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Abstract

Tall stature and/or accelerated growth (TS/AG) in a child can
be the result of a primary or secondary growth disorder, but
more frequently no cause can be found (idiopathic TS). The
conditions with the most important therapeutic implica-
tions are Klinefelter syndrome, Marfan syndrome and sec-
ondary growth disorders such as precocious puberty, hy-
perthyroidism and growth hormone excess. We propose a
diagnostic flow chart offering a systematic approach to
evaluate children referred for TS/AG to the general paedia-
trician. Based on the incidence, prevalence and clinical fea-
tures of medical conditions associated with TS/AG, we iden-
tified relevant clues for primary and secondary growth dis-
orders that may be obtained from the medical history,
physical evaluation, growth analysis and additional labora-
tory and genetic testing. In addition to obtaining a diagno-
sis, a further goal is to predict adult height based on growth
pattern, pubertal development and skeletal maturation. We
speculate that an improved diagnosticapproach in addition

to expanding use of genetic testing may increase the diag-
nostic yield and lower the age at diagnosis of children with
a pathologic cause of TS/AG. ©2019'S. Karger AG, Basel

Introduction

The primary goal of the systematic diagnostic ap-
proach of children with tall stature and/or accelerated
growth (TS/AG) is to diagnose or exclude secondary
growth disorders as well as primary (syndromic) growth
disorders, most notably Klinefelter syndrome (KS) and
Marfan syndrome (MFS). Another goal is to adequately
predictadult height based on the growth pattern, pubertal
development and skeletal age, and if indicated discuss
possibilities regarding eventual adult height reduction
therapy.

There is little information about the frequency of
pathologic causes of TS/AG detected in a paediatric clin-
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ic; in the three available retrospective studies, the fre-
quency varied from 1.5 to 12% [1-3]. We assume that the
frequency not only depends on the type of clinic (second-
ary vs. tertiary care) but also on the quality of the clinical
assessment, different diagnostic strategies and limitations
regarding genetic testing. In this context, it is noteworthy
that at least two clinically important diagnoses associated
with TS (KS and MEFS) are rarely diagnosed before pu-
berty [4, 5]. We speculate that with increased attention to
diagnostic clues as well as easier accessible tools for ge-
netic testing (such as array analysis and specific growth-
related whole exome sequencing (WES)-based gene pan-
els), the diagnostic yield will increase.

In contrast to prior reviews on TS/AG [2, 6-9], which
mainly discussed the differential diagnosis of TS/AG, we
aim at offering a problem-oriented guide to the evalua-
tion of TS/AG by focusing on the question “what is the
most rational and efficient diagnostic approach for chil-
dren referred for TS/AG?,” further subdivided into three
sub-questions: (1) What are important diagnostic clues in
medical history and physical examination? (2) What is
the role of the shape of the growth curve as a diagnostic
clue? (3) What is the role of additional laboratory and ge-
netic testing? As a result of an extensive literature search,
we propose a new systematic approach to evaluate chil-
dren referred for TS/AG.

As a starting point, we collected data on incidence,
prevalence and clinical features of the medical conditions
accompanying TS/AG, based on the list presented in the
International Classification of Paediatric Endocrine
Diagnoses” (ICPED) [10, 11] (online suppl. Table; for
all online suppl. material, see www.karger.com/
doi/10.1159/000500810). Most conditions are considered
very rare, and for all of these there is only scarce informa-
tion about incidence, prevalence, distribution of height
standard deviation score (SDS) and occurrence of TS
without additional clinical features. A timely diagnosis of
the most frequent medical condition associated with TS
(KS), with an estimated incidence of 1.0-1.5 per 1,000
births [12, 13], is hampered by the fact that height in
many patients is within the population range (<+2 SDS),
while clinical features are generally mild. This is probably
the main reason why only 10% of patients are diagnosed
before puberty [4]. The diagnosis of the medical condi-
tion with the most severe clinical consequences (MFS) is
hampered by its rather low incidence (estimated at 23 per
100,000 births [14]) and variable clinical presentation.
Furthermore, because of the dominant inheritance,
height of children with MEFS is usually within the target
height (TH) range, so that the distinction between MFS
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and the familial subcategory of idiopathic TS (ITS) can be
difficult. We believe that one of the key aims of the diag-
nostic approach of TS/AG should be to diagnose KS and
MES at an earlier age.

The central feature of this mini review is a diagnostic
flowchart for TS/AG, supplemented by tables containing
the most important diagnostic clues for growth disorders,
including relevant issues from the medical history and
physical signs (including dysmorphic features) indicative
for pathology. We also propose indications for additional
laboratory and genetic testing.

This paper is an adaptation of a formal evidence-based
guideline for children from 0 to 18 years in the Dutch lan-
guage, authorised by the Paediatric Association of the
Netherlands and other medical societies, intended for use
by the general paediatrician [15]. We expect that it will
also assist primary care physicians, youth health care phy-
sicians, general practitioners, clinical geneticists and pae-
diatric endocrinologists in detecting pathologic causes of
TS/AG at an early age.

Definitions

Mirroring the criteria for children with short stature
and/or growth deceleration, we propose to define TS/AG
in childhood or adolescence if linear growth complies
with one or more of the following criteria: (1) tall for the
ethnic population; (2) tall in comparison to parental
heights; or (3) growth acceleration, defined as a positive
change of height SDS (HSDS). Cut-off points for each of
these criteria are arbitrary, but the conventional approach
is to use statistical limits that label approximately 2-3%
of children in the population as “abnormally tall.” Tall for
the ethnic population is usually defined asan HSDS >+2.0,
based on suitable reference charts for height for age, sex
and ethnicity. About the second criterion (tall for familial
genetic origin), there is more discussion, caused by the
use of different equations for calculating TH and by un-
certainty whether secular trends should be incorporated.
We favour the use of the conditional THSDS, defined as
the mid-parental height adjusted for assortative mating
and regression bias, using the parent-parent correlation
and the parent-offspring correlation [16]. This condi-
tional THSDS is 0.72 times the average of parental HSDS
(independent of sex), and a child’s HSDS is expected to
be situated within +1.6 SDS of the conditional THSDS
[16]. The third criterion (AG) is a longitudinal parameter
and stands for a positive change in HSDS over time, away
from the THSDS. There are no reliable data of what
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should be considered “abnormal AG,” and any cut-off
limit should be adjusted for the duration of the interval.
In analogy to short stature, in which a negative change
of >1 SDS over an undetermined time interval was con-
sidered abnormal (in the age range of 3-10 years) [17], we
suggest to label AG as a positive change of HSDS >1 SDS
over an undetermined time interval before the onset of
puberty. During puberty, this cut-off is expected to have
alow specificity, due to considerable variation in pubertal
timing.

It is generally assumed that in the large majority of
children with TS/AG attending the paediatric clinic, no
pathologic cause can be found [1-3]. In accordance with
the ICPED classification [11], we label children with an
HSDS >+2 of unknown origin as ITS, which can be sub-
divided into familial or non-familial TS (FTS or NFTS),
depending on the child’s height residing within or above
the TH range. It is believed that FTS has a polygenic ori-
gin in most children, implying the accumulation of mul-
tiple “tall gene variants” in a family [18]. If a child is both
tall for the ethnic population and familial genetic origin
(NFTS), but also it HSDS is >+1.6 SDS above TH but still
within the population range, one would expect an in-
creased a priori likelihood of a pathologic cause, and a
higher diagnostic yield of laboratory testing. Growth ac-
celeration (AHSDS >+1) can be associated with a height
within or above the population range. It has been de-
scribed in “constitutional advancement of growth”
(CAQG), the assumed mirror image of constitutional delay
of growth and puberty [19], but is also an important sign
of a secondary growth disorder.

Stepwise Approach to the Diagnosis of TS

Introduction to the Structure of the Flowchart

Fundamental in the diagnostic approach of TS/AG is
the flowchart (Fig. 1). The starting point is the child that
is referred under suspicion of a condition associated with
TS/AG, or a child visiting the paediatrician for a different
reason but with sudden (unexpected) accelerating growth.
In our opinion, it is crucial to set this starting point, irre-
spective of whether the growth pattern is “abnormal” in
the statistical sense, since several syndromes associated
with TS/AG often present with a height within the popu-
lation range. To accomplish an effective screening for
growth disorders, we formulated diagnostic clues for pri-
mary and secondary growth disorders. The most relevant
clues are shown in Figure 1, but in fact there are several
more, as shown in Tables 1-3. They concern the medical

Diagnostic Approach in Children
Referred for Tall Stature

history, family history, physical evaluation and growth
pattern. Based on the presence or absence of diagnostic
clues for primary or secondary growth disorders, the cli-
nician may decide to perform laboratory investigations or
third-line consultations.

General Diagnostic Categories

The three diagnostic categories are: primary growth
disorders, secondary growth disorders and ITS. Primary
growth disorders are thought to be intrinsic to the epiph-
yseal growth plate [20], for example most genetic syn-
dromes, such as KS and MFS. Secondary growth disor-
ders are assumed to have a systemic effect on the growth
plates, for example central or peripheral precocious pu-
berty, hyperthyroidism and pituitary gigantism. As men-
tioned earlier, the term ITS just indicates that the aetiol-
ogy is unknown.

In order to assist the physician to construct a rational
differential diagnosis, we extended the list of conditions
associated with TS/AG included in the ICPED [11] by
adding epidemiological and clinical data (online suppl.
Table). The table is subdivided into the three diagnostic
categories.

Relevant Issues in the Medical History of a Child

Referred for TS/AG (Table 1)

One of the relevant issues to inquire about is foetal
growth. A history of excessive foetal growth is strongly
suggestive of a primary growth disorder. While informa-
tion about birthweight can usually be reported by the par-
ents, this is less often the case for birth length. In the ab-
sence of numerical information on birth length, the clini-
cian should try to acquire the first length measurement
after birth, calculate length SDS (adjusted for gestational
age) and use this as a proxy for birth length SDS.

Another diagnostic clue for primary growth disorders
is any form of developmental delay, such as slow motor
development, cognitive delay (learning problems) or de-
lay in development of speech and language. Also behav-
ioural problems, such as problems in social contacts (au-
tism spectrum disorder) are parts of some genetic syn-
dromes associated with TS/AG, such as KS. Notably,
such symptoms are usually not part of the phenotype of
MFS. When reviewing the systems, the physician should
inquire about cardiac or eye conditions (as clues for
MES). Furthermore, information about the onset and
presentation of pubertal signs (as clues for (pseudo)pre-
cocious puberty) should be collected, as well as informa-
tion about symptoms of other secondary growth disor-
ders (Table 1 and 2; Fig. 1). In the family history, infor-
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Clues for primary growth disorder

Medical history:

Developmental delay, motor and/or speech development
disorder, behavioural problems, excessive foetal growth,

Referred for tall
stature/growth

Clues for secondary growth disorder

cardiac and/or eye anomalies
Family history:

acceleration Medical history:
Increased appetite, weight loss, irritability, excessive
¢ transpiration, headaches, visual problems, nausea,
vomitus, cranial irradiation

Dominant inheritance of tall stature, disproportions and/or
dysmorphic features, cardiac and/or eye anomalies
Physical examination:

Disproportions and/or dysmorphic features,

Check for clues for primary
or secondary growth disorders
History/physical exam/

Family history:

Thyroid disease

Physical examination:

Early pubertal onset: girls <8 years, boys <9 years,

Accelerated growth between ages 5-8

arachnodactyly and/or thumb/wrist sign, pectus deformity, growth thyrotoxic symptoms, visual problems, neurological
macrocephaly, gynaecomastia, cryptorchidism and/or symptoms

micropenis ¢ Growth:

Growth: Growth acceleration (AHSDS >+1)

Screening test
X-ray left hand, fingers, wrist

'

Yes for

Klinefelter or

Klinefelter: array analysis Marfan primary
Marfan: echocardiogram d
d ophthalmologist syndromes
an suspected?

>1 clue for primary
or secondary growth
disorder? /

*Consider
epiphysiodesis
if expected adult
height >+2.3 SDS

\Yes for secondary

Y

Pos Neg No
o Y
»| Based on clinical features
and in consultation with Based on clinical features
- S Y ]
v clinical geneticist or and lab decide on
— Pos paediatric Ne + HSDS >+2 Neg | further testing for:
Specific primary endocrinologist candidate + HSDS-THSDS >+1.6 9. precocious puberty
cause* gene approach or or , * growth hormone
hypothesis-free + delta HSDS > +17 overproduction
approach (array and/or « hyperthyroidism
gene panel) Yes LNO
A

for TH or growth
acceleration*

Idiopathic tall stature, tall

Pos

Normal growth ‘L

v v

Yes * HSDS >+3 or

Consult clinical geneticist or centre
of expertise

* HSDS-THSDS >+2.5?

Specific secondary
¢ cause
: No

Fig. 1. Flow chart for diagnosis of children referred for tall stature
and/or accelerated growth. The starting point is the child that is
referred under suspicion of a condition associated with TS/AG but
could also very well be a child visiting the paediatrician for a dif-

mation should be collected about a possible dominant
pattern of TS and cardiac or eye conditions, as an indica-
tor of MFS. Pubertal timing of the parents and other rel-
atives may provide clues for a genetic form of early or
delayed puberty.

Relevant Issues in the Physical Examination of a Child

Referred for TS/AG (Table 2)

Besides height, weight and head circumference, also
body proportions should be assessed. We recommend to
measure sitting height and calculate the sitting height/
height ratio, and convert this to an SDS based on refer-
ence data from a country with a similar average height
compared with the ethnicity of the patient. Reference data
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Consider

follow-up*
ferent reason, but with sudden accelerating growth. HSDS, height
standard deviation score; TH, target height; Pos, positive; Neg,
negative.

are available for the UK [21], the Netherlands [22], China
[23], Spain [24] and Turkey [25].

Furthermore, arm span can be measured and com-
pared with height (as a difference: arm span minus height
[26], or as a ratio: arm span divided by height [27]). An
arm span/height ratio above 1.05 is considered indicative
for MFS [27], although its value as a diagnostic clue in
children is dubious [28]. It is furthermore noteworthy
that skeletal manifestations of MFS such as a positive arm
span/height ratio or scoliosis are less common in Asian
MES patients [29, 30]. Also adult KS patients typically
show a positive arm span/height ratio, with arm span ex-
ceeding height with at least 2 cm [31], but there is no evi-
dence regarding this in childhood. Arm span furthermore
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Table 1. Relevant issues in the medical history of a child referred for TS/AG

Ask for

Interpretation

Chief complaint
Previous data about growth (growth pattern)

A complete growth curve provides information that influences
the a priori likelihood of pathogenic causes of growth disorders

Patient’s and parents’ perspective and coping

Worries about expected adult height influence the decision
concerning possible treatment (epiphysiodesis)

Past medical history
Length, weight and head circumference at birth

Excessive foetal growth is associated with Sotos, Malan,
Simpson-Golabi-Behmel, Weaver and Beckwith-Wiedemann
syndromes

Neonatal hypoglycaemia

Seen in Beckwith-Wiedemann syndrome

Global developmental delay/intellectual disability

Associated with KS§, Sotos, Fragile X, Malan, Lujan-Fryns,
Shprintzen-Goldberg syndromes, homocystinuria, 47,XYY
and 47,XXX syndromes

Behavioural problems (aggressiveness, passivity,
non-self-reliance, anxiety, autism spectrum disorder)

Associated with KS, Sotos, Fragile X, and Malan syndrome,
and homocystinuria

Myopia >3 dpt, ectopia lentis, scoliosis, pneumothorax,
umbilical/inguinal hernia, joint hypermobility,
joint luxation, and/or club feet

Suggestive for MFS and Marfan-like* syndromes

Cranial irradiation

Precocious puberty due to cranial irradiation

Review of systems

Age at first physical signs of puberty (low and high cut-off
points for girls: breast development 8 and 13 years; for
boys: pubic hair and testicular enlargement 9 and 14 years,
respectively)

Precocious, normal or late puberty

Symptoms suggestive for heart or eye conditions

Heart murmurs, visual problems including myopia and
astigmatism may be suggestive for MFS

Endocrine: irritability, weight loss, heat intolerance, diarrhoea

Laboratory test for hyperthyroidism

Excessive transpiration

Increased sweating indicates hyperthyroidism and growth
hormone excess

CNS: headaches, visual problems, nausea, vomiting

Screening for GH excess and pituitary adenoma

Family history
Ethnicity, country of origin

Determines the choice of growth diagram

Stature of parents (preferably measured)

To calculate target height. If height of one parent >+2 SDS,
consider an autosomal dominant condition

Consanguinity

Increases the probability of an autosomal recessive disorder

Timing and tempo of puberty of parents

Indicates the probability of a familial pattern of early or late
puberty

Occurrence of Marfan syndrome, cardiac conditions,
sudden cardiac death, eye conditions, endocrine conditions,
MEN syndrome, thyroid disease

Indicates the probability of a genetic cause

? Marfan-like syndromes: homocystinuria; Ehlers-Danlos syndrome, kyphoscoliotic type; Lujan-Fryns syndrome; congenital

contractural arachnodactyly; Loeys-Dietz syndrome; Shprintzen-Goldberg syndrome; multiple endocrine neoplasia type IIB.

Diagnostic Approach in Children
Referred for Tall Stature
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Table 2. Relevant issues in the physical examination of a child referred for TS/AG

Examinations Interpretation
Growth
Height Calculate HSDS, TH SDS and AHSDS over time

Body mass index or body weight
mass in relation to body height

Low BMI of the features of MFS and Marfan-like* syndromes
Obesity is a feature of CAG and Beckwith-Wiedemann syndrome

Head circumference

A large head circumference is suggestive for Fragile X, Sotos, Malan, and Weaver
syndromes

Sitting height/height ratio

A ratio of <-2 SDS is seen in MFS, KS, and triple copy SHOX gene syndrome

Arm span/height ratio

Arm span/height ratio >1.05 can be seen in MFS

Physical evaluation
General impression

Search for dysmorphic features (see Table 3)

Asymmetrical growth is suggestive for Beckwith-Wiedemann syndrome

Eunuchoid habitus indicates Klinefelter, oestrogen receptor dysfunction or deficiency
A feminine appearance in boys can be found in KS

Asymmetry

Suggestive for BWS

Eyes and vision

Ectopia lentis and myopia may occur in MFS and homocystinuria
A pituitary adenoma can result in visual disturbances, e.g. affected visual fields

Neck

Goitre can be a sign of hyperthyroidism

Cardiovascular system

Cardiac murmur can be due to mitral valve insufficiency in MES or an atrial septal

defect in Fragile X syndrome
Hypertension and tachycardia indicate hyperthyroidism

Genitals Precocious, normal or delayed puberty
Cryptorchidism, small testes and micropenis are associated with KS; cryptorchidism
is also seen in Simpson-Golabi-Behmel syndrome
Macro-orchidism is seen in Fragile X syndrome

Muscle tone

Hypotonia can be seen in KS, MFES, Shprintzen-Goldberg and Sotos syndromes

Skin Hyperpigmentation of the skin is associated with familial glucocorticoid deficiency
Lipomas and supernumerary nipples can be seen in Simpson-Golabi-Behmel syndrome
Striae, abnormal scarring, hematomas, hyperlaxity and varices are associated with
MFS and Marfan-like?* syndromes

Joint mobility

Joint hypermobility can be seen in MFS, Marfan-like* and Fragile X syndromes

A reduced elbow extension can be found in MFS

Signs The thumb and wrist sign® may point to joint hypermobility and/or arachnodactyly
are seen in MFS, Marfan-like® and Fragile X syndromes
Flexion contractures are indicative of congenital contractural arachnodactyly

2 Marfan-like syndromes: homocystinuria; Ehlers-Danlos syndrome, kyphoscoliotic type; Lujan-Fryns syndrome; congenital contractural
arachnodactyly; Loeys-Dietz syndrome; Shprintzen-Goldberg syndrome; multiple endocrine neoplasia type IIB.

® Thumb sign: wrapping the fingers around the thumb in adduction, the entire distal phalanx of the thumb reaches beyond the ulnar edge
of the fist with or without assistance to achieve maximal adduction. Wrist sign: the thumb overlaps the entire fingernail of the fifth finger when

wrapped around the other wrist.

seems to vary depending on the origin of the supernu-
merary X-chromosome [32].

During the full physical evaluation, the physician
should pay special attention to dysmorphic features that
are associated with growth disorders (Table 3). Tanner
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stage should be determined and comparison with refer-
ence data (or its expression as SDS for age and sex) can
provide information about a possible disorder of pubertal
timing [33-35]. Observations obtained at physical exam-
ination can be compared with a list of clinical features of
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Table 3. Selected dysmorphic features indicative for a pathological cause of TS/AG

Dysmorphic feature

Suspected growth disorder

Head
Macrocephaly

Dolichocephaly

Broad forehead

Prominent forehead

Long face

Coarse face

Hypertelorism

Downslanting palpebral fissures
Enophthalmos

Fragile X, Sotos, Weaver, Malan, Simpson-Golabi-Behmel, Beckwith-Wiedemann,
PTEN hamartoma tumour

Marfan, Sotos Lujan-Fryns, Fragile X, Shprintzen-Goldberg

Sotos, Weaver, Fragile X, Simpson-Golabi-Behmel

Malan

Marfan, Lujan-Fryns, Malan, Fragile X, Sotos

Fragile X, Simpson-Golabi-Behmel, 47,XYY, 47,XXX

Simpson-Golabi-Behmel, Weaver, Sotos, Loeys-Dietz

Marfan, Marfan-like?®, Sotos, Malan, Simpson-Golabi-Behmel

Marfan, Marfan-like®

Large ears Weaver, Fragile X

Ear pits/creases ear lobe Beckwith-Wiedemann

Cleft lip Loeys-Dietz, Simpson-Golabi-Behmel

Bifid uvula Loeys-Dietz, Simpson-Golabi-Behmel

Cleft palate Simpson-Golabi-Behmel, Lujan-Fryns, Loeys-Dietz
Gothic palate Marfan, Marfan-like?®, Sotos

Irregular dentition Marfan

Macroglossy Beckwith-Wiedemann, Simpson-Golabi-Behmel
Everted lower lip Malan

Micrognathy Marfan, Lujan-Fryns

Retrognathy Weaver, Marfan, Lujan-Fryns

Prognathy Sotos

Prominent chin Fragile X, Sotos, Malan

Thorax

Gynecomastia Klinefelter

Accessory nipple Simpson-Golabi-Behmel

Pectus excavatum/carinatum Marfan, Marfan-like®, Fragile X, Malan
Omphalocele Beckwith-Wiedemann

Kyphosis/scoliosis Klinefelter, Marfan, Marfan-like?, Malan, Fragile X, Sotos
Extremities

Arachnodactyly Marfan, Marfan-like*

Polydactyly Simpson-Golabi-Behmel

Camptodactyly Weaver

Contractures Congenital contractural arachnodactyly, Shprintzen-Goldberg
Dolichostenomelia Marfan, Marfan-like®

Pes planus/planovalgus

Fragile X, Marfan, Marfan-like?, Sotos

* Marfan-like syndromes: homocystinuria; Ehlers-Danlos syndrome, kyphoscoliotic type; Lujan-Fryns syndrome; congenital
contractural arachnodactyly; Loeys-Dietz syndrome; Shprintzen-Goldberg syndrome; multiple endocrine neoplasia type IIB.

KS (Table 4) [4] and MFS (see Revised Ghent criteria [27]
and for the systemic score see Table 5). Although a sys-
temic score >7 points indicates systemic involvement in
adults, cardiac sonography and/or genetic testing for
MES should be considered with a lower threshold (e.g.
when the systemic score is 23-4 points) in children [36].

Expert consensus and/or overview articles are avail-
able for many other syndromes associated with TS,
including Sotos syndrome (including a clinical score,

Diagnostic Approach in Children
Referred for Tall Stature

Table 6) [37, 38], Fragile X syndrome [39], Beckwith-
Wiedemann syndrome [40], Simpson-Golabi-Behmel
[41], Ehlers-Danlos syndrome, kyphoscoliotic type [42],
Loeys-Dietz syndrome [43], homocystinuria [44], Lu-
jan-Fryns syndrome [45], congenital contractural
arachnodactyly [46], MEN type IIB [47], Weaver syn-
drome [48], PTEN hamartoma tumour syndrome [49],
Malan syndrome [50] and Shprintzen-Goldberg syn-
drome [51].
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Table 4. Clinical features of Klinefelter syndrome

Age of Clinical features

manifestation

Childhood Motor and/or speech development disorders
Learning difficulties

Behavioural problems and/or autism spectrum
disorder

Increased growth 5 to 8 years

Scoliosis

Kyphosis

Micropenis

Cryptorchidism

Puberty Gynaecomastia
Eunuchoid habitus
Small testicles

Late or stagnant puberty

Hypergonadotrophic hypogonadism

Adulthood Sexual dysfunction
Azoospermia/severe oligospermia
Osteoporosis

Metabolic syndrome

Increased risk of breast cancer

Adapted from Aksglaede et al. [4].

Table 5. Marfan syndrome systemic score according to the Revised
Ghent criteria

Systemic score

Feature Points

Wrist AND thumb sign

Wrist OR thumb sign

Pectus carinatum deformity

Pectus excavatum or chest asymmetry

Hindfoot deformity

Plain pes planus

Pneumothorax

Dural ectasia

Protrusio acetabuli

Reduced upper segment/lower segment ratio AND
increased arm/height AND no severe scoliosis

Scoliosis or thoracolumbar kyphosis

Reduced elbow extension

Three or more facial features: dolichocephaly,
enophthalmos, downslanting palpebral fissures,
malar hypoplasia, retrognathia

Skin striae

Myopia >3 dpt

Mitral valve prolapse (all types)

[SSIN SR ST SR SR

e

—

From Loeys et al. [27]. 27 points indicates systemic involvement.
Cardiac sonography and/or genetic testing for MFS should be
considered with a lower threshold (e.g. when the systemic score is
>3-4 points [36]) in children.
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Interpretation of Growth Curve

Analysis of the linear growth curve essentially includes
three elements: (1) HSDS at presentation; (2) the differ-
ence between HSDS and THSDS [52]; and (3) the shape
of the linear growth curve against the background of pop-
ulation reference chart, objectified by longitudinal data
on height, its SDS and the change over time. Besides lin-
ear growth, also data on weight or (preferably) body mass
index (BMI) over time have to be analysed, as well as head
circumference.

In Figure 2, growth curves of boys with KS are shown
[53]. While in most boys HSDS stays within the popula-
tion range, growth accelerates from 3 years onward,
which is particularly clear between 5 and 8 years, pre-
dominantly due to an increase in leg length growth [4, 12,
53, 54]. Before the onset of puberty, height usually re-
mains stable. Reports about the pubertal growth spurt
vary from normal [12] to diminished [32, 53, 54]. Most
boys have an HSDS in the upper half of the reference
range [55]. Average adult height is approximately 4-10
cm above the mean for the population [12, 55, 56].

Figures 3a and 3b show the growth curves of Korean
male and female MFS patients [30], compared with their
Korean contemporaries. The mean HSDS in this cohort
is consistently above +2 SDS from age 2 onwards. It is
noteworthy that not all patients are tall compared with
the reference charts.

Figure 4 shows an example of accelerating growth in
a prepubertal girl due to growth hormone excess caused
by a pituitary adenoma [57]. It shows accelerating
growth over time, with the HSDS increase eventually
surpassing +2.5 SDS. At 7 years and 8 months, the ade-
noma was surgically removed followed by decelerated
growth. At the age of 13, puberty was medically induced
and growth hormone was started.

Bone Age and Predicted Adult Height

In line with common practice, we advise to assess bone
age in each child referred for TS/AG. The purpose is
threefold. First, it serves as a diagnostic tool, influencing
the likelihood of several causes. For example, advanced
bone age is part of the presentation of certain primary
growth disorders (e.g. Sotos syndrome, Weaver syn-
drome), but also of (pseudo)precocious puberty, hyper-
thyroidism and CAG [19, 58, 59]. Second, the radiograph
can suggest certain diagnoses, such as long slender pha-
langes in MFS. Third, bone age serves as the basis of adult
height prediction in children above approximately 10
years. In fact, adult height prediction is a frequent reason
for referring a tall child.

Lauffer et al.
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Table 6. Clinical score for Sotos syndrome

Feature Points
Facial features® 5 or 6 present 5
2,3 or 4 present 3
0 or 1 present 0
Height in comparison with the >+2 SDS (at all previous height measurements) 2
target height (HSDS - THSDS) <+2 SDS, in >2 of previous height measurements >+2 SDS 2
<+2 SDS (at all previous height measurements) 0
Skeletal age >p90 2
p =90 or too old to determine skeletal age 1
<p90 0
Head circumference >+2 SDS 1
<+2 SDS 0
IQ and development IQ <90 or global developmental delay 1
1Q >90 0

From de Boer et al. [38]. One to 4 points: atypical Sotos syndrome, 5-8 points: dubious Sotos syndrome, 9-11
points: typical Sotos syndrome. ® Facial features: frontal bossing, receding hairline, prominent jaw, high palate,
dolichocephalism, downslanting palpebral fissures.

Bone age is usually assessed using the Greulich and
Pyle method [60], and predicted adult height (PAH) is
usually calculated with the Bayley and Pinneau (B&P)
method [61]. Obviously, the reliability of PAH increases
with age and bone age, and one should realise that for
boys there is an average overprediction of 2.5 cm (with an
SD of 4.3 cm), while in girls PAH is on average similar to
the attained adult height (with an SD of 4.6 cm) [62]. At
the present time, a computerised system is available which
assesses bone age and PAH (BoneXpert) [63], with a
mean difference of 0.2-0.3 years below G&P. The result-
ing PAH is based on the B&P method and validated in
several populations [64-66], but not specifically for tall
children. There is an underprediction of 0.8 cm with an
SD of 3.1 cm in girls and 2.8 cm in boys [66].

If PAH is >+2.3 SDS (>200 cm for boys, >185 cm for
girls in The Netherlands), we advise to repeat a bone age
and PAH estimation when height has reached 185 cm in
boys or 170 cm in girls. If puberty starts late or shows a
slow progression, one should be aware of the possibility
that attained height may be substantially higher than pre-
dicted, so that more frequent bone age assessments may
be indicated.

Estimation of the Likelihood of a Primary or

Secondary Cause

After a careful medical history, physical examination,
growth analysis and bone age determination, the clinician

Diagnostic Approach in Children
Referred for Tall Stature

makes an estimate of the likelihood of a pathogenic
growth disorder (primary or secondary), based on the
collected diagnostic clues (Fig. 1). This will indicate the
direction of further diagnostic steps. If there are clues for
both categories, both routes can be taken.

Approach in Case of Clues for Primary Growth
Disorders

In case of at least one clue for a primary growth disor-
der, the clinician should decide if there are sufficient in-
dications to test for KS, MFS or other syndromes, given
the important therapeutic implications of early diagnosis
and management.

Diagnosis of Klinefelter Syndrome

Early detection of KS allows for timely recognition of
psychosocial problems enabling syndrome-specific guid-
ance. It can also lead to adequate management of gynae-
comastia and hypogonadism (for a list of other clinical
features of KS, see Table 4). If pubertal development is
delayed or slow, androgen treatment can be adminis-
tered, and timely discussions can be started about testicu-
lar sperm extraction [12].

It is difficult to diagnose KS in childhood and adoles-
cence. Most individuals are diagnosed antenatally or in
adulthood, for example in men who are investigated for
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azoospermia. The most important clinical features in-
clude a characteristic growth pattern (as detailed in a pre-
vious paragraph), small testicular volume, elevated lu-
teinising hormone and follicle-stimulating hormone lev-
els in contrast with normal serum testosterone levels, and
various psychosocial issues [55, 67]. For example, in a
Danish cohort all patients had a smaller testicular volume
in adulthood, gynaecomastia in 44%; cryptorchidism was
reported in 14%, and 36% required speech therapy or ed-
ucational support [55]. The abnormal biochemical pa-
rameters became evident after onset of puberty and cor-
related with histological findings of a gradual deteriora-
tion of seminiferous tubules and massive Leydig cell
hyperplasia in adults [55].

The psychosocial issues vary with age [68]. Between
0-4 years, motor development is slow, and boys can pres-
ent clumsy. Approximately 50% have speech delay. Be-
tween 4 and 11 years, boys still encounter problems with
speech and language, and 75% have reading problems
(dyslexia) [69, 70]. Diminished short-term memory has
also been described. Boys with KS can show withdrawn
behaviour and may find it difficult to attain social con-
tacts. In adolescence, low self-esteem and learning prob-
lems can occur [71].

The growth data show that if testing for KS would be
performed in all boys with TS, the diagnostic yield would
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be very low. Instead, the combination of AG (with a
height in childhood above the TH) with developmental
problems (particularly regarding speech and language
development) should lead the clinician to perform genet-
ic testing for KS.

With respect to the method of genetic testing, the con-
ventional approach has been to perform a karyotype. We
believe that an array analysis (SNP array or CGH array)
is currently a more efficient technique, since it also allows
for detection of copy number variants (microdeletions
and microduplications), and if SNP array is used most
forms of uniparental disomy (UPD) [72]. An example of
a syndrome associated with TS caused by a microduplica-
tion is triple SHOX gene copy syndrome (caused by
SHOX duplications), associated with relatively long legs
[73]. An example of a TS syndrome caused by UPD is
Beckwith-Wiedemann syndrome [74]. If the array analy-
sis is positive for KS (or negative in a child with high clin-
ical suspicion of KS), we advise to refer the patient to a
centre of expertise. A false negative result of the array
analysis or karyotyping can occur in low-grade mosa-
icism (<10-20%) [75]. When mosaicism is suspected, flu-
orescence in situ hybridization on >200 cells may be used,
and additional samples (e.g. epithelial cells from buccal
mucosa) can be studied as analysis of cells derived from
different germ layers may improve the detection rate [76].
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Fig. 3. a, b Range of growth curves of Ko-
rean boys and girls with Marfan syndrome
against population references. The mean
HSDS in this cohort is consistently above
+2 SDS from age 2 onwards. The popula-
tion references (dotted lines) are for Kore-
an boys and girls, respectively. The ranges
are given in percentiles. It is noteworthy
that not all patients are tall compared with
the reference charts. Redrawn from Kwun
etal. [30]. Reproduced by permission of the
Korean Academy of Medical Sciences.
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Fig. 4. Growth curve of a girl with pituitary
gigantism caused by an AIP mutation. The
patient’s growth curve (continuous line) is
shown against the background (dotted
lines) of 2000 CDC (Centers for Disease

Control and Prevention) stature-for-age 105
charts for females aged 2-20 [90]. The AIP 100
mutation caused a pituitary adenoma pro- Z(S)
ducing growth hormone. At 7 years and 8 85
months, the adenoma was surgically re- 80
moved followed by decelerated growth. At 75
the age of 13, puberty was medically in- 2 3 4

duced, and she was treated with growth
hormone. Redrawn from Lebl et al. [57].

5

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Age, years

Marfan Syndrome

Early detection of MFS enables follow-up of cardio-
vascular, ocular and other health problems and may also
detect MFS in family members upon screening. An early
diagnosis is particularly important to prevent life-threat-
ening aortic dissection seen in MFS; prophylactic aortic
surgery is usually performed in early adulthood but can
also be necessary in childhood [5]. Unfortunately, MES
is often diagnosed at an adult age (especially in case of a
de novo mutation). In a Danish cohort, the diagnosis
only became apparent because of a major cardiac event
in 12.9% of patients [5]. A late diagnosis hampers ade-
quate cardiovascular monitoring, medical intervention
to reduce stress on the aortic wall and eventual surgery
(77].

The most important systemic features of MFS (Table
5) [27] are included in Tables 1-3. In childhood, height
can either be within or above the population range. As
approximately 75% of patients with MFS have inherited
the FBNI1 mutation from one of their parents, their TS
may be falsely interpreted as familial ITS. Therefore, a
detailed family history and close inspection of MES signs
in the parents is important in any child referred for TS/
AG.

In case of suspicion of MFS, we advise to refer the pa-
tient to a (paediatric) cardiologist and clinical geneticist,
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and especially in children aged <5 years also to an oph-
thalmologist. The cardiologist will perform an ultrasound
of the heart, paying special attention to mitral valve insuf-
ficiency and the Z score of the aortic root diameter. The
ophthalmologist will pay special attention to the clinical
assessment of ectopia lentis (which most often arises in
early childhood, but infrequently also thereafter [78]) and
myopia. A clinical geneticist (preferably affiliated to a
Marfan expert clinic) may differentiate between MFS and
several Marfan-like syndromes (online suppl. Table) and
may perform genetic testing of FBNI and/or a panel of
genes including FBNI. In case of a diagnosis, genetic
counselling will be offered to the patient and family.
Please note that referral to a clinical geneticist is also jus-
tified in case of multiple MFS features (systemic score >3-
4) without aortic root dilatation, ectopia lentis and/or
myopia, as these features may not or not yet be present in
a child with MEFS [36]. If MFS is diagnosed, follow-up
should ideally be offered by a multidisciplinary Marfan
expert clinic.

The terms “neonatal MFS” or “severe early onset MFS”
should be preserved for children with a de novo variant
in exon 24-32 in FBNI which results in a strong domi-
nant-negative effect. These children have a severe form of
MES and usually die within childhood due to cardiopul-
monary insufficiency [79].
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Table 7. Additional biochemical and genetic testing in children suspected for specific pathological causes of TS/AG

Suspected growth disorder

Workup

Primary causes
Klinefelter syndrome

Serum testosterone, LH and FSH. Array analysis (SNP array or CGH array)

Suspicion for Klinefelter syndrome
but normal array or karyotype

Referral to clinical geneticist (FISH analysis on blood lymphocytes and/or other
samples such as buccal epithelium cells)

Marfan syndrome

Check Revised Ghent criteria including systemic score (Table 5)

Referral to clinical geneticist (DNA sequencing of FBNI or gene panel for
connective tissue disorders including FBNT)

Referral to (paediatric) cardiologist

Referral to ophthalmologist

Marfan-like?* syndromes

Referral to clinical geneticist (gene panel for connective tissue disorders
including FBNI, plasma homocysteine level)

47,XYY and 47,XXX syndromes

Array analysis (SNP array or CGH array)

Fragile X syndrome

Referral to clinical geneticist (FMR1 CGG repeat length)

Sotos syndrome

Referral to clinical geneticist (NSDI)

Malan syndrome

Referral to clinical geneticist (NFIX)

Weaver syndrome

Referral to clinical geneticist (EZH2)

Simpson-Golabi-Behmel syndrome

Referral to clinical geneticist (GPC3)

Beckwith-Wiedemann syndrome

Referral to clinical geneticist (epigenetic changes chromosome 11p15)

Secondary causes
Central precocious puberty

LH, FSH, testosterone, oestradiol, GnRH test

Peripheral (pseudo)precocious puberty

17-OH-progesterone, androstenedione, testosterone, DHEA, DHEAS,
urinary steroid profile

Growth hormone excess

GH, IGF-I, OGTT with measurement of GH and glucose

Hyperthyroidism

FT4, TSH

Familial glucocorticoid deficiency

ACTH, cortisol

Gonadotropin deficiency

LH, FSH, testosterone, oestradiol, GnRH test

Idiopathic tall stature
Constitutional advancement of growth

Radiograph of left hand/wrist: advanced bone age

2 Marfan-like syndromes: homocystinuria; Ehlers-Danlos syndrome, kyphoscoliotic type; Lujan-Fryns syndrome; congenital
contractural arachnodactyly; Loeys-Dietz syndrome; Shprintzen-Goldberg syndrome; multiple endocrine neoplasia type IIB.

Other Syndromes

to targeted testing of genes associated with Fragile X syn-

Suggestions for additional biochemical and genetic
testing are given in Table 7. When there are no signs for
KS or MEFS, or if these syndromes have been ruled out, the
physician should consider discussing the further diagnos-
tic workup with a clinical geneticist or paediatric endocri-
nologist. At that level, the clinical features (online suppl.
Table) may be sufficiently clear and specific to warrant a
candidate gene approach. For example, a large head cir-
cumference and specific dysmorphic features could lead

Diagnostic Approach in Children
Referred for Tall Stature

drome, Sotos syndrome, Malan syndrome, Weaver syn-
drome or PTEN hamartoma tumour syndrome [80] (ge-
netic testing for FMRI repeat length, NSD1, NFIX, EZH2
and PTEN, respectively). For Sotos syndrome, clinical
scores have been developed to guide the physician in de-
ciding whether genetic testing is indicated (Table 6) [37,
38]. Beckwith-Wiedemann syndrome was recently rede-
fined as a spectrum and the provided scoring system has
a low threshold for genetic testing [40].
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In case of global developmental delay/intellectual dis-
ability and TS/AG without any other specific clues that
may lead to a diagnosis, we suggest that local clinical
guidelines should be followed, which may typically in-
clude metabolic screening, FMRI repeat lengths study,
array analysis, a trio WES-based panel (WES in patient
and parents) for genes associated with intellectual disabil-
ity, and untargeted trio WES or, if already available, whole
genome sequencing (WGS).

In case no diagnostic clues are present, a hypothesis-
free approach can be chosen, such as an array analysis and
a WES/WGS approach, first using a gene panel for TS/
AG.

Approach in Case of Clues for Secondary Growth
Disorders

If one or more diagnostic clues are indicative of a sec-
ondary growth disorder, further diagnostic procedures
depend on the specific clinical features (online suppl. Ta-
ble, Tables 1-3, Fig. 1). Our suggestions for additional
laboratory testing are presented in Table 7. The four prin-
cipal secondary growth disorders are (pseudo)precocious
puberty, hyperthyroidism, GH overproduction and obe-
sity. Obese children display an AG and an advanced bone
age [81], which sometimes presents as HSDS >+2. How-
ever, pubertal and skeletal development are usually ad-
vanced, and consequently adult height is within the nor-
mal range [82]. The remainder of secondary growth dis-
orders are extremely rare and when these diagnoses are
expected, or when height is extreme (>+3 SDS, or >+2.5
SDS taller than TH), we suggest to refer the patient to a
paediatric endocrinologist, clinical geneticist or centre of
expertise.

Approach if No Clues for Primary or Secondary
Growth Disorders Are Present, or if the Evaluation

of Primary and Secondary Growth Disorders Renders
Negative Results

In the absence of clues indicative of a primary or sec-
ondary growth disorder, or after excluding any suspect-
ed primary or secondary growth disorders, the next
step is to decide if the growth pattern can be considered
statistically normal, abnormal or very abnormal. If
HSDS >+2, the diagnostic label can be ITS, which can
further be subdivided into familial and non-familial. If
HSDS <+2, but 1.6 SD taller than TH, the child is un-
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usually tall for his/her parental height. If height acceler-
ates more than expected (AHSDS >+1) without signs of
puberty, one can consider the diagnosis CAG. If this
seems unlikely, further follow-up may be a watchful ap-
proach.

If height is extremely tall for the population, we rec-
ommend referring the child to a paediatric endocrinolo-
gist, clinical geneticist or centre of expertise. We ac-
knowledge that there is no scientific evidence for any cut-
off points for these growth measures; we arbitrarily
chose >+3 SDS for the population or >2.5 SDS taller than
TH. In such patients, further genetic tests, for example a
specific WES-based gene panel or a “trio WES” can be
considered.

Reduction of Adult Height

Most children referred for TS/AG end up with the
“non-diagnosis” ITS. Some of these (and some patients
with primary TS syndromes as well) may wish to limit
their adult height. Our present approach is that if the
PAH is above +2.3 SDS, the therapeutic options (percu-
taneous epiphysiodesis or no treatment) are discussed
with the patient and parents, taking their perspectives
and coping abilities into consideration. Although in
the Netherlands epiphysiodesis is only carried out if PAH
is >205 cm for males and >185 cm for females, a slightly
lower cut-off point for discussing this topic was chosen
because of the inaccuracy of PAH (in the order of magni-
tude of +5 cm). In this discussion, the physician explains
the current status of percutaneous epiphysiodesis of the
growth plates around the knee in terms of efficacy and
safety [83]. Percutaneous epiphysiodesis can result in a
diminution of one-third of the expected residual growth
and is associated with few adverse effects [83-85]. The
previously used treatment with supraphysiologic sex hor-
mone treatment in adolescence is currently regarded as
obsolete, because of the potential risk of decreased fertil-
ity in women and the low benefit to risk ratio in men
[86-89].

Conclusion

In comparison to previous reviews on the diagnostic
approach in children with TS/AG [2, 6-9], our approach
starts with the child that is referred because of suspicion
of TS/AG, instead of starting with the tall child. The main
potential advantage of our approach is that this may lead
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to a higher percentage of boys with KS already diagnosed
before puberty, because prepubertal boys with KS usu-
ally have a height within the normal range but are cross-
ing SDS lines between 5 and 8 years. Primary child health
professionals should be aware of the spectrum of clinical
(e.g. speech problems) and growth characteristics of KS
and refer boys suspected for KS to the paediatrician. Sim-
ilarly, the clinical features of MFS should be well known
to primary and secondary child health care professionals,
so that the mean age of diagnosing MFS may be de-
creased.

Our approach is also different because it offers a step-
wise approach based on diagnostic clues from medical
history, physical examination and growth assessment
(Fig. 1). Other novel elements are the advice to use array
analysis instead of karyotyping to diagnose or rule out
KS, which may also lead to other diagnoses (copy num-
ber variants and uniparental isodisomy). We emphasise
that most diagnoses associated with TS/AG are rare and
usually associated with specific clinical features. This im-
plies that a thorough medical history, physical examina-
tion and growth analysis are crucial in the diagnostic
process.

Acknowledgements

The authors are grateful for the fruitful discussions with and
input from all members of the Working Group on Triage and
Diagnosis of Growth Disorders in Children and Adolescents,
initiated by the Paediatric Association of the Netherlands (NVK),
in collaboration with Dutch Youth Health Care Physicians (AJN)
and the Dutch Society for Clinical Genetics (VKGN) and sup-
ported by Dr. Irina M. Mostovaya and Dr. Anouk M.M. Vaes
(advisors from the Knowledge Institute of the Dutch Association
of Medical Specialists). The resulting national guideline has been
authorised by the NVK, AJN, VKGN and accepted by the Neth-
erlands Association of Internal Medicine (NIV), Dutch Society
for Clinical Chemistry and Laboratory Medicine (NVKC), Dutch
Klinefelter Patients Association (NKV) and the Contact Group
Marfan Netherlands (CMN), after integrating their comments
on the draft guideline. We are grateful for the constructive com-
ments by Dr. Sabine Hannema (paediatric endocrinologist
LUMC and medical advisor of the Dutch Klinefelter associa-
tion). We furthermore thank the Korean Academy of Medical
Sciences for granting permission of the use of Figures 3a and 3b
and Prof. Jan Lebl (Prague, Czech Republic) for providing clini-
cal, anthropometric and genetic information on the child of Fig-
ure 4.

Statement of Ethics

The authors have no ethical conflicts to disclose.

Diagnostic Approach in Children
Referred for Tall Stature

Disclosure Statement

J.M.W. is member of advisory boards of OPKO, Merck, Am-
monett, Aeterna Zentaris, Agios and Biomarin and received speak-
er’s fees from Pfizer, Versartis, Sandoz, Lilly, Novo Nordisk, JCR,
Merck and Ipsen. The other authors have no conflicts of interest
to declare.

Funding Sources

The authors are grateful for the grant from the “Stichting
Kwaliteitsgelden Medisch Specialisten” for realising the guideline.
The authors received no funding for writing this paper.

Author Contributions

P.L. took the lead in writing the manuscript. JM.W., W.O. and
G.A K. were involved in planning and supervised subsequent ver-
sions of the manuscript, and L.A.M. provided critical feedback of
the draft guideline and revised subsequent drafts of this manu-
script. All authors consented to the submitted version. Other
members of the Working Group (B.B.,S.G.K.,,RJ.O.and J.A.dW.)
approved the submitted version.

Appendix

Dutch Working Group on Triage and Diagnosis of Growth

Disorders in Children

Boudewijn Bakker (Department of Paediatrics, University
Medical Center Utrecht, Utrecht, the Netherlands), Sarina G.
Kant (Department of Clinical Genetics, Leiden University Medi-
cal Center, Leiden, the Netherlands), Roelof J. Odink (Depart-
ment of Paediatrics, Catharina Hospital, Eindhoven, and Depart-
ment of Paediatrics, Mdxima Medical Center, Eindhoven, The
Netherlands) and Jeroen A. de Wilde (Department of Public
Health and Primary Care, Leiden University Medical Center,
Leiden, the Netherlands).

1 Thomsett M]J. Referrals for tall stature in chil-
dren: a 25-year personal experience. ] Paedi-
atr Child Health. 2009 Jan-Feb;45(1-2):58-
63.

2 Stalman SE, Pons A, Wit JM, Kamp GA, Plotz
FB. Diagnostic Work-up and Follow-up in
Children with Tall Stature: A Simplified Algo-
rithm for Clinical Practice. ] Clin Res Pediatr
Endocrinol. 2015 Dec;7(4):260-7.

3 Upners EN, Juul A. Evaluation and phenotyp-
ic characteristics of 293 Danish girls with tall
stature: effects of oral administration of natu-
ral 17p-estradiol. Pediatr Res. 2016 Nov;
80(5):693-701.

References

Horm Res Paediatr 2019;91:293-310 307
DOI: 10.1159/000500810

202 1SNBNY 1. U J8SN 0OIXSI\ BP BWIOUOINY [EUOIOBN PepIsIanun Aq Jpd-018005000/522268€E/€62/S/ 1 6/1pd-ojone/diu /oo sebiesy/:dny woly pepeojumoq



10

11

12

13

14

15

16

17

18

Aksglaede L, Link K, Giwercman A,
Jorgensen N, Skakkebaeck NE, Juul A.
47,XXY Klinefelter syndrome: clinical char-
acteristics and age-specific recommenda-
tions for medical management. Am ] Med
Genet C Semin Med Genet. 2013 Feb;
163C(1):55-63.

Groth KA, Stochholm K, Hove H, Kyhl K,
Gregersen PA, Vejlstrup N, et al. Aortic
events in a nationwide Marfan syndrome co-
hort. Clin Res Cardiol. 2017 Feb;106(2):105-
12.

Davies JH, Cheetham T. Investigation and
management of tall stature. Arch Dis Child.
2014 Aug;99(8):772-7.

Hannema SE, Sdvendahl L. The Evaluation
and Management of Tall Stature. Horm Res
Paediatr. 2016;85(5):347-52.

Albuquerque EV, Scalco RC, Jorge AA.
MANAGEMENT OF ENDOCRINE DIS-
EASE: diagnostic and therapeutic approach of
tall stature. Eur ] Endocrinol. 2017 Jun;
176(6):R339-53.

Coutant R, Donzeau A, Decrequy A,
Louvigné M, Bouhours-Nouet N. How to
investigate a child with excessive growth?
Ann Endocrinol (Paris). 2017 Jun;78(2):98—
103.

Wit JM. International Classification of Pedi-
atric Endocrine Diagnoses. Horm Res Paedi-
atr. 2016;86(3):2124.

ICPED C. International Classification of Pe-
diatric Endocrine Diagnoses (ICPED). 2017.
Available from: http://www.icped.org
Ratcliffe S. Long-term outcome in children of
sex chromosome abnormalities. Arch Dis
Child. 1999 Feb;80(2):192-5.

Bojesen A, Juul S, Gravholt CH. Prenatal and
postnatal prevalence of Klinefelter syndrome:
a national registry study. J Clin Endocrinol
Metab. 2003 Feb;88(2):622-6.

ChiuHH, Wu MH, Chen HC, Kao FY, Huang
SK. Epidemiological profile of Marfan syn-
drome in a general population: a national da-
tabase study. Mayo Clin Proc. 2014 Jan;89(1):
34-42.

Oostdijk W, Wit JM, Bakker B, Kamp G,
Odink R], Kant SG. Triage en diagnostiek van
groeistoornissen bij kinderen. Utrecht: NVK;
2018. Available from: https://www.nvk.nl/
Kwaliteit/Richtlijnen-overzicht/Details/arti-
cleType/ArticleView/articleId/741/Groeis-
toornissen-bij-kinderen-triage-en-diag-
nostiek-van

Hermanussen M, Cole J. The calculation of
target height reconsidered. Horm Res. 2003;
59(4):180-3.

Grote FK, van Dommelen P, Oostdijk W, de
Muinck Keizer-Schrama SM, Verkerk PH,
Wit JM, et al. Developing evidence-based
guidelines for referral for short stature. Arch
Dis Child. 2008 Mar;93(3):212-7.

Wood AR, Esko T, Yang J, Vedantam S, Pers
TH, Gustafsson S, et al.; Electronic Medical
Records and Genomics (eMEMERGEGE)
Consortium; MIGen Consortium; PAGEGE
Consortium; LifeLines Cohort Study. Defin-

19

20

21

22

23

24

25

26

27

28

29

30

ing the role of common variation in the ge-
nomic and biological architecture of adult hu-
man height. Nat Genet. 2014 Nov;46(11):
1173-86.

Papadimitriou A, Nicolaidou P, Fretzayas A,
Chrousos GP. Clinical review: constitutional
advancement of growth, a.k.a. early growth
acceleration, predicts early puberty and child-
hood obesity. ] Clin Endocrinol Metab. 2010
Oct;95(10):4535-41.

Baron J, Siavendahl L, De Luca F, Dauber A,
Phillip M, Wit JM, et al. Short and tall stature:
a new paradigm emerges. Nat Rev Endocri-
nol. 2015 Dec;11(12):735-46.

Tanner JM, Whitehouse RH. Clinical longi-
tudinal standards for height, weight, height
velocity, weight velocity, and stages of pu-
berty. Arch Dis Child. 1976 Mar;51(3):170-
9.

Fredriks AM, van Buuren S, van Heel
W], Dijkman-Neerincx RH, Verloove-Van-
horick SP, Wit JM. Nationwide age refer-
ences for sitting height, leg length, and
sitting height/height ratio, and their diag-
nostic value for disproportionate growth
disorders. Arch Dis Child. 2005 Aug;90(8):
807-12.

Zhang YQ, Li H. Reference charts of sitting
height, leg length and body proportions for
Chinese children aged 0-18 years. Ann Hum
Biol. 2015;42(3):223-30.

de Arriba Munoz A, Dominguez Cajal M,
Rueda Caballero C, Labarta Aizpun JI, May-
ayo Dehesa E, Ferrandez Longds A. Sitting
height/standing height ratio in a Spanish
population from birth to adulthood. Arch
Argent Pediatr. 2013 Jul-Aug;111(4):309—
14.

Bundak R, Bas F, Furman A, Giinéz H, Dar-
endeliler F, Saka N, et al. Sitting height and
sitting height/height ratio references for
Turkish children. Eur ] Pediatr. 2014 Jul;
173(7):861-9.

Turan S, Bereket A, Omar A, Berber M, Ozen
A, Bekiroglu N. Upper segment/lower seg-
ment ratio and armspan-height difference in
healthy Turkish children. Acta Paediatr. 2005
Apr;94(4):407-13.

Loeys BL, Dietz HC, Braverman AC, Calle-
waert BL, De Backer J, Devereux RB, et al.
The revised Ghent nosology for the Marfan
syndrome. ] Med Genet. 2010 Jul;47(7):476—
85.

Stheneur C, Tubach F, Jouneaux M, Roy
C, Benoist G, Chevallier B, et al. Study of
phenotype evolution during childhood
in Marfan syndrome to improve clinical rec-
ognition. Genet Med. 2014 Mar;16(3):246—
50.

Akutsu K, Morisaki H, Takeshita S, Ogino H,
Higashi M, Okajima T, et al. Characteristics
in phenotypic manifestations of genetically
proved Marfan syndrome in a Japanese popu-
lation. Am J Cardiol. 2009 Apr;103(8):1146-
8.

Kwun Y, Kim §]J, Lee J, Isojima T, Choi DS,
Kim DK, et al. Disease-specific Growth

308

Horm Res Paediatr 2019;91:293-310

DOI: 10.1159/000500810

31

32

33

34

35

36

37

38

39

40

41

42

Charts of Marfan Syndrome Patients in
Korea. ] Korean Med Sci. 2015 Jul;30(7):
911-6.

Smyth CM, Bremner WJ. Klinefelter syn-
drome. Arch Intern Med. 1998 Jun;158(12):
1309-14.

Chang S, Skakkebak A, Trolle C, Bojesen A,
Hertz JM, Cohen A, et al. Anthropometry in
Klinefelter syndrome—multifactorial influ-
ences due to CAG length, testosterone treat-
ment and possibly intrauterine hypogonad-
ism. J Clin Endocrinol Metab. 2015 Mar;
100(3):E508-17.

van Buuren S. Growth charts of human devel-
opment. Stat Methods Med Res. 2014 Aug;
23(4):346-68.

Lawaetz JG, Hagen CP, Mieritz MG, Blom-
berg Jensen M, Petersen JH, Juul A. Evalua-
tion 0f 451 Danish boys with delayed puberty:
diagnostic use of a new puberty nomogram
and effects of oral testosterone therapy. J Clin
Endocrinol Metab. 2015 Apr;100(4):1376-
85.

Joustra SD, Heinen CA, Schoenmakers N,
Bonomi M, Ballieux BE, Turgeon MO, et al;
IGSF1 Clinical Care Group. IGSF1 Deficien-
cy: Lessons From an Extensive Case Series
and Recommendations for Clinical Manage-
ment. ] Clin Endocrinol Metab. 2016 Apr;
101(4):1627-36.

Faivre L, Collod-Beroud G, Adeés L, Arbustini
E, Child A, Callewaert BL, et al. The new
Ghent criteria for Marfan syndrome: what do
they change? Clin Genet. 2012 May;81(5):
433-42.

Visser R, Kant SG, Wit JM, Breuning MH.
Overgrowth syndromes:from classical to new.
Pediatr Endocrinol Rev. 2009 Mar;6(3):375-
94.

de Boer L, Kant SG, Karperien M, van Beers L,
Tjon J, Vink GR, et al. Genotype-phenotype
correlation in patients suspected of having So-
tos syndrome. Horm Res. 2004;62(4):197-207.
Saul RA, Tarleton JC. FMR1-Related Disor-
ders. In: Adam MP, Ardinger HH, Pagon RA,
Wallace SE, Bean LJ, Stephens K, et al., edi-
tors. GeneReviews®. Seattle: University of
Washington; 1993-2019.

Brioude F, Kalish JM, Mussa A, Foster AC,
Bliek ], Ferrero GB, et al. Expert consensus
document: Clinical and molecular diagnosis,
screening and management of Beckwith-Wi-
edemann syndrome: an international consen-
sus statement. Nat Rev Endocrinol. 2018 Apr;
14(4):229-49.

Sajorda BJ, Gonzalez-Gandolfi CX, Hathaway
ER, Kalish JM. Simpson-Golabi-Behmel Syn-
drome Type 1. In: Adam MP, Ardinger HH,
Pagon RA, Wallace SE, Bean L], Stephens K,
etal,, editors. GeneReviews®. Seattle: Univer-
sity of Washington; 1993-2019.

Yeowell HN, Steinmann B. PLODI1-Related
Kyphoscoliotic Ehlers-Danlos Syndrome. In:
Adam MP, Ardinger HH, Pagon RA, Wallace
SE, Bean LJ, Stephens K, et al., editors. Ge-
neReviews®. Seattle: University of Washing-
ton; 1993-2019.

Lauffer et al.

202 1SNBNY P UO JoSN COIX9 8P BWIOUOINY [BUOIDEN PEPISIEAIN Aq Jpd 0L 800S000/522.68E/E6Z/S/16/Pd-alone/diu/woo 1abiex//:dny wouy papeojumoq



43

44

45

46

47

48

49

50

51

52

53

54

55

56

Loeys BL, Dietz HC. Loeys-Dietz Syndrome.
In: Adam MP, Ardinger HH, Pagon RA, Wal-
lace SE, Bean LJ, Stephens K, et al., editors.
GeneReviews®. Seattle: University of Wash-
ington; 1993-2019.

Sacharow §J, Picker JD, Levy HL. Homocys-
tinuria Caused by Cystathionine Beta-Syn-
thase Deficiency. In: Adam MP, Ardinger
HH, Pagon RA, Wallace SE, Bean L],
Stephens K, et al., editors. GeneReviews®.
Seattle: University of Washington; 1993-
2019.

Lyons MJ. MEDI12-Related Disorders. In:
Adam MP, Ardinger HH, Pagon RA, Wallace
SE, Bean LJ, Stephens K, et al., editors. Ge-
neReviews®. Seattle: University of Washing-
ton; 1993-2019.

Godfrey M. Congenital Contractural Arach-
nodactyly. In: Adam MP, Ardinger HH,
Pagon RA, Wallace SE, Bean LJ, Stephens K,
et al,, editors. GeneReviews®. Seattle: Univer-
sity of Washington; 1993-2019.

Marquard J, Eng C. Multiple Endocrine Neo-
plasia Type 2. In: Adam MP, Ardinger HH,
Pagon RA, Wallace SE, Bean L], Stephens K,
et al,, editors. GeneReviews®. Seattle: Univer-
sity of Washington; 1993-2019.
Tatton-Brown K, Rahman N. EZH2-Related
Overgrowth. In: Adam MP, Ardinger HH,
Pagon RA, Wallace SE, Bean LJ, Stephens K,
et al,, editors. GeneReviews®. Seattle: Univer-
sity of Washington; 1993-2019.

Eng C. PTEN Hamartoma Tumor Syndrome.
In: Adam MP, Ardinger HH, Pagon RA, Wal-
lace SE, Bean LJ, Stephens K, et al., editors.
GeneReviews®. Seattle: University of Wash-
ington; 1993-2019.

Priolo M, Schanze D, Tatton-Brown K, Mul-
der PA, Tenorio J, Kooblall K, et al. Further
delineation of Malan syndrome. Hum Mutat.
2018 Sep;39(9):1226-37.

Greally MT. Shprintzen-Goldberg Syndrome.
In: Adam MP, Ardinger HH, Pagon RA, Wal-
lace SE, Bean LJ, Stephens K, et al., editors.
GeneReviews®. Seattle: University of Wash-
ington; 1993-2019.

van Dommelen P, Schénbeck Y, van Buuren
S. A simple calculation of the target height.
Arch Dis Child. 2012 Feb;97(2):182.
Ratcliffe SG, Butler GE, Jones M. Edinburgh
study of growth and development of children
with sex chromosome abnormalities. IV.
Birth Defects Orig Artic Ser. 1990;26(4):1-
44,

Schibler D, Brook CG, Kind HP, Zachmann
M, Prader A. Growth and body proportions
in 54 boys and men with Klinefelter’s syn-
drome. Helv Paediatr Acta. 1974 Oct;29(4):
325-33.

Aksglaede L, Skakkebaek NE, Almstrup K,
Juul A. Clinical and biological parameters in
166 boys, adolescents and adults with nonmo-
saic Klinefelter syndrome: a Copenhagen ex-
perience. Acta Paediatr. 2011 Jun;100(6):
793-806.

Tinggaard ], Aksglaede L, Serensen K,
Mouritsen A, Wohlfahrt-Veje C, Hagen CP,

Diagnostic Approach in Children
Referred for Tall Stature

57

58

59

60

61

62

63

64

65

66

67

68

69

70

et al. The 2014 Danish references from birth
to 20 years for height, weight and body mass
index. Acta Paediatr. 2014 Feb;103(2):214—
24.

Lebl ], Plachy L, Blahova K, Elblova L, Fencl
F, Kolousgkova §, et al. [Overgrowth in chil-
dren and in adults: novel clinical view, novel
genes, novel phenotypes]. Cas Lek Cesk. 2017;
156(5):233-40.

Cole TR, Hughes HE. Sotos syndrome. ] Med
Genet. 1990 Sep;27(9):571-6.

Gibson WT, Hood RL, Zhan SH, Bulman DE,
Fejes AP, Moore R, et al; FORGE Canada
Consortium. Mutations in EZH2 cause
Weaver syndrome. Am | Hum Genet. 2012
Jan;90(1):110-8.

Greulich WW, Pyle SJ. Radiographic atlas of
skeletal development of the hand and wrist.
2nd ed. Redwood City: Stanford University
Press; 1959.

Bayley N, Pinneau SR. Tables for predicting
adult height from skeletal age: revised for use
with the Greulich-Pyle hand standards. | Pe-
diatr. 1952 Apr;40(4):423-41.

Drop SL, De Waal WJ, De Muinck Keizer-
Schrama SM. Sex steroid treatment of consti-
tutionally tall stature. Endocr Rev. 1998 Oct;
19(5):540-58.

Thodberg HH, Kreiborg S, Juul A, Peders-
en KD. The BoneXpert method for automat-
ed determination of skeletal maturity.
IEEE Trans Med Imaging. 2009 Jan;28(1):
52-66.

van Rijn RR, Lequin MH, Thodberg HH. Au-
tomatic determination of Greulich and Pyle
bone age in healthy Dutch children. Pediatr
Radiol. 2009 Jun;39(6):591-7.

Martin DD, Sato K, Sato M, Thodberg HH,
Tanaka T. Validation of a new method for au-
tomated determination of bone age in Japa-
nese children. Horm Res Paediatr. 2010;
73(5):398-404.

Martin DD, Schittenhelm J, Thodberg HH.
Validation of adult height prediction based on
automated bone age determination in the
Paris Longitudinal Study of healthy children.
Pediatr Radiol. 2016 Feb;46(2):263-9.
Simpson JL, de la Cruz F, Swerdloff RS, Sa-
mango-Sprouse C, Skakkebaek NE, Graham
JM Jr, et al. Klinefelter syndrome: expanding
the phenotype and identifying new research
directions. Genet Med. 2003 Nov-Dec;5(6):
460-8.

Geschwind DH, Boone KB, Miller BL, Swerd-
loff RS. Neurobehavioral phenotype of Kline-
felter syndrome. Ment Retard Dev Disabil Res
Rev. 2000;6(2):107-16.

Bender BG, Puck MH, Salbenblatt JA, Rob-
inson A. Dyslexia in 47,XXY boys identified
at birth. Behav Genet. 1986 May;16(3):343—
54.

Simpson NH, Addis L, Brandler WM, Slonims
V, Clark A, Watson J, et al.; SLI Consortium.
Increased prevalence of sex chromosome an-
euploidies in specific language impairment
and dyslexia. Dev Med Child Neurol. 2014
Apr;56(4):346-53.

71

72

73

74

75

76

77

78

79

80

81

van Rijn S, Swaab H, Aleman A, Kahn RS. So-
cial behavior and autism traits in a sex chro-
mosomal disorder: Klinefelter (47XXY) syn-
drome. ] Autism Dev Disord. 2008 Oct;38(9):
1634-41.

Gijsbers AC, Ruivenkamp CA. Molecular
karyotyping: from microscope to SNP arrays.
Horm Res Paediatr. 2011;76(3):208-13.
Upners EN, Jensen RB, Rajpert-De Meyts E,
Dung M, Aksglaede L, Juul A. Short stature
homeobox-containing gene duplications in
3.7% of girls with tall stature and normal
karyotypes. Acta Paediatr. 2017 Oct;106(10):
1651-7.

Weksberg R, Shuman C, Beckwith JB. Beck-
with-Wiedemann syndrome. Eur ] Hum
Genet. 2010 Jan;18(1):8-14.

Ropke A, Tittelmann F. MECHANISMS IN
ENDOCRINOLOGY: aberrations of the X
chromosome as cause of male infertility. Eur
J Endocrinol. 2017 Nov;177(5):R249-59.
Garcia-Quevedo L, Blanco J, Sarrate Z, Catala
V, Bassas L, Vidal F. Hidden mosaicism in pa-
tients with Klinefelter’s syndrome: implica-
tions for genetic reproductive counselling.
Hum Reprod. 2011 Dec;26(12):3486-93.
Groth KA, Hove H, Kyhl K, Folkestad L,
Gaustadnes M, Vejlstrup N, et al. Prevalence,
incidence, and age at diagnosis in Marfan
Syndrome. Orphanet ] Rare Dis. 2015 Dec;
10(1):153.

Sandvik GF, Vanem TT, Rand-Hendriksen S,
Cholidis S, Saethre M, Drolsum L. Ten-year
reinvestigation of ocular manifestations in
Marfan syndrome. Clin Exp Ophthalmol.
2019 Mar;47(2):212-218.

Hennekam RC. Severe infantile Marfan syn-
drome versus neonatal Marfan syndrome.
Am ] Med Genet A. 2005 Nov;139(1):1.
Tatton-Brown K, Loveday C, Yost S, Clarke
M, Ramsay E, Zachariou A, et al.; Childhood
Overgrowth Collaboration. Mutations in Epi-
genetic Regulation Genes Are a Major Cause
of Overgrowth with Intellectual Disability.
Am ] Hum Genet. 2017 May;100(5):725-36.
de Groot CJ, van den Berg A, Ballieux BE,
Kroon HM, Rings EH, Wit JM, et al. Determi-
nants of Advanced Bone Age in Childhood
Obesity

. Horm Res Paediatr. 2017;87(4):254-63.

82

83

84

Johnson W, Stovitz SD, Choh AC, Czerwinski
SA, Towne B, Demerath EW. Patterns of lin-
ear growth and skeletal maturation from birth
to 18 years of age in overweight young adults.
Int J Obes. 2012 Apr;36(4):535-41.
Goedegebuure WJ, Jonkers F, Boot AM, Bak-
ker-van Waarde WM, van Tellingen V, Heeg
M, et al. Long-term follow-up after bilateral
percutaneous epiphysiodesis around the knee
to reduce excessive predicted final height.
Arch Dis Child. 2018 Mar;103(3):219-23.
Benyi E, Berner M, Bjernekull I, Boman A,
Chrysis D, Nilsson O, et al. Efficacy and Safe-
ty of Percutaneous Epiphysiodesis Operation
around the Knee to Reduce Adult Height in
Extremely Tall Adolescent Girls and Boys. Int
] Pediatr Endocrinol. 2010;2010(1):740629.

Horm Res Paediatr 2019;91:293-310
DOI: 10.1159/000500810

309

202 1SNBNY P UO JoSN COIX9 8P BWIOUOINY [BUOIDEN PEPISIEAIN Aq Jpd 0L 800S000/522.68E/E6Z/S/16/Pd-alone/diu/woo 1abiex//:dny wouy papeojumoq



85

86

Hindmarsh PC. Long-term follow-up after bi-
lateral percutaneous epiphysiodesis around the
knee to reduce excessive predicted final height.
Arch Dis Child. 2018 Mar;103(3):207-8.

de Waal WJ, Greyn-Fokker MH, Stijnen T, van
Gurp EA, Toolens AM, de Munick Keizer-Sch-
rama SM, et al. Accuracy of final height predic-
tion and effect of growth-reductive therapy in
362 constitutionally tall children. ] Clin Endo-
crinol Metab. 1996 Mar;81(3):1206-16.

87

88

Venn A, Bruinsma F, Werther G, Pyett P,
Baird D, Jones P, et al. Oestrogen treatment to
reduce the adult height of tall girls: long-term
effects on fertility. Lancet. 2004 Oct;
364(9444):1513-8.

Hendriks AE, Boellaard WP, van Casteren NJ,
Romijn JC, de Jong FH, Boot AM, et al. Fa-
therhood in tall men treated with high-dose
sex steroids during adolescence. ] Clin Endo-
crinol Metab. 2010 Dec;95(12):5233-40.

310

Horm Res Paediatr 2019;91:293-310
DOI: 10.1159/000500810

89

90

Hendriks AE, Laven JS, Valkenburg O,
Fong SL, Fauser BC, de Ridder MA, et al.
Fertility and ovarian function in high-
dose estrogen-treated tall women. J Clin
Endocrinol Metab. 2011 Apr;96(4):1098-
105.

Kuczmarski RJ, Ogden CL, Grummer-Strawn
LM, Flegal KM, Guo SS, Wei R, et al. CDC
growth charts: united States. Adv Data. 2000
Jun;314:1-27.

Lauffer et al.

202 1SNBNY P UO JoSN COIX9 8P BWIOUOINY [BUOIDEN PEPISIEAIN Aq Jpd 0L 800S000/522.68E/E6Z/S/16/Pd-alone/diu/woo 1abiex//:dny wouy papeojumoq



