasia and thanatophoric dysplasia). The overall

consanguinity rate in South America was estimated at 5.4%, which

is high when compared with other population-based studies and

may explain the increased incidence of dysplasias with autosomal

recessive inheritance. Although there is no precise estimate of

consanguinity rate in Kerala, our findings point in the same

direction.
MATERIALS AND METHODS

This study addresses a consecutive series of index cases and their

families referred fordiagnostic evaluationand genetic counseling to
our clinical genetic service in Kerala. A detailed clinical evaluation

including pedigree analysis and evaluation of parents and affected

relatives were done for all families. After critical appraisal by the

senior clinician (SN), all probands suspected to have a SDor related

conditionwere subjected todetailed skeletal survey,which included

radiographs of the forearm and wrists, knee, thoracolumbar spine

(anteroposterior and lateral), skull (anteroposterior and lateral),

pelvis and chest. An infantogram and a lateral view of the thor-

acolumbar spine were taken for all newborns presenting with SD

and for prenatally diagnosed SD at the time of termination of

pregnancy. Echocardiography, detailed neurological evaluation,

ophthalmologic and auditory study, ultrasound study of abdomen,

and necessary biochemical investigations were offered for SD with

multisystem involvement. Detailed anthropometricmeasurements

were taken for all probands and affected siblings and parents.

Prenatally suspected SD were subjected to detailed three-dimen-

sional ultrasound scan and, following termination of the pregnan-

cy, were assessed with postnatal X-rays, phenotypic evaluation, and

autopsies after obtaining consent from the couple. Amniocentesis

was done before termination of pregnancy and the amniotic fluid

was sent for enzyme analysis or mutation screen and DNA was

stored for all cases.Clinical photographswere taken for all probands

and affected siblings after obtaining written consent from the

family. All children presenting with features of dysostosismultiplex

and/or clinical signs of a lysosomal storage disorder were subjected

to biochemical study of relevant enzymes on leukocytes. Genomic

DNA, extracted from leucocytes, was stored for probands and their

parents for confirmation of diagnosis by molecular analysis.

The local staff in Kerala was led by the main author of this paper

(SN) and comprised of pediatricians undergoing training in genet-

ics (DY, GS, DN) as well as a perinatologist (LP). Several colleagues

in Kerala (pediatricians, orthopedic surgeons) acted as referring

physicians. For rarer ormore complex diagnoses, consultations at a

distancewereheldwith expert groups or systemsabroad, such as the

web-based European Skeletal Dysplasia Network (www.esdn.org)

or, by email exchange,with expert groups in Lausanne, Switzerland;

Amsterdam, The Netherlands; and Ghent, Belgium.
RESULTS

Five hundred fourteen cases of SDwere diagnosed during the study

period. Cases were classified according to Nosology and Classifica-

tion of Genetic skeletal disorders: 2010 revision [Warman et al.,

2011]. Among 514 cases, the diagnosis was confirmed by mutation

analysis in 109 cases, and by enzyme analysis in 54 cases. In the

remaining 351 cases, the diagnosis was made solely by clinical and

radiological evaluation (Table SI). An abridged version of Table I

here shows the mode of diagnosis, sex distribution, and status of

consanguinity. The detailed Table SI version is available online in

supporting information.

Overall consanguinity in our patient population was estimated

to be 13.6% (70 cases).When childrenwith recessive disorders were

only taken into account, the parental consanguinity rate was 30.8%

(52/169 cases). In affected individuals, the male to female ratio was

1.4:1.

The most common diagnostic group was the “dysostosis multi-

plex” (73 cases); amongst this group, the mucopolysaccharidoses

http://www.esdn.org/


TABLE I. Spectrum of Skeletal Dysplasias and Mode of Diagnosis

Type of skeletal dysplasia No

Mutation

proven

Enzyme

proven

Clinical &

radiological M F C NC UK

1 FGFR3 chondrodysplasia 49 24 25 26 23 2 44 3

2 Type 2 collagen group 15 15 3 11 2 12 1

3 Type II collagen group 2 2 1 1 1 1

4 Sulphation disorders 5 4 1 3 2 3 2

5 Filamin group 5 4 1 1 4 1 4

6 TRPV4 group 2 2 1 1 2

7 Short rib dysplasia� polydactyly 9 9 4 4 2 6 1

8 MED and Pseudoachondroplasia 12 5 7 4 8 12

9 Metaphyseal dysplasia 5 4 1 3 2 5

10 Spondylometaphyseal dysplasia 3 3 1 2 3

11 Spondylo-epi(meta)physeal dysplasias 4 1 3 2 2 4

12 Severe spondylodysplastic dysplasias 1 1 1 1

13 Acromelic dysplasia 14 14 12 2 5 8 1

14 Acromesomelic dysplasia 5 5 4 1 2 3

15 Mesomelic and rhizo-mesomelic dysplasia 4 3 1 3 1 1 3

16 Bent bone dysplasia 2 1 1 1 1 2

17 Slender bone dysplasia 9 5 4 7 2 9

18 Dysplasias with multiple joint dislocations 2 1 1 1 1 2

19 Chondrodysplasia Punctata (CDP) 3 3 2 1 1 2

20 Increased bone density 7 2 5 6 1 1 6

21 Decreased bone density 41 5 36 22 19 6 34 1

22 Abnormal mineralization 11 11 6 5 11

23 Dysostosis multiplex group 73 17 54 2 47 26 23 50

24 Osteolysis 3 1 2 2 1 1 2

25 Disorganized development of skeletal components 55 4 51 33 22 6 49

26 Overgrowth syndromes with skeletal involvement 39 7 32 26 10 38 1

27 Rheumatoid like osteoarthropathies 4 4 2 2 1 3

28 Cleidocranial dysplasia and cranial ossification 5 5 3 2 5

29 Craniosynostosis syndromes 30 9 21 15 15 1 28 1

30 Dysostosis with craniofacial involvement 22 22 13 9 22

31 Dysosotosis with vertebral/costal involvement 7 7 4 3 1 6

32 Patellar dysostosis 1 1 1 1

33 Brachydactylies 25 25 18 7 1 23 1

34 Limb hypoplasia-reduction defects 29 29 16 13 5 24

35 Polydactyly–syndactyly–triphalangism group 11 4 7 8 2 3 8

514 109 54 351 301 207 70 434 10

M, male; F, female; C, consanguineous; NC, non-consanguineous; UK, status of consanguinity not available.
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(MPS) constituted 49 cases, and MPS IVA (Morquio syndrome)

had maximum representation (16 cases) followed by MPS II

(Hunter syndrome, 13 cases). Mutation study was offered for

10/16 cases of Morquio syndrome, which revealed homozygous

mutations in the GALNS gene in 6 cases and compound heterozy-

gous status in three cases, with 12 novel mutations. Mutation

studies were not offered for other types of MPS due to lack of

availability.

This was followed by “FGFR3 group”with a representation of 49

cases and achondroplasia was the most common subset (34 cases)

followed by hypochondroplasia (13 cases) and 2 cases of thanato-

phoric dysplasia (TD). This relatively low incidence of TD is

probably due to non-ascertainment or non-diagnosis in the pre-
natal or neonatal age. Seven out of 13 cases of hypochondroplasia

were confirmed atmolecular level, but the remaining 6 cases didnot

have mutation study.

The third common group was “osteogenesis imperfecta and

decreased bone density group” comprising of 41 cases and among

themOI was themost common condition (38 cases). In view of the

phenotypic and genetic heterogeneity observed for OI, we call this

the “OI group”. OI was the most common diagnosis made in

prenatally recognized cases. Among 38 cases, 13 cases of type 1, a

single case eachof type 4, and another case ofOIwithEhlers–Danlos

overlap syndrome (molecularly proven novelmutation inCOL1A2

residing within the most N-terminal part of the type 1 collagen

helix) were dominantly inherited [Malfait et al., 2013]. Among the
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rest 23 cases, there were no families where a first-degree relative was

affected. Three families among type 3 were proven by mutation

study as recessively inherited.

Other conditions seen frequently included hypophosphatemic

rickets (11 cases), pseudoachondroplasia (8 cases), mucolipidosis

type 2 (8 cases), GM1 gangliosidosis (8 cases), Apert syndrome

(8 cases), Crouzon syndrome (8 cases), mucolipidosis type 3

Gamma (6 cases), acromesomelic dysplasia Maroteaux type

(AMDM) (4 cases), and 3-M syndrome (4 cases).

Thirty-three cases of SD in fetuses were detected by prenatal

diagnosis, either by ultrasonography, enzyme analysis and/or mu-

tation study. Among these, 20 cases were identified as lethal

dysplasias by ultrasonographic studies but only six cases had

complete agreement with the postnatal radiographs among which,

four were OI type 2. OI type 2 was the most common lethal SD (10

cases which included 6 cases which were identified only as lethal

dysplasias by ultrasonography, but later confirmed as OI type 2

from postnatal radiographs). The other lethal SD included thana-

tophoric dysplasia I, hypochondrogenesis, spondylocostal dysos-

tosis (two cases each) and one case each of achondrogenesis type 2,

achondrogenesis I A, campomelic dysplasia, and Roberts syn-

drome. Thirteen cases of non-lethal SD were identified and among

them achondroplasia, brachytelephalangic chondrodysplasia

punctata, and asphyxiating thoracic dystrophy (2 cases each)

and Kniest syndrome (1 case) were identified with the help of

ultrasound scans in the third trimester. MPS 3 A (2 cases), GM1

gangliosidosis (1 case), and 2 cases of mucolipidosis type 2 (ML II)

were detected by enzyme study from amniotic fluid. Only a single

case of ML 2 was confirmed by mutation study, where the index

child had a c.3336-1G>A mutation one base pair upstream of the

intron 17/exon 18 boundary in the GNPTAB gene, which was a

novel mutation. Prenatal diagnosis was offered for six families with

children affected by MPS (3 each for MPS I and MPS IIIA) using

enzyme analysis coupled with two-dimensional electrophoresis

from amniotic fluid samples. Two fetuses were affected with

MPS 3A and none were affected with MPS 1. Prenatal study could

not be offered bymutation study forMPS due to lack of availability.

Mutation analysis was offered for a single family with an affected

child with MPS 4A with compound heterozygous mutations and

the fetus was found to be unaffected.

Several dysplasias that are considered as “rare” were also identi-

fied, namely progressive pseudorheumatoid dysplasia (4 cases),

Jansen dysplasia (3 cases), spondylocarpotarsal synostosis syn-

drome (3 cases), CHST3 deficiency (recessive Larsen syndrome)

(3 cases), brachytelephalangic chondrodysplasia punctata and

Winchester syndrome (2 cases each) and one case each of spondy-

lomegaepiphyseal metaphyseal dysplasia, Weill–Marchesani syn-

drome and osteoglophonic dysplasia.
DISCUSSION

This 8-year, tertiary hospital based series of skeletal dysplasias and

related conditions with connective tissue involvement and/or short

stature is important as there are only two smaller published studies

from India on the prevalence of SD [Kulkarni et al., 1995; Puri

et al., 2007]. A population-based study is impractical, asmost of the

non-lethal dysplasia patients do not receive medical care.
Among the groups listed in the 2010 nosology [Warman

et al., 2011], the dysostosis multiplex group associated with lyso-

somal storage diseases accounted for the largest number in our

series. Within this group, the mucopolysaccharidoses were repre-

sented with 49 cases, all of which were diagnosed by biochemical

studies. The high rate of consanguineous marriages would have

contributed to the high prevalence of MPS in Kerala. Detailed

clinical and radiological evaluations of these individual cases have

helped to narrow down the enzyme tests to be performed thereby

reducing the costs for the families. The most common type of MPS

was Morquio syndrome (16 cases) followed by MPS 2 (13 cases).

This pattern is quite different from epidemiological studies from

Northern Ireland, BritishColumbia andBrazil, where the incidence

of MPS 1 was highest [Applegarth et al., 2000; Coelho et al., 1997;

Nelson, 1997]. MPS 3 was the predominant type in Western

Australia, Germany and The Netherlands [Baehner et al., 2005;

Nelson et al., 2003; Poorthuis et al., 1999]. A study fromTaiwanhad

shown that the birth incidence of MPS 2 outnumbers other types

[Lin et al., 2009]. At present, it is not clear whether there is a real

difference in the incidence of MPS types between different pop-

ulations or whether the observed differences are solely the result of

ascertainment bias and referral practices.

Also for theMPS, a correct diagnosis has medical consequences,

as some types are amenable to enzyme replacement therapy. Also,

all children with MPS 4 were evaluated by neurosurgeon and were

subjected to radiological evaluation of the cervico–vertebral junc-

tion to ruleout atlanto-axial instability and stabilizationof the spine

was offered for those with instability.

The “FGFR3 group” had a similar representation as MPS and

constituted 49 cases. Achondroplasia was the most frequent con-

dition within this group. A population-based study from Utah

showeda similar trendwithprevalenceofFGFR3mutationsof 0.81/

10,000, with achondroplasia having the maximum representation,

followed by TD [Stevenson et al., 2012]. Another population-based

study from South America has shown a higher prevalence for TD

(0.47/10,000) and lower prevalence for achondroplasia (0.44/

10,000) [Barbosa-Buck et al., 2012]. It is possible that this difference

reflects the fact that the SouthAmerican grouphas a specific interest

in prenatal and neonatal diagnosis, while our study is primarily in

an ambulatory, postnatal setting. The existence of specific growth

curves [del Pino et al., 2011] and of management plans for

achondroplasia [Wright and Irving, 2012] as well as the recent

availability of growth-promoting therapies underscores the impor-

tance of accurate diagnosis.

Osteogenesis Imperfecta (OI) was the third most common

diagnosis with 38 cases, of which 10 cases were detected by prenatal

ultrasound evaluation. Puri et al. [2007] conducted a retrospective

analysis of 273 fetal autopsies inNorth India and identified 15 cases

of lethal dysplasias. Short rib syndromes with or without polydac-

tyly were themost common lethal dysplasias, followed byOI type 2.

This observation is quite different from our study where the most

common lethal dysplasia was OI type 2. This could be due to the

high sample size in the present study, or due to referral bias. A large

study by Sharony et al. [1993], surveying 16 years in a single center,

has also shown OI type 2 to be the most common lethal dysplasia,

whereas Tretter et al. [1998] and Rasmussen et al. [1996] reported

TD to be the most common lethal dysplasia. Another hospital-
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based study from Southern India had shown OI type 2 to be the

most common lethal dysplasia, followed by the FGFR3 group,

which is different from our observation [Kulkarni et al., 1995].

OI is a medically actionable diagnosis. Seven OI patients are

receiving pamidronate infusion once in 2 months for the past

3 years and most of them are free of fractures. Treatment was

initiated for one case in the neonatal period and the child under-

went surgical correction of femur by bilateral telescopic nailing and

is currently 3 years old and is able to walk with support. She was

born to non-consanguineous couple and was detected to have a

homozygous missense variant p.Arg222Ser in the SERPINH1 gene.

Mutation study was offered for two other non-consanguineous

families with a child affected by severe OI. In one family a homo-

zygous mutation in SERPINF1 was identified, whereas compound

heterozygous mutations were found in LEPRE-1 in the second

family. These three genes are associatedwith recently identified rare

forms of severe recessive OI type [Rohrbach and Giunta, 2012].

Prenatal diagnosis was offered for the families with LEPRE-1 and

SERPINF1 mutations in subsequent pregnancy and fetuses were

unaffected. Accurate diagnosis of OI thus resulted in improved

medical treatment and genetic counseling.

Neurofibromatosis type 1 (NF1) had a significant representation

among our cohort with 49 patients. Only three patients (6%)

presented with tibial pseudarthrosis. This pattern correlates well

with a large series of NF1 patients where the frequency of pseu-

darthrosis was 5% [Stevenson et al., 1999]. Although not usually

considered a skeletal dysplasia, NF1 is included in the 2010 Nosol-

ogy following the discussion with Stevenson et al. [2007].

In 109 individuals among the 514 cases (21.2%), the diagnosis

has been confirmed by mutation study and this has helped a few

families in seeking prenatal diagnosis by mutation screen. This

includes a family where the father was affected with pseudoachon-

droplasia. As this conditionmanifests only after the first year of life,

precluding the use of ultrasonography for prenatal diagnosis,

mutation study was offered at 13 weeks of gestation, and the fetus

was found to be unaffected.

Another unusual dysplasia thatwas identifiedwasMucolipidosis

type 3 Gamma (ML 3 Gamma). Several of these patients have been

originally suspected to have rheumatoid arthritis owing to the

progressive clawing of fingers and stiffness of wrist joints. All of

them were diagnosed initially by the presence of very high levels of

lysosomal enzymes in plasma and simultaneous normal levels in

leukocytes and were later confirmed by mutations in the GNPTAG

gene. Cases of ML 3 Gamma are rare when compared to alpha/beta

and are reported mainly from Middle Eastern descent [Leroy

et al., 2008]. Identification of this group is important as early

diagnosis of this condition can help them in seeking early carpal

tunnel release and it is important to consider this possibility as a

differential diagnosis for children with rheumatoid arthritis with-

out any elevation of inflammatory markers.

In the diagnostic workup for Marfan and Marfan-like condi-

tions, we diagnosed six patients with Loeys–Dietz syndrome, an

autosomal dominant aortic aneurysm syndrome, which is charac-

terized by the triad of hypertelorism, bifid or cleft uvula and arterial

tortuosity. Four patients among them were proven by mutation

analysis (one with TGFBR1 and three with TGFBR2 mutation).

Identification of this rare condition is crucial as these patients are
prone for dissection of the ascending aorta. Prophylactic repair of

the aortic root is warranted in older children and adults when the

aortic root diameter is more than 5 cm [Loeys et al., 2006]. Aortic

repair was offered for a 12-year-old child harbouring a TGFBR2

mutation with aortic root diameter of 5.6 cm.

We diagnosed lethal skeletal dysplasias in 20 cases. All of these

cases were diagnosed by antenatal ultrasound scans and the most

common amongst themwasOI type 2.While antenatal detection of

lethal dysplasias has increased due to wide use of prenatal ultraso-

nography, the diagnostic accuracy seems to be low, as diagnostic

suspicions made on antenatal scans had a poor correlation with

postnatal radiographs. Our study had shown complete agreement

in 30% only when compared with 48% reported by Tretter et al.

[1998], 41% by Rasmussen et al. [1996], and 41.6% by Puri et al.

[2007]. Thismight be due to paucity of centers with the expertise to

characterize lethal dysplasias in different districts of Kerala. To

improve the quality of prenatal diagnosis of skeletal dysplasias in

Kerala, we suggest that suspected skeletal dysplasias detected in

peripheral hospitals be referred to more specialized centers for

detailed evaluation. Constant training of sonographers and obste-

tricians from regional hospitals is the sheet anchor for achievement

of this goal.

One of themost important aspects of our skeletal dysplasia clinic

is the close collaborationwith expert groups abroad. Since 2006, we

have had an intense diagnostic collaborationwith the expert centers

in Lausanne, Amsterdam and Ghent. Some of the cases were also

submitted to the web-based consultation system of the European

Skeletal Dysplasia Network (www.esdn.org). Obtaining diagnostic

expertise based on a high quality clinical and radiographic docu-

mentationhas allowed for the recognition of several rare conditions

and allowed for a targeted request of laboratory analysis that—

because of the stringent clinical preselection—has been very effi-

cient. A similar observation had been made within the ESDN

system, where a stringent preselection had been found to result

in a more efficient use of laboratory tests [Zankl et al., 2007]. As an

added benefit, the diagnostic interaction with several leading

groups has allowed for the inclusion of samples in research projects.

As a result, our center has contributed to the identification and

characterization of conditions such as recessive Larsen syndrome

(CHST3 deficiency) [Unger et al., 2010], IMPAD1 deficiency

associatedwith chondrodysplasia and abnormal joint development

[Vissers et al., 2011], Kenny–Caffey syndrome [Unger et al., 2013],

Taybi Linder syndrome (MOPD1) with defect in minor splicing

component of U4atac SnRNA [Edery et al., 2011], Marshall–Smith

syndrome [Malan et al., 2010], CHST14-deficient musculocon-

tractural Ehlers–Danlos syndrome [Malfait et al., 2010] and helical

mutations near the amino (N)-proteinase cleavage site ofCOL1A1/

COL1A2 leading to mixed OI/Ehlers–Danlos syndrome phenotype

[Malfait et al., 2013]. Novel mutations were identified in known

conditions, such as NKX3-2 (BAPX2) mutations in spondylome-

gaepiphyseal metaphyseal dysplasia [Simon et al., 2012], KIF7

mutations in acrocallosal syndrome [Putoux et al., 2012], WISP3

mutations in progressive pseudorheumatoid chondrodysplasia

[Dalal et al., 2012; Garcia Segarra et al., 2012], CUL7 mutations

in 3-M syndrome [Hanson et al., 2012], TRPV4 mutations in

metatropic dysplasia and SMD Kozlowski [Dai et al., 2010], SER-

PINH1, SERPINF1, and LEPRE-1mutations in OI (Manuscript in

http://www.esdn.org/
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preparation). Altogether, our experience shows that a dedicated

center with highly motivated and trained personnel may achieve

good diagnostic results, particularly with the diagnostic backup

allowed for by Internet communication with expert groups.

The population of India can be estimated at approximately 1.21

billion people, and the birth rate around 27 million/year. If one

estimates the incidence of significant skeletal dysplasia at birth at

approximately 1:6,000, one would arrive at a country-wide inci-

dence of 4,000 cases born every year. If approximately one-half of

them were lethal, one would estimate that around 100,000 individ-

ualswith skeletal dysplasia and related conditionswouldbe living in

India at any givenmoment. On this backdrop, our diagnosis of 514

cases represents a small proportion. However, our experience may

help in showing the direction in which health care providers may

move to improve the diagnosis of skeletal dysplasias and other rare

diseases in India as well as in other developing countries.

ACKNOWLEDGMENTS

ASF, LB, and SU are supported by the SwissNational Foundation as

well as by the Leenaards Foundation and the FBM/UniL, Lausanne,

Switzerland. FM and DS are fellows of the Fund for Scientific

Research (FWO), Flanders, Belgium. This work was supported by a

Methusalem Grant 08/01M01108 from the Ghent University to

ADP and Grant G.0171.05 from the Fund for Scientific Research

(FWO), Flanders, Belgium to ADP. KMGwas supported by Indian

Council ofMedical Research for the research grant BMS 54/6/2009.

We would like to thank the following researchers for providing the

mutation study for rare individual skeletal dysplasias on research

basis: Dr. Stephen Robertson, New Zealand; Dr. Harald Jueppner,

Boston, USA; Dr. Gerd Scherer, Freiburg, Germany; Dr. Zabel,

Freiburg, Germany; Dr. David J Bunyan, Salisbury, UK; Dr. Patrick

Edery, France; Dr. Daniel Hanson, Manchester, UK; Dr. Mirella

Filocamo, Genova; Dr. Uwe Kornak, Germany; Dr. Yair Anikster,

Israel; Dr. Ashwin Dalal, Hyderabad, India; Dr. Cecile Rouzier,

France; Dr. Frederick SKaplan, Philadelphia; Dr. Kenneth EWhite,

Indianapolis; Dr. Valerie Cormier-Daire, France; Dr. Tania Attie-

Bitach, France; Dr. Ernie Bongers, The Netherlands; Dr. Belinda

Campos-Xavier; and Dr. Laureane Mittaz-Crettol, Lausanne,

Switzerland.

REFERENCES

Applegarth DA, Toone JR, Lowry RB. 2000. Incidence of inborn errors of
metabolism in British Columbia, 1969–1996. Pediatrics 105:e10.

Baehner F, Schmiedeskamp C, Krummenauer F, Miebach E, Bajbouj M,
Whybra C, Kohlschutter A, Kampmann C, Beck M. 2005. Cumulative
incidence rates of the mucopolysaccharidoses in Germany. J Inherit
Metab Dis 28:1011–1017.

Barbosa-Buck CO, Orioli IM, da Graca DutraM, Lopez-Camelo J, Castilla
EE, Cavalcanti DP. 2012. Clinical epidemiology of skeletal dysplasias in
South America. Am J Med Genet Part A 158A:1038–1045.

Coelho JC, Wajner M, Burin MG, Vargas CR, Giugliani R. 1997. Selective
screening of 10,000 high-risk Brazilian patients for the detection of
inborn errors of metabolism. Eur J Pediatr 156:650–654.

Dai J, Kim OH, Cho TJ, Schmidt-Rimpler M, Tonoki H, Takikawa K,
Haga N, Miyoshi K, Kitoh H, Yoo WJ, Choi IH, Song HR, Jin DK, Kim
HT, Kamasaki H, Bianchi P, Grigelioniene G, Nampoothiri S, Mina-
gawaM,Miyagawa SI, Fukao T, Marcelis C, Jansweijer MC, Hennekam
RC, Bedeschi F, Mustonen A, Jiang Q, Ohashi H, Furuichi T, Unger S,
Zabel B, Lausch E, Superti-Furga A, Nishimura G, Ikegawa S. 2010.
Novel and recurrent TRPV4 mutations and their association with
distinct phenotypes within the TRPV4 dysplasia family. J Med Genet
47:704–709.

Dalal A, Bhavani GS, Togarrati PP, Bierhals T, Nandineni MR, Danda S,
Danda D, Shah H, Vijayan S, Gowrishankar K, Phadke SR, Bidchol AM,
Rao AP, Nampoothiri S, Kutsche K, Girisha KM. 2012. Analysis of the
WISP3 gene in Indian families with progressive pseudorheumatoid
dysplasia. Am J Med Genet Part A 158A:2820–2828.

del Pino M, Fano V, Lejarraga H. 2011. Growth references for height,
weight, and head circumference for Argentine children with achondro-
plasia. Eur J Pediatr 170:453–459.

Edery P, Marcaillou C, Sahbatou M, Labalme A, Chastang J, Touraine R,
Tubacher E, Senni F, Bober MB, Nampoothiri S, Jouk PS, Steichen E,
Berland S, Toutain A, Wise CA, Sanlaville D, Rousseau F, Clerget-
Darpoux F, Leutenegger AL. 2011. Association of TALS developmental
disorder with defect in minor splicing component U4atac snRNA.
Science 332:240–243.

Garcia Segarra N, Mittaz L, Campos-Xavier AB, Bartels CF, Tuysuz B,
Alanay Y, Cimaz R, Cormier-Daire V, Di Rocco M, Duba HC, Elcioglu
NH, Forzano F,HospachT, Kilic E, Kuemmerle-Deschner JB,Mortier G,
Mrusek S, Nampoothiri S, Obersztyn E, Pauli RM, Selicorni A, Tenconi
R,Unger S, UtineGE,WrightM, Zabel B,WarmanML, Superti-Furga A,
Bonafe L. 2012. The diagnostic challenge of progressive pseudorheuma-
toid dysplasia (PPRD): A review of clinical features, radiographic fea-
tures, andWISP3 mutations in 63 affected individuals. Am JMed Genet
Part C Semin Med Genet 160C:217–229.

HansonD,Murray PG,CoulsonT, SudA,OmokanyeA, Stratta E, Sakhinia
F, Bonshek C, Wilson LC, Wakeling E, Temtamy SA, Aglan M, Rosser
EM, Mansour S, Carcavilla A, Nampoothiri S, Khan WI, Banerjee I,
Chandler KE, Black GC, Clayton PE. 2012. Mutations in CUL7, OBSL1
and CCDC8 in 3-M syndrome lead to disordered growth factor signal-
ling. J Mol Endocrinol 49:267–275.

Kulkarni ML, Samuel K, Bhagyavathi M, Sureshkumar C. 1995. Skeletal
dysplasias in a hospital in southern India. Indian Pediatr 32:657–665.

Leroy JG, Cathey S, Friez MJ. 2008. Mucolipidosis III alpha/beta. In:
GeneReviews at GeneTests: Medical Genetics Information Resource
(database online). Copyright, University of Washington. Seattle:
1997–2008. Available at http://www.genetest.org

Lin HY, Lin SP, Chuang CK, Niu DM, Chen MR, Tsai FJ, Chao MC, Chiu
PC, Lin SJ, Tsai LP, Hwu WL, Lin JL. 2009. Incidence of the mucopo-
lysaccharidoses in Taiwan, 1984–2004. Am J Med Genet Part A 149A:
960–964.

Loeys BL, Schwarze U, Holm T, Callewaert BL, Thomas GH, Pannu H, De
Backer JF,OswaldGL, Symoens S,Manouvrier S, Roberts AE, Faravelli F,
Greco MA, Pyeritz RE, Milewicz DM, Coucke PJ, Cameron DE, Braver-
manAC, Byers PH,DePaepeAM,DietzHC. 2006. Aneurysm syndromes
caused by mutations in the TGF-beta receptor. N Engl J Med 355:
788–798.

MalanV,RajanD,Thomas S, ShawAC, LouisDit PicardH, LayetV, TillM,
van Haeringen A,Mortier G, Nampoothiri S, Puseljic S, Legeai-Mallet L,
Carter NP, Vekemans M, Munnich A, Hennekam RC, Colleaux L,
Cormier-Daire V. 2010. Distinct effects of allelic NFIX mutations on
nonsense-mediated mRNA decay engender either a Sotos-like or a
Marshall–Smith syndrome. Am J Hum Genet 87:189–198.

Malfait F, Syx D, Vlummens P, Symoens S, Nampoothiri S, Hermanns-Le
T, Van Laer L, De Paepe A. 2010. Musculocontractural Ehlers–Danlos
syndrome (former EDS type VIB) and adducted thumb clubfoot syn-
drome (ATCS) represent a single clinical entity caused by mutations in

http://www.genetest.org


NAMPOOTHIRI ET AL. 7
the dermatan-4-sulfotransferase 1 encoding CHST14 gene. Hum Mutat
31:1233–1239.

Malfait F, Symoens S, Goemans N, Gyftodimou Y, Holmberg E, López-
González V, Mortier G, Nampoothiri S, PetersenMB, De Paepe A. 2013.
Helical mutations in type I collagen that affect the processing of the
amino-propeptide result in an osteogenesis imperfecta/Ehlers–Danlos
syndrome overlap syndrome. Orphanet J Rare Dis 8:78.

Nelson J. 1997. Incidence of the mucopolysaccharidoses in Northern
Ireland. Hum Genet 101:338–355.

Nelson J, Crowhurst J, Carey B, Greed L. 2003. Incidence of the mucopo-
lysaccharidoses inWestern Australia. Am JMedGenet Part A 123A:310–
313.

Orioli IM, Castilla EE, Barbosa-Neto JG. 1986. The birth prevalence rates
for the skeletal dysplasias. J Med Genet 23:328–332.

Poorthuis BJ, Wevers RA, KleijerWJ, Groener JE, de Jong JG, vanWeely S,
Niezen-Koning KE, van Diggelen OP. 1999. The frequency of lysosomal
storage diseases in The Netherlands. Hum Genet 105:151–156.

Puri RD, Thakur S, Verma IC. 2007. Spectrum of severe skeletal dysplasias
in North India. Indian J Pediatr 74:995–1002.

PutouxA,Nampoothiri S, LaurentN,Cormier-DaireV,BealesPL, Schinzel
A, Bartholdi D, Alby C, Thomas S, Elkhartoufi N, Ichkou A, Litzler J,
Munnich A, Encha-Razavi F, Kannan R, Faivre L, Boddaert N, Rauch A,
Vekemans M, Attie-Bitach T. 2012. Novel KIF7 mutations extend the
phenotypic spectrumof acrocallosal syndrome. JMedGenet 49:713–720.

Rasmussen SA, Bieber FR, Benacerraf BR, Lachman RS, Rimoin DL,
Holmes LB. 1996. Epidemiology of osteochondrodysplasias: Changing
trends due to advances in prenatal diagnosis. Am JMed Genet 61:49–58.

Rohrbach M, Giunta C. 2012. Recessive osteogenesis imperfecta: Clinical,
radiological, andmolecular findings. Am JMedGenet Part C SeminMed
Genet 160C:175–189.

SharonyR,BrowneC,LachmanRS,RimoinDL. 1993.Prenatal diagnosis of
the skeletal dysplasias. Am J Obstet Gynecol 169:668–675.

SimonM,Campos-XavierAB,Mittaz-Crettol L,Valadares ER,CarvalhoD,
Speck-Martins CE, Nampoothiri S, Alanay Y, Mihci E, van Bever Y,
Garcia-Segarra N, Cavalcanti D, Mortier G, Bonafe L, Superti-Furga A.
2012. Severe neurologic manifestations from cervical spine instability in
spondylo-megaepiphyseal-metaphyseal dysplasia. Am J Med Genet Part
C Semin Med Genet 160C:230–237.

Stevenson DA, Birch PH, Friedman JM, Viskochil DH, Balestrazzi P, Boni
S, Buske A, Korf BR, Niimura M, Pivnick EK, Schorry EK, Short MP,
Tenconi R, Tonsgard JH, Carey JC. 1999. Descriptive analysis of tibial
pseudarthrosis in patients with neurofibromatosis 1. Am J Med Genet
84:413–419.

StevensonDA,ViskochilDH,Carey JC. 2007.Neurofibromatosis type 1 is a
genetic skeletal disorder. Am J Med Genet Part A 143A:2082–2083,
author reply 2084.
Stevenson DA, Carey JC, Byrne JLB, Srisukhumbowornchai S, Feldkamp
M. 2012. Analysis of skeletal dysplasias in theUtah population. Am JMed
Genet Part A 158A:1046–1054.

Stoll C,Dott B, RothMP,AlembikY. 1989. Birth prevalence rates of skeletal
dysplasias. Clin Genet 35:88–92.

Tretter AE, Saunders RC, Meyers CM, Dungan JS, Grumbach K, Sun CC,
Campbell AB, Wulfsberg EA. 1998. Antenatal diagnosis of lethal skeletal
dysplasias. Am J Med Genet 75:518–522.

Unger S, Lausch E, Rossi A, Megarbane A, Sillence D, AlcausinM, Aytes A,
Mendoza-Londono R, Nampoothiri S, Afroze B, Hall B, Lo IF, Lam ST,
Hoefele J, Rost I, Wakeling E, Mangold E, Godbole K, Vatanavicharn N,
Franco LM, Chandler K, Hollander S, Velten T, Reicherter K, Spranger J,
Robertson S, Bonafe L, Zabel B, Superti-Furga A. 2010. Phenotypic
features of carbohydrate sulfotransferase 3 (CHST3) deficiency in 24
patients: Congenital dislocations and vertebral changes as principal
diagnostic features. Am J Med Genet Part A 152A:2543–2549.

Unger S, Gorna MW, Le Bechec A, Do Vale-Pereira S, Bedeschi MF,
Geiberger S, Grigelioniene G, Horemuzova E, Lalatta F, Lausch E,
Magnani C, Nampoothiri S, Nishimura G, Petrella D, Rojas-Ringeling
F, Utsunomiya A, Zabel B, Pradervand S, Harshman K, Campos-Xavier
B, Bonafe L, Superti-Furga G, Stevenson B, Superti-Furga A. 2013.
FAM111Amutations result inhypoparathyroidismand impaired skeletal
development. Am J Hum Genet 92:990–995.

Vissers LE, Lausch E, Unger S, Campos-Xavier AB, Gilissen C, Rossi A, Del
Rosario M, Venselaar H, Knoll U, Nampoothiri S, Nair M, Spranger J,
Brunner HG, Bonafe L, Veltman JA, Zabel B, Superti-Furga A. 2011.
Chondrodysplasia and abnormal joint development associated with
mutations in IMPAD1, encoding the Golgi-resident nucleotide phos-
phatase, gPAPP. Am J Hum Genet 88:608–615.

WarmanML, Cormier-Daire V, Hall C, Krakow D, Lachman R, LeMerrer
M, Mortier G, Mundlos S, Nishimura G, Rimoin DL, Robertson S,
Savarirayan R, Sillence D, Spranger J, Unger S, Zabel B, Superti-Furga A.
2011. Nosology and classification of genetic skeletal disorders: 2010
revision. Am J Med Genet Part A 155A:943–968.

Wright MJ, Irving MD. 2012. Clinical management of achondroplasia.
Arch Dis Child 97:129–134.

Zankl A, JacksonGC, Crettol LM, Taylor J, Elles R,Mortier GR, Spranger J,
Zabel B, Unger S, Merrer ML, Cormier-Daire V, Hall CM, Wright MJ,
Bonafe L, Superti-Furga A, Briggs MD. 2007. Preselection of cases
through expert clinical and radiological review significantly increases
mutation detection rate in multiple epiphyseal dysplasia. Eur J Hum
Genet 15:150–154.
SUPPORTING INFORMATION

Additional supporting information may be found in the online

version of this article at the publisher’s web-site.


