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Abstract
Background/Objectives: In the clinical assessment of a short 
or tall child, estimating body disproportion is useful to assess 
the likelihood of a primary growth disorder, e.g., skeletal dys-
plasia. Our objectives were (1) to use data from the Maas-
tricht study on healthy children (2–17 years) to calculate rel-
ative arm span (AS) for height (H) to serve as age references 
for clinical purposes; (2) to assess its age and sex dependen-
cy; and (3) to investigate relative AS adjustment for age and 
sex in individuals with ACAN haploinsufficiency. Methods: 
The Maastricht study data (2,595 Caucasian children, 52% 
boys, 48% girls) were re-analysed to produce reference ta-
bles and graphs for age and sex of AS – H and AS/H. Pub-
lished information on AS/H in Europeans was used as refer-
ence data for adults. Relative AS from 33 patients with ACAN 
haploinsufficiency were plotted against reference data and 
expressed as standard deviation score (SDS) for age and sex. 
Results: Mean AS – H from 2 to 17 years increased from –1.2 
to +1.5 cm in boys and from –4.8 to +1.6 cm in girls. Mean 

AS/H increased from 0.9848 to 1.0155 in boys and from 
0.9468 to 1.0028 in girls. Mean AS/H in patients with ACAN 
haploinsufficiency was approximately 1.0, 1.5 and 0.5 SDS in 
young children, adolescents and 20- to 50-year-olds, respec-
tively, and normal thereafter. Conclusions: These reference 
charts can be used for 2- to 17-year-old children/adoles-
cents. Carriers of ACAN haploinsufficiency have an elevated 
mean AS/H in childhood and adolescence and a slightly el-
evated ratio till 50 years. © 2020 The Author(s)

Published by S. Karger AG, Basel

Introduction

The process that transforms a newborn into an adult 
(growth) implies not only an increase in size but also in 
shape. The reason is that in the growing child, the in-
crease of different parts of the body does not occur simul-
taneously nor at the same speed. Therefore, the interrela-
tionship of a number of linear measurements changes 
over time between birth and adulthood. 

The usual method of judging body shape is to assess 
“body proportion,” which is usually translated into the 

This article is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-
NC-ND) (http://www.karger.com/Services/OpenAccessLicense). 
Usage and distribution for commercial purposes as well as any dis-
tribution of modified material requires written permission.
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relationship between size of the trunk and size of the long 
bones. The father of paediatric endocrinology, Lawson 
Wilkins, advocated to measure the “lower segment” (the 
distance from the pubic bone to the floor, thus a direct 
indicator of leg length) and calculate the “upper segment” 
(deducted indicator of spine plus head) by subtracting 
lower segment from height (H) [1]. The ratio between up-
per and lower segment was then used as an indicator of 
body (dis)proportion, and some reference studies have 
been performed [2–5]. Later, another giant of paediatric 
endocrinology, James Tanner, advocated to measure sit-
ting height (SH) (direct indicator of trunk plus head), cal-
culate leg length by subtracting SH from height in relation 
to height, and use the SH/H ratio as an indicator of  
(dis)proportion [6]. This method is believed to be more 
accurate, and from several countries reference charts for 
the SH/H ratio have been reported [7–11]. 

Another anthropometric measure to objectify the rela-
tionship between trunk and long bones is arm span (AS), 
the summation of arm length and thoracic width, and re-
late this to stature. It is relatively easy to measure but still 
uncommonly assessed in clinical practice. The relationship 
between AS and height (“relative AS”) can be expressed as 
AS/H ratio [12], AS minus height (AS – H) [5] or as AS for 
height [13]. Relative AS has been proposed as a useful mea-
sure in the assessment of children with short stature, pri-
marily as an indicator of a skeletal dysplasia (e.g., SHOX 
haploinsufficiency [12]) or of syndromic tall stature (e.g., 
Marfan syndrome [14]). However, there is a scarcity of ac-
curate reference data and it is unclear whether the ratio 
(AS/H) or the difference (AS – H) is to be preferred. The 
limited data on the effect of age, sex and ethnicity suggest 
that AS grows proportionally more than stature in children 
until about age 15 years in females and about age 25 years 
in males. Thereafter AS/H reaches a plateau until about age 
45 years, when the ratio increases almost linearly with age 
to 1.025 and 1.020 in European males and females, respec-
tively. In Asia, Iran and Ghana, AS/H is considerably high-
er than in Europeans over the whole age range, up to 1.07 
in middle-aged Ghanese men [15].

In most forms of short-limb skeletal dysplasias, the in-
formation obtained from the SH/H ratio is similar com-
pared with information from relative AS, indicating that 
leg growth parallels arm growth. However, there appears 
to be one exception: children with a heterozygous variant 
of the gene encoding aggrecan (ACAN) present with 
short legs (increased mean SH/H ratio), but AS – H is 
close to zero and even positive in adult carriers [16]. 

Because of the clinical usefulness of AS/H or AS – H, 
our first objective was to use the data from the original 

study population of the atlas Paediatric Morphometrics by 
Gerver and de Bruin [13] to calculate the distribution of 
these 2 indicators in healthy boys and girls, to serve as an 
age reference for clinical purposes. Secondly, we wished 
to assess a possible age and sex dependency as observed 
in various populations in the world [15] and in Turkish 
4- to 18-year-olds [5]. The third objective of this study 
was to investigate if adjustment for age and sex would 
change the conclusions of the study in patients with 
ACAN haploinsufficiency, which suggested normal or 
even increased relative AS in such patients [16]. 

Patients and Methods

Reference Population
The mixed-longitudinal Maastricht II study was performed in 

1995 and consisted of 2,595 Caucasian children (1,349 [52%] boys 
and 1,246 [48%] girls), measured from 0 to 17 years of age. Chil-
dren suspected of a pathological cause of abnormal growth were 
excluded. No information on place of birth of the parents nor on 
ethnicity was collected. In Maastricht (118,000 inhabitants), the 
percentage of non-European immigrants in 2010 was 7.8%. Fur-
ther details about this study population have been reported previ-
ously [17]. For this analysis, only the first measurements of the 
participants were used. 

Height was measured using the Harpenden stadiometer after 
removing shoes and socks. The top of the head was in contact with 
the headboard, and a 0.5-kg weight was placed on the headboard. 
This served the purpose of flattening the child’s hair and freed the 
physician’s hands enabling him to keep the child in the correct up-
right position. The child’s head was held in the “Frankfurter plane” 
(the lower borders of the orbits in the same horizontal plane as the 
external auditory meatus). The measurements were taken while a 
gentle upward pressure was exerted on the mastoid processes so 
that the child was fully extended. In older children, stretching was 
achieved by telling them to breathe deeply [13]. To measure AS, 
the Harpenden anthropometer was used. The child was measured 
standing with the arms fully extended. The distance between the 
tips of the stretched middle fingers was taken.

Construction of the Reference Charts
The total population of children was sorted in ascending order, 

and by means of a cubic spline approximation, the m = P50 was 
estimated for each sex separately. Thereafter, the population was 
divided in a number of subsets of 100 children. For each subset, the 
standard deviation (SD) was estimated, revealing a large number 
of SD values. Again, a cubic spline approximation was applied to 
get the m = P50 of the SD values. From these P50 lines for mean and 
SD, one can read back the exact value at any age. For more details, 
see Gerver and de Bruin [13]. 

Reference Values Beyond the Age of 17 Years
The Maastricht study population ends at age 17 years. Beyond 

that age, the data from European individuals participating in the 
study of Quanjer et al. [15] were used as a reference. In this study, the 
AS/H ratios from 13,947 subjects aged 5–99 years were analysed, 
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from 9 centres over the world. The purpose of the study was to estab-
lish a multi-ethnic, all-age prediction equation for estimating stature 
from AS. For the European population, data from France, Turkey, 
Serbia and Montenegro were collected from 4,531 subjects. Unfortu-
nately, we only had access to the graphical presentation of the mean 
AS/H and had to estimate the ratios at different ages from the graphs. 
For each individual patient with an ACAN variant, the AS/H ratio SD 
score (SDS) for age and sex was calculated by estimating the mean 
ratio at the appropriate age from the graphs published by Quanjer et 
al. [15] and using the SD at 17 years from the Maastricht population.

Patients Carrying Heterozygous Aggrecan Gene (ACAN) 
Variants 
The ACAN study was performed in 2016–2017 by a large con-

sortium of paediatric endocrinologists and investigators and con-
sisted of 103 ACAN mutation-positive individuals (57 females and 
46 males) from 20 different families with dominant short stature 
due to heterozygous pathogenic variants [16]. From this initial co-
hort, all 33 individuals with simultaneous height, SH and AS mea-
surements at minimally 1 time point were selected. The study pop-
ulation consisted of 14 children/adolescents (5 females, 9 males, 
age range 4.58–15.08 years) and 19 adults (12 females, 7 males, age 
range 18–81 years). 

Results

Relative AS in Healthy Children
We first tested whether the distribution of the data was 

sufficiently Gaussian according to the technique pub-

lished previously [18], which proved to be the case (data 
not shown). 

There was a highly significant correlation between AS 
and height in both sexes: for boys: AS = 0.9374 × H + 
8.6155 (R2 = 0.9807) and for girls: AS = 0.9259 × H + 
11.298 (R2 = 0.9819), as shown in online supplementary 
Figure 1a, b (for all online suppl. material, see www.
karger.com/doi/10.1159/000508500). For boys, the β co-
efficient of the linear regression formula is –9.8 with a 
95% confidence interval of (–11.3; –8.4) and for girls 
–11.9 with a 95% confidence interval of (–13.5; –10.3). 
Using a univariate analysis of variance, there was no sig-
nificant difference between the regression slopes of the 
models for boys and girls (p = 0.467).

Table 1 shows the mean and SD for AS – H and AS/H 
ratio for age at full years for boys and girls. Graphical rep-
resentations (reference charts) for AS – H are shown in 
Figure 1a, b. The increase of the mean value between 2 
and 17 years in our study in boys (2.7 cm) is similar to the 
increase observed in Turkish children (3.1 cm). In con-
trast, the increase observed in girls (6.4 cm) is consider-
ably larger than observed in Turkish children (2.1 cm) 
[5], predominantly caused by the lower AS – H at 2 years 
of age in our study. The age at which AS – H = 0 in the 
Maastricht population is 10 and 12 years for boys and 
girls, respectively. AS – H is constant at 1.5 cm from the 
age of 15 years in boys, while it increases to 1.6 cm at the 

Table 1. Arm span minus height and divided by height of the Maastricht reference population

Age, years Boys Girls

arm span minus height, 
cm

arm span divided by height arm span minus 
height, cm

arm span divided by 
height

P50 SD P50 SD P50 SD P50 SD

2 –1.23 2.46 0.9848 0.0213 –4.77 2.32 0.9468 0.0206
3 –1.40 2.57 0.9859 0.0213 –4.19 2.39 0.9547 0.0206
4 –1.45 2.62 0.9872 0.0212 –3.64 2.41 0.9620 0.0205
5 –1.37 2.73 0.9887 0.0212 –3.11 2.52 0.9687 0.0205
6 –1.19 2.84 0.9904 0.0211 –2.59 2.63 0.9748 0.0204
7 –0.94 2.95 0.9923 0.0211 –2.11 2.75 0.9803 0.0204
8 –0.63 3.06 0.9944 0.0210 –1.64 2.86 0.9852 0.0203
9 –0.28 3.16 0.9967 0.0210 –1.19 2.98 0.9895 0.0203

10 0.08 3.27 0.9992 0.0209 –0.77 3.09 0.9932 0.0202
11 0.44 3.38 10.019 0.0209 –0.37 3.20 0.9963 0.0202
12 0.78 3.49 10.048 0.0208 0.01 3.32 0.9988 0.0201
13 1.09 3.60 10.079 0.0208 0.36 3.43 10.007 0.0201
14 1.33 3.71 10.112 0.0207 0.70 3.55 10.020 0.0200
15 1.49 3.82 10.142 0.0207 1.01 3.66 10.027 0.0200
16 1.55 3.86 10.150 0.0213 1.31 3.77 10.028 0.0206
17 1.49 3.90 10.155 0.0213 1.58 3.89 10.028 0.0206
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age of 17 years in girls. Reference charts for AS/H are pre-
sented in Figure 2a, b. As expected, the age at AS/H = 1 is 
similar as observed for AS – H = 0. AS/H is nearly con-
stant from 15 years in boys and girls. 

Relative AS in Heterozygous Carriers of ACAN 
Variants
The data from 33 individuals carrying heterozygous 

ACAN variants reported previously [16] were re-analysed 
adjusting for reference data from healthy controls. For 
the calculation of SDS for AH – H and AS/H in children 
up to 17 years, we used the formulas derived from the 
Maastricht study. Beyond 17 years, AH – H SDS was 
based on mean and SD at 17 years in the Maastricht study. 

AH/H SDS was based on mean values of the European 
population estimated from the graphs of Quanjer et al. 
[15] and the SD derived from 17-year-olds in the Maas-
tricht study. Individual data are presented in online sup-
plementary Table 1. 

Figure 3 shows the AS for height in individuals with 
ACAN haploinsufficiency, with a regression equation of 
AS = 1.07 × H – 4.06 (R2 = 0.98) in males and AS = 1.08 
× H – 12.20 (R2 = 0.96) in females. In subjects with a 
height < 110 cm, AS is equal to height, while above 140 
cm, AS exceeds height.

Data on AS – H SDS (Fig. 4a) show an average SDS of 
approximately +1 up to 50 years of age. Data on AS/H 
SDS (Fig.  4b) show an average value of 1 SDS in 2- to 
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10-year-old children, increasing to 1.5 SDS in teenagers, 
followed by a mean of 0.5 SDS in 20- to 50-year-olds and 
normal values beyond 50 years. 

Discussion

This report presents reference charts for AS – H and 
AS/H for children aged 2–17 years based on the 2001 
Maastricht study, which can be used as a clinical tool at 
physical examination of short or tall children. We con-
firm the positive age dependency suggested by previous 
publications [5, 15] and show a mean increase of AS – H 

from –1.2 to +1.5 cm in boys and from –4.8 to +1.6 cm in 
girls. In boys, this increase is similar to the increase re-
ported for Turkish children, but in girls it is clearly more 
pronounced [5]. We have no explanation for the differ-
ence between boys and girls but speculate that below the 
age of 4 years the accuracy of measurements is suboptimal 
because of problems to fully stretch the arms.

In paediatric patients with a heterozygous ACAN vari-
ant, AS/H was approximately +1 SDS below 10 years of 
age, and +1.5 SDS in teenagers. The increase in adoles-
cence may be associated with the premature closure of 
epiphyseal growth plates in this condition [16]. In 20- to 
50-year-old adults, the mean AS/H is 0.5 SDS followed by 
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a normal ratio in a small number of older individuals, 
when adjusted for age and sex according to European ref-
erence data [15]. We, therefore, confirm that children and 
adolescents with ACAN haploinsufficiency tend to have 
relatively long AS, but in contrast to the conclusions in 
the previous paper [16], this is predominantly observed 
in childhood and adolescence, gradually normalizing in 
adulthood. However, further studies including a larger 
number of elderly individuals are needed to confirm this 
finding. Taken together with previous observations that 
children with ACAN mutations tend to have short legs, 
these findings suggest that the weight-bearing growth 
plates of the legs are more affected than the less loaded 
growth plates of the arms in the phase of linear growth. 
However, since AS also includes thoracic width, the rela-
tively long AS may also be caused by a broad thoracic 
width. Future studies on direct measurements of arm 
lengths and thoracic width are necessary to distinguish 
between these alternative explanations. Since mean AS/H 
in adult carriers is only slightly increased compared with 
the age- and sex-adjusted reference, the elevated AS/H 
SDS below 20 years may be at least partly due to advanced 
bone maturation. 

An abnormal SH/H ratio is an important feature at 
physical examination of children and adults with short or 
tall stature [8, 19], since it is suggestive for a form of skel-
etal dysplasia or syndromic tall stature. Its importance 
has increased in the last decade when several relatively 
mild skeletal dysplasias were discovered caused by haplo-
insufficiency of SHOX, NPR2, ACAN, IHH and NCCP 

(for reviews, see [19, 20]). In carriers of such variants, an 
increased mean SH/H ratio SDS was one of the crucial 
clinical features. At the other end of the spectrum, a de-
creased SH/H ratio in a short child indicates the presence 
of rare skeletal dysplasias characterized by diminished 
vertebral growth, such as observed in children with a ho-
mozygous PAPSS2 variant [21]. 

AS is the most common way to estimate arm length. 
An inherent weakness of AS is that by measuring the span 
of the stretched arms, the width of the trunk is included, 
while one may be primarily interested in a measure of 
growth of the long bones alone. However, in healthy chil-
dren, the proportion of arm length and thoracic width 
appears to be constant in childhood and adolescence, 
with no perceivable effect of puberty [13]. Direct mea-
surements of the long bones of arms and legs can be done 
accurately, but this needs special expertise to know its 
bony marks and is not feasible in most clinical circum-
stances. 

Besides these 2 measures associated with body shape, 
many more can be performed, resulting in several other 
indices. For more information, we refer to the atlas Pae-
diatric Morphometrics of Gerver and de Bruin [13] of 
which a digital version is available on request (w.gerver@
maastrichtuniversity.nl). With regard to AS, in this atlas 
anthropometric reference tables and charts are presented 
on AS as a function of age and height in healthy children 
and adolescents of 2–17 years, but not on AS – H or AS/H 
ratio versus age.

In pulmonology, the AS/H has been used as a proxy for 
height to adjust forced expiratory volume in 1 second. 
Recently, reference values for age and sex for 4 regions of 
the world (Europe, Asia, Ghana and Iran) were reported 
[15]. In that study, AS was shown to grow proportionally 
more than stature in children until age 15 years in females 
and age 25 years in males. Thereafter, the mean AS/H ra-
tio shows a plateau until about age 45 years, when the ra-
tio slightly increases with age, almost linearly. The differ-
ence between boys and girls was explained as a reflection 
of the higher levels of oestrogens in girls, which stimulates 
secondary sexual characteristics as well as epiphyseal fu-
sion. In the paper by Quanjer et al. [15], the mean AS/H 
at 17 years is about 1.01 and 1.005 in boys and girls, re-
spectively, similar to the values obtained in the Maas-
tricht population (1.0155 in boys and 1.0028 in girls). In 
15- to 40-year-old females, the mean AS/H ratio is ap-
proximately 1.005, consistent with the 15- to 17-year-olds 
in the Maastricht population. For males, the mean AS/H 
slowly increases between 17 and 30 years of age, followed 
by stabilization at approximately 1.02. Between 40 and 80 
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years, the mean AS/H slightly increases to 1.025 in males 
and 1.02 in females. 

In anthropometry, the use of ratios is popular, but one 
has to realize that a simple ratio of 2 measurements can 
be misleading. The ratios observed in 2 individuals may 
be equal, while their numerators and denominators are 
not. This problem can be overcome when considering the 
original measurements as pairs of variables. A combina-
tion of 2 variables can be outside the normal range even 
when the separate components are within the normal 
range. It is also possible for each of 2 variables to be out-
side their separate normal ranges but for the combination 
to be normal. Therefore, in this study, the relative AS is 
presented not only as AS/H and AS – H, but also as a func-
tion of height. 

In general, AS correlates well with height at all ages as 
illustrated in online supplementary Figure 1. Mean AS/H 
changes from 0.99 to 1.02 in boys and from 0.95 to 1.00 

in girls, in a regular way, and there is no sign of any change 
during puberty. A similar change is seen for AS – H that 
shows a change from negative to positive values with a 
transition at the age of 10 and 12 years in boys and girls, 
respectively. In childhood and adolescence, both indica-
tors of relative AS can be used, but because of the absence 
of normative data in adulthood for AS – H, we believe that 
for future studies AS/H would be the more useful index.

In conclusion, our observations offer some refinement 
of the findings in the previous paper by members of our 
team [16], where a heterozygous ACAN variant appeared 
to be associated with a normal AS – H in childhood and 
elevated AS – H in adulthood. After adjustment for age 
and sex, our present interpretation is that mean AS/H 
SDS is elevated in children below 10 years (1 SDS), slight-
ly more elevated in teenagers (1.5 SDS, possibly associ-
ated with advanced maturation of the epiphyseal growth 
plates), mildly elevated (0.5 SDS) in 20- to 50-year-olds 
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and appears to be normal beyond 50 years. This implies 
that the effect of ACAN haploinsufficiency indeed shows 
a discrepancy between the 2 indicators of body dispro-
portion (SH/H and AS/H), but to a lesser extent than as-
sumed on the basis of the AS – H index, and more in the 
paediatric population than in adults.
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