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INTRODUCTION

Childhood encompasses major changes in sexual
development and body composition, which are
highly variable and influenced by many genetic,
hormonal, nutritional, environmental and socioeco-
nomic factors®™. In the skeleton, these changes
include the maturation, longitudinal growth and
acquisition of bone.

SKELETAL MATURATION

Skeletal maturity is a measure of bone development
based primarily on the size, shape and degree of
mineralization of the epiphyses and degree of clo-
sure of the physeal plates. Assessments of skeletal
maturation are frequently used as a diagnostic tool
to evaluate clinical conditions associated with ge-
neralized growth abnormalities, to monitor response
to medical treatment and to determine the growth
potential of children. Although measures of skele-
tal maturation are often confused with measures of
skeletal growth, maturation and growth reflect di-
fferent processes; growth represents a quantitative
increase in size or mass, while maturation is a se-
quence of changes that lead to a highly organized,
specialized and mature state. Skeletal maturation is
a temporal process that, while expressed in years
and months, is only loosely linked to chronological
age. Moreover, skeletal maturation is only weakly
related to bone size. Indeed, chronological age
associated with full skeletal maturity varies greatly
among subjects, and children with the same bone
age may have very divergent bone dimensions.

There are several methods to assess skeletal ma-
turity, but the most commonly used in clinical prac-
tice are the atlas-based technique of Greulich and
Pyle®, followed by the Tanner-Whitehouse bone-
specific scoring technique® and the Fels method®.

All use left hand and wrist radiographs to estimate
bone age, but the former differs in concept and me-
thod from the latter two. The Greulich-Pyle atlas is
founded on the assumption that the skeleton matu-
res in a uniform fashion and is based on a reference
collection of radiographs from normal Caucasian
children of high socioeconomic status of different
chronological ages®. With the advent of digital ima-
ging, multiple attempts have been made to deve-
lop image-processing techniques that automatically
extract the key morphological features of ossifica-
tion in the bones. However, the design of compu-
ter algorithms capable of automatically rendering
bone age has been impeded by the complexity of
evaluating the wide variations in bone mineraliza-
tion tempo, shape and size encompassed in the lar-
ge number of ossification centers in the hand and
wrist. Recently, these obstacles were circumvented
through the selection of an alternative approach: the
creation of artificial, idealized, sex- and age-spe-
cific images of skeletal development. The models
were generated through rigorous analyses of the
maturation of each ossification center in the hands
and wrists of healthy children and the construction
of virtual images that incorporate composites of the
average development for each ossification center in
each age group®.

As an alternative to atlas-based techniques, other
methods were developed that independently as-
sess the maturation of each bone. The result of
such a system would provide maturity standards
for each bone considered. A diffuse method based
on these principles was conceived by Tanner and
Whitehouse and named TW after their initials. The
original system (TW1) was refined and published
as TW2 and, recently, as TW3®. They defined a se-
ries of eight maturity indicators for each bone of the
hand and wrist and nine for the radius. These ma-
turity indicators were then evaluated not in relation

11



Vicente Gilsanz

to chronological age, but in relation to their appea-
rance within the full passage of each specific bone
from immaturity to maturity. The Fels method is less
frequently used®.

Females, at any age, have advanced bone age
when compared to boys. The difference is present
at birth and persists throughout growth, although it
is slightly more pronounced after the onset of pu-
berty® 8. Moreover, the skeletal maturation process
lasts longer in boys than in girls. The reasons for
these gender discrepancies in skeletal maturity re-
main unknown. For both sexes, however, the rate of
skeletal maturation and the pubertal stage of deve-
lopment are clearly related. Conditions that delay
skeletal maturation are associated with a postponed
onset of puberty”, while conditions that accelerate
skeletal maturation advance the onset of pubertal
development”. This synchrony between different
maturational processes has suggested the concept
of ‘tempo’ to refer to the whole process of matura-
tion®. This concept is challenged by the observa-
tion of a lack of correlation between skeletal age
and chronological age at the onset of puberty. This
finding seems, thus, to contradict the notion that
skeletal maturation governs the onset of puberty.

BONE MEASUREMENT TECHNIQUES IN CHIL-
DREN

The development of precise non-invasive methods
for measuring bone mineral content has significantly
improved our ability to study the influence of genetic
and environmental factors on the attainment of bone.
These techniques have not only helped to quantify
the deficiencies in bone acquisition associated with
pediatric disorders, but have also improved our un-
derstanding of the childhood antecedents of a con-
dition that manifest in adults - osteoporosis.

Dual-energy x-ray absorptiometry (DXA) is, by far,
the most widely used technique for measuring bone
acquisition in children due to its low cost, minimal
radiation exposure, accessibility and ease of use.
The availability of DXA has resulted in many large-
scale studies of the genetic and environmental de-
terminants of areal bone mineral density (aBMD) in
healthy children. Although DXA studies in pediatrics
have provided much information regarding changes
in aBMD over time, there is still considerable confu-
sion over the interpretation of DXA measures. Most
growth-related increases in DXA aBMD values are
due to increases in the size, rather than the density,
of the bone, and gender differences in aBMD values
are also largely due to greater bone size in males®.
The confounding effect of skeletal geometry on DXA
measures is gaining much recognition. Recently, it
was suggested that major errors in interpretation
occur when using this technique in pediatric popu-
lations, leading to the over-diagnosis of osteoporo-

sis in growing subjects. Indeed, several investiga-
tors have proposed that osteoporosis should not
be diagnosed based on DXA densitometry criteria
alonel™ ™ _In a recent study, vertebral bone density
was measured using both DXA and computed to-
mography (CT) in 400 children (100 each of healthy
and sick boys and girls)'?).

The results indicated that DXA measures of aBMD
underestimate bone accretion in children and ado-
lescents. On average, three times as many subjects
were determined to have low bone density (Z-score
< - 2.0 for chronological age) by DXA than by CT;
this was true for both healthy (2% versus 7%) and
sick (10.5% versus 31%) children.

Attempts to overcome this disadvantage with the
use of correction factors; i.e. the squared root of the
projected area, the height of the subject, the width
of the bone, assuming the cross-sectional area of
the vertebrae is a cube, a cylinder with a circular
base or a cylinder with an elliptic base area, etc.,
are subject to error, as there is no closed formula
that defines the size of the vertebrae. Similarly, for-
mulas have been proposed for the femur and the
mid-radius, which are also prone to error, especially
during growth when there are changes in the size,
as well as the shape, of the bone!™.

While DXA and CT Z-scores were related, almost
50% of the variability remained even after age and
anthropometric measures were taken into account.
Hence, many children are identified as having low
bone density by DXA, but not by CT. In contrast,
quantitative CT (QCT) using conventional CT scan-
ners or peripheral QCT (pQCT) scanners provide
three-dimensional images, allowing for volumetric
density measures, an evaluation of bone morpho-
logy and an independent assessment of trabecular
and cortical bone. Because of its porosity and large
surface area, trabecular bone has greater turnover
and is a better indicator of bone remodeling than
cortical bone. Trabecular bone density determina-
tions by pQCT are commonly obtained by a single
scan at a relative location, such as 4 or 8% length
of the radius or tibia* ™, or a fixed location, such
as 10mm from the end of the growth plate®. Whe-
reas available data indicate that the short-term re-
producibility of these measurements is excellent!™®),
positioning is critical and, due to the variability of
trabecular bone density throughout the metaphysis,
any offset in the location to be scanned would sig-
nificantly influence the values obtained™. Additio-
nally, the large range of metaphyseal morphology
among subjects, diseases and ages limits compa-
rative cross-sectional studies and interpretation of
the same scan location in longitudinal examinations.

Previous studies using pQCT in children have in-
vestigated the effects of age- or maturity-related
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growth, gender differences, physical activity, disea-
se, geometry and strength(* 151820 These studies
used a variety of methods, such as measurements
at 4 or 10% length of the radius or tibia or at a fixed
length 10mm distal to the growth plate. More recent
studies, using high-resolution pQCT, have scanned
9-mm-thick sections of long bones to assess trabe-
cular microarchitecture®®”. Overall trabecular mean
density and the gradient in trabecular bone density
from the physeal plate to the shaft of the bone vary
among growing subijects, accounting for the large
infra- and inter-subject variability in bone density
measures. Subjects in this study showed a substan-
tial range of variability from a 1-mm offset slice posi-
tioning with an average of 6.9 mg/cm3 or 16.8%. In
addition, longitudinal assessments showed that the
slopes of the density curve drastically changed in
some children, even over a short period of 6 months.

The results of a recent study highlight the limitations
of current pQCT methodology using single scans as
outcome measures in cross-sectional and longitudi-
nal studies assessing trabecular bone density, and
highlight the need for developing pQCT acquisition
techniques that provide more reproducible determi-
nations by examining the entire length metaphysis®?.

SKELETAL CHANGES DURING GROWTH

Skeletal size and shape change dramatically during
the pubertal period due to genetic, hormonal and
mechanical influences. Bone growth involves chan-
ges in length and width by means of longitudinal
bone formation and periosteal bone formation ver-
sus endosteal bone resorption, respectively.

Longitudinal bone growth occurs through the addi-
tion of cartilage tissue to the growth plates at the
proximal and distal ends of the long bones and ver-
tebrae®.

The major systemic hormones that regulate longi-
tudinal bone growth during childhood are GH and
IGF-1, thyroid hormones and glucocorticoids and,
during puberty, sex steroids. For decades, it was
accepted that estrogen, in girls, and androgen, in
boys, were the primary sex steroids regulating pu-
bertal growth. This vision has been radically chan-
ged recently and now it is clear that both androgen
and estrogen play important roles in regulating
boys’ longitudinal growth.

Bone mass increases throughout childhood and
adolescence and reaches its peak shortly after
sexual and skeletal maturity. The greater bone
mass in men than women has been documented
by means of neutron activation analysis, measure-
ment of the calcium content of selected regions of
the skeleton, and the techniques of radiogrammetry
and absorptiometry®+29, Of the two components of

bone mass, bone density and bone size, the latter
is responsible for the gender differences in bone
mass. Neither CT measures of the tissue density of
cancellous bone (a reflection of the size and number
of trabeculae), nor CT values for the material density
of bone (a reflection of its degree of mineralization)
differ substantially between men and women®”: 28,
Differences in morphology of cancellous and corti-
cal bone must be considered for the appropriate in-
terpretation of bone density data. Cancellous bone
exists as a three-dimensional lattice of plates and
columns (trabeculae). The trabeculae divide the in-
terior volume of the bone into intercommunicating
pores, which are filled with a variable mixture of red
and yellow marrow. Because of the relatively small
size of trabeculae when compared to the pixel, the
CT unit of measurement, values for cancellous bone
density reflect not only the amount of mineralized
bone and osteoid, but also the amount of marrow
per pixel®). Similar limitations apply to in vitro de-
terminations of the volumetric density of trabecular
bone which are obtained by washing the marrow
from the pores of a specimen of cancellous bone,
weighing the bone and dividing the weight by the
volume of the specimen, including the pores. Bone
density determinations of cancellous bone are, the-
refore, directly proportional to the bone volume frac-
tion and inversely proportional to the porosity of the
bone. The relatively large coefficient of variation for
values of cancellous bone density reflects the con-
siderable variation in the dimensions of the pores
throughout the vertebral body.

In contrast, the cortex in the long bones is frequently
sufficiently thick to circumvent volume averaging
errors®. At these sites, measurements of cortical
bone density reflect the material density of bone and
are primarily based on the degree of mineralization
on the cortex. These measurements are analogous
to in vitro determinations of the intrinsic material
density of bone, which are commonly expressed as
the ash weight per unit volume of bone. On avera-
ge, values for cortical bone density are eight times
higher than those for cancellous bone density, a
finding consistent with histomorphometric studies,
indicating an equivalent difference in the porosity
of these two structural organization forms of bone
tissue. Otherwise, cancellous bone can be viewed
as a porous structure comprised of bone tissue with
the same mechanical properties and composition
as cortical bone®",

Regardless of gender, the tissue density of can-
cellous bone increases during puberty (Figure 1).
Although the factors that account for the increase in
cancellous bone density remain to be determined,
it is reasonable to suspect that they are, in part, me-
diated by the actions of sex steroids. It should be
stressed that neither before nor after completion of
puberty does cancellous bone density (CBD) differ
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in men and women and that the small gender diffe-
rences in the temporal sequence of CBD likely re-
flect gender differences in the appearance of sexual
characteristics and accelerated growth spurt. Whi-
le, for both sexes, growth acceleration begins in
early adolescence, peak growth velocity in boys is
typically reached 2 to 3 years late, and boys conti-
nue growing for approximately 2 to 3 years longer
than girls® (Figure 1). Interestingly, the differences
between males and females in the commencement
of increases in CBD parallel the differences in the
tempo of peak height velocities.

Gender differences in bone mass are a result of di-
fferences in bone size that evolve during growth®®
%) Several reports indicate that, throughout child-
hood and adolescence, girls have smaller vertebral
body dimensions compared to boys of similar age,
degree of sexual development and anthropometric
measures® 3 3% On average, the cross-sectional
area of the vertebral bodies is 11% smaller in pre-
pubertal girls than in prepubertal boys matched for
age, height and weight® 33 While it is commonly
believed that sex differences in skeletal morphology
and physiology occur at or around puberty®®, this
notion is challenged by the finding of sex differen-

ces in bone size prior to the pubertal period®® 37,
The gender disparity increases with growth and is
greatest at skeletal maturity, when the cross-sec-
tional dimensions of the vertebrae are about 25%
smaller in women than in men, even after taking di-
fferences in body size into consideration®?,

The smaller vertebral size is probably key to explain
the four- to sevenfold higher incidence of vertebral
fractures in elderly women, as compared to men©®),
Vertebral size has been demonstrated to be an im-
portant determinant of vertebral fractures in elderly
women with osteoporosis. A small vertebral body
imparts a mechanical disadvantage that increases
the stress within the spine and becomes increasin-
gly important as bone density declines with age®.

In the appendicular skeleton, cross-sectional
growth is primarily related to body weight. Some re-
ports indicate that the cross-sectional and cortical
bone areas of the femoral shaft do not differ bet-
ween males and females matched for age, height
and weight®, a notion consistent with analytical
models proposing that long bone cross-sectional
growth is strongly driven by mechanical loads“?,
In contrast, other studies suggest that boys have
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Figure 1. Mean and standard deviations of vertebral cancellous bone density (CBD) in males and females. CBD increases and

reached peak values earlier in females than in males.
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larger femur cross-sectional area and cortical bone
area than girls, measured both with QCT and mag-
netic resonance imaging“" and that the total bone
cross-sectional area and the cortical area measured
at the tibial midshaft by pQCT are greater in boys
than in girls during puberty™. Like in the actual ske-
leton, larger bone dimensions in the appendicular
skeleton confer a greater mechanical resistance to
stress, thus reducing fracture risk in males.

The greater male bone size primarily results from
enhanced periosteal bone formation, affected by
both androgen and estrogen®“?. Periosteal bone for-
mation is significantly reduced following androgen
deficiency in growing male rats, while it is increa-
sed in estrogen-deficient female rats, leading to the
traditional view of stimulatory androgens in males
versus inhibitory estrogens in females on periosteal
growth®. The available data indicate that periosteal
bone formation in males may not be solely depen-
dent on androgen action, but also, at least in part,
on estrogen action®.

PEAK BONE MASS

The amount of bone in the skeleton, at any age,
is the result of the amount of bone gained during
growth, from uterine life to skeletal maturity, and the
loss of bone that occurs with aging. Bone acquisi-
tion during adolescence is the main contributor to
peak bone mass (PBM) which, in turn, is a major
determinant of osteoporosis and fractures, most
commonly in the vertebrae“®, in the elderly. Since
current treatment for osteoporosis in elderly sub-
jects does not significantly restore loss of bone even
after prolonged treatments, efforts are being direc-
ted toward developing preventive measures that in-
crease bone mass before it reaches its peak.

Because of difficulties in longitudinally studying sub-
jects from childhood to an elderly age, the contention
that senile osteoporosis is the result of inadequate
bone acquisition during growth remains unproven.
This notion is supported, however, by data showing
that there is a strong resemblance between mother-
daughter bone traits and that this resemblance
is present even before the daughters have begun
puberty“® 47 Additional support for this concept co-
mes from the knowledge that genes associated with
the normal variations in bone mass in elderly women
are also related to variations in bone density in chil-
dren“&®9_|f bone loss were the exclusive determinant
of late-life bone mass, one would not expect such a
strong resemblance in bone traits between girls and
their mothers or an association between candidate
genes and bone mass to be depicted in childhood.
Data from previous investigations, showing strong
correlations between yearly bone mass measure-
ments in prepubertal girls, suggest that bone traits
can be tracked during growth“®. Thus, the genetic

control of bone phenotypes associated with fragili-
ty fractures in the elderly appears to be expressed
very early in life and is tightly maintained throughout
childhood and adolescence.

The time of life in which PBM is attained has been
the subject of considerable controversy, with esti-
mates for the axial skeleton ranging from soon after
the completion of sexual and skeletal maturity at the
end of the second decade to the fifth decade of life.
Moreover, it is likely that the timing of peak values di-
ffers between the axial and appendicular skeletons.

The results of a recent study in the axial skeleton in-
dicate that CT values for vertebral bone mineral con-
tent and bone density reach their peak around the
time of sexual maturity and cessation of longitudinal
growth. In contrast, DXA values for vertebral bone
mineral content and bone mineral density continue
to increase beyond sexual and skeletal maturity (Fi-
gure 2). These studies corroborate anatomical data
indicating trabecular bone loss as early as the third
decade®@ 5152,

In the appendicular skeleton, the range of ages
published in cross-sectional studies for the timing
of PBM has varied significantly from 17-18 years of
age to as late as 35 years of age®® 5. Longitudinal
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Figure 2. Box and whisker plots of CT cancellous bone den-
sity (BD) and bone mineral content (BMC) of the third lumbar
vertebra (A) and DXA values for bone mineral density (BMD)
and BMC (B) showing no changes between baseline and
follow-up values by CT, but highly significant changes when
using DXA.
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DXA studies indicate that the rate of increase in ske-
letal mass slows markedly in late adolescence and
that peak values in the femoral neck, like those in
the spine, are achieved near the end of puberty in
normal females®*"). It should, however, be stressed
that, in both men and women, the cross-sectional
dimensions of the long bones in the appendicular
skeleton continue to grow throughout adulthood and
into old age by subperiosteal bone apposition. This
increase in bone width occurs in all sample popula-
tions studied®®.

CONCLUSION

The main areas of progress in osteoporosis research
during the last decade have been the general re-
cognition that this condition, which is the cause of
so much pain in the elderly, has its roots in childho-
od and the identification of the structural basis ac-
counting for much of the variations in bone strength
among humans. Considerable progress has been
made in elucidating the basis for the gender diffe-
rences in bone strength and the greater incidence
of fragility fractures in elderly women when com-
pared to men. Available data indicate that there is
very little difference in measures of cancellous bone
density in the vertebral body between sexes. In con-
trast, females have a smaller vertebral cross-sec-
tional area when compared with males, even after
accounting for differences in body size: a gender di-
fference that becomes most apparent after puberty.
Hence, vertebral fractures are likely more common
in women than in men because women have smaller
vertebrae. Although, at present, the reasons for the
reported gender difference in the incidence of hip
fractures have yet to be clearly defined, it is temp-
ting to think that complete phenotypic characteris-
tics responsible for variations in femoral strength will
be soon delineated. Such knowledge will provide a
more rational way to identify those subjects prone to
develop fractures and towards whom osteoporosis
prevention trials should be geared.

References

1. D.S. Rosen, Physiologic growth and development
during adolescence, Pediatr. Rev. 25 (6) (2004) 194-
200.

2. WW. Greulich, SI. Pyle, Radiographic Atlas of
Skeletal Development of the Hand and Wrist, second
ed., Stanford University Press, California, 1959.

3. J.M. Tanner, M.J.R. Healy, H. Goldstein, N. Came-
ron, Assessment of Skeletal Maturity and Prediction
of Adult Height (TW3 method), third ed., Academic
Press, London, 2001.

4. A.F. Roche, W.C. Chumlea, D. Thissen, Assessing
the Skeletal Maturity of the Hand-Wrist: Fels Method,
Thomas, Springfield, IL, 1988.

5. V. Gilsanz, O. Ratib, Hand Bone Age: A Digital At-
las of Skeletal Maturity, Springer Verlag, Berlin, 2005.

6. S. Mora, M.I. Boechat, E. Pietka, H.K. Huang, V.
Gilsanz, Skeletal age determinations in American
children of European and African descent: appli-
cability of the Greulich and Pyle standards, Pediatr.
Res. 50 (2001) 624-628.

7. A. Flor-Cisneros, E.W. Leschek, D.P. Merke, et
al., In boys with abnormal developmental tempo,
maturation of the skeleton and the hypothalamic-
pituitary-gonadal axis remains synchronous, J. Clin.
Endocrinol. Metab. 89 (1) (2004) 236-241.

8. JM. Tanner, Issues and advances in adolescent
growth and development, J. Adolesc. Health Care 8
(6) (1987) 470-478.

9. V. Gilsanz, A. Kovanlikaya, G. Costin, T.F. Roe, J.
Sayre, F. Kaufman, Differential effect of gender on
the size of the bones in the axial and appendicu-
lar skeletons, J. Clin. Endocrinol. Metab. 82 (1997)
1603-1607.

10. The writing group for the ICSD position develop-
ment conference diagnosis of osteoporosis in men,
premenopausal women, and children. J. Clin. Den-
sitom. 7 (1) (2004) 17-26.

11. R.l. Gafni, J. Baron, Overdiagnosis of osteoporo-
sis in children due to misinterpretation of dual-ener-
gy x-ray absorptiometry (DEXA), J. Pediatr. 144 (2)
(2004) 253-257.

12. T.A. Wren, X. Liu, P. Pitukcheewanont, V. Gilsanz,
Bone densitometry in pediatric populations: discre-
pancies in the diagnosis of osteoporosis by DXA
and CT, J. Pediatr. 146 (6) (2005) 776-779.

13. S. Mora, L. Bachrach, V. Gilsanz, Non-invasive
techniques for bone mass measurement, in: E. Glo-
rieux, J. Pettifor, H. Jueppner (Eds.) Pediatric Bone:
Biology and Diseases, Academic Press, San Diego,
2003, pp. 303-324.

14. C.M. Neu, F Manz, F Rauch, A. Merkel, E.
Schoenau. Bone densities and bone size at the
distal radius in healthy children and adolescents: a
study using peripheral quantitative computed tomo-
graphy, Bone 28 (2) (2001) 227-232.

15. Q. Wang, M. Alen, P. Nicholson, et al., Growth
patterns at distal radius and tibial shaft in pubertal
girls: a 2-year longitudinal study, J. Bone Miner. Res.
20 (6) (2005) 954-961.

16 Rev Esp Endocrinol Pediatr 2010; 1 (Suppl) // doi: 10.3266/Pulso.ed.RevEspEP2010.vol1.SupplCongSEEP



Pediatric assessment of skeletal growth

16. K.A. Ward, S.A. Roberts, J.E. Adams, M.Z.
Mughal, Bone geometry and density in the skeleton
of pre-pubertal gymnasts and school children, Bone
36 (6) (2005) 1012-1018.

17. F. Rauch, B. Tutlewski, O. Fricke, et al., Analysis
of cancellous bone turnover by multiple slice analy-
sis at distal radius: a study using peripheral quan-
titative computed tomography, 3. Clin. Densitom. 4
(3) (2001) 257-262.

18. H.M. Macdonald, S.A. Kontulainen, K.J. Mackel-
vie-O’'Brien, et al., Maturity- and sex-related chan-
ges in tibial bone geometry, strength and bone-
muscle strength indices during growth: a 20-month
pQCT study, Bone 36 (6) (2005) 1003-1011.

19. S.A. Kontulainen, H.M. Macdonald, K.M. Khan,
HA. McKay, Examining bone surfaces across pu-
berty: a 20-month pQCT trial, J. Bone Miner. Res.
20 (7) (2005) 1202-1207.

20. T. Binkley, J. Johnson, L. Vogel, H. Kecskeme-
thy, R. Henderson, B. Specker, Bone measurements
by peripheral quantitative computed tomography
(pQCT) in children with cerebral palsy, J. Pediatr.
147 (6) (2005) 791-796.

21. J.A. MacNeil, SK. Boyd, Load distribution and
the predictive power of morphological indices in the
distal radius and tibia by high resolution periphe-
ral quantitative computed tomography, Bone 41 (1)
(2007) 129-137.

22. D.C. Lee, V. Gilsanz, TAL. Wren, Limitations of
peripheral quantitative computed tomography me-
taphyseal bone density measurements, J. Clin. En-
docrinol. Metab. 92 (2007) 4248-4253.

23. HM. Kronenberg, Developmental regulation of
the growth plate, Nature 423 (6937) (2003) 332-336.
24. M. Trotter, RR. Peterson, Weight of the skeleton
during post-natal development, Am J Phys Anthro-
pol 33 (1970) 313-324.

25. S.M. Gam, J.M. Nagy, ST. Sandusky, Differential
sexual dimorphism in bone diameters of subjects of
European and African ancestry, Am. J. Anthropol.
37 (1972) 127-130.

26. J.A. DePriester, T.J. Cole, NH. Bishop, Bone
growth and mineralization in children aged 4 to 10
years, Bone Min. 12 (1991)57-65.

27. L. Mosekilde, L. Mosekilde, Sex differences in
age-related changes in vertebral body size, density
and biomechanical competence in normal indivi-
duals., Bone 11 (2) (1990) 67-73.

28. V. Gilsanz, M.I. Boechat, R. Gilsanz, M.L. Loro,

T.F. Roe, WG. Goodman, Gender differences in ver-
tebral sizes in adults: biomechanical implications,
Radiology 190 (1994) 678-682.

29. H.K. Genant, K. Engelke, T. Fuerst, et al., Noninva-
sive assessment of bone mineral and structure: state
of the art, J. Bone Miner. Res. 11 (1996) 707-730.

30. T.N. Hangartner, V. Gilsanz, Evaluation of corti-
cal bone by computed tomography, J. Bone Miner.
Res. 11 (1996) 1518-1525.

31. J.K. Gong, J.S. Arnold, SH. Cohn, Composi-
tion of trabecular and cortical bone, Anat. Rec. 149
(1964) 325-331.

32. A.V. Marcell, Adolescence, in: R.M. Kliegman,
HE. Jenson, R.E. Behrman, B.F. Stanton (Eds.) Nel-
son Textbook of Pediatrics, eighteenth ed., Saun-
ders Elsevier, Philadelphia, 2007, pp. 60-65.

33. V. Gilsanz, M.l. Boechat, T.F. Roe, M.L. Loro,
J.W. Sayre, WG. Goodman, Gender differences in
vertebral body sizes in children and adolescents,
Radliology 190 (1994) 673-677.

34. V. Gilsanz, D.L. Skaggs, A. Kovanlikaya, et al.,
Differential effect of race on the axial and appendi-
cular skeletons of children, J. Clin. Endocrinol. Me-
tab. 83 (1998) 1420-1427.

35. S.P. Garnett, W. Hogler, B. Blades, et al., Re-
lation between hormones and body composition,
including bone, in prepubertal children, Am. J. Clin.
Nutr. 80 (4) (2004) 966-972.

36. E.M. Clark, A.R. Ness, JH. Tobias, Gender dif-
ferences in the ratio between humerus width and
length are established prior to puberty, Osteoporos.
Int. 18 (4)'(2007) 463-470.

37. H. Hasselstrom, K.M. Karlsson, S.E. Hansen,
V. Gronfeldt, K. Froberg, LB. Andersen, Sex diffe-
rences in bone size and bone mineral density exist
before puberty. The Copenhagen School Child In-
tervention Study (CoSCIS), Calcif. Tissue. Int. 79 (1)
(2006) 7-14.

38. S.R. Cummings, J.L. Kelsey, N.C. Nevitt, KJ.
O'Dowd, Epidemiology of osteoporosis and osteo-
porotic fractures, Epiderniol. Rev. 7 (1985) 178-208.

39. V. Gilsanz, M.L. Loro, T.F. Roe, J. Sayre, R. Gil-
sanz, E. Schulz, Vertebral size in elderly women with
osteoporosis: mechanical implications and relations-
hip to fractures, J. Clin. Invest. 95 (1995) 2332-2337.

40. M.C.H. Van der Meulen, G.S. Beaupre, D.R.
Carter, Mechanobiologic influences in long bone
cross-sectional growth, Bone 14 (1993) 635-642.

XXXII Congreso de la Sociedad Espariola de Endocrinologia Pediatrica

17



Vicente Gilsanz

41. W. Hogler, C.J. Blimkie, C.T. Cowell, et al., A
comparison of bone geometry and cortical density
at the. mid-femur between prepuberty and young
adulthood using magnetic resonance imaging,
Bone 33 (5) (2003) 771-778.

42. E. Seeman, Clinical review 137: sexual dimor-
phism in skeletal size, density, and strength, J. Clin.
Endocrinol. Metab. 86 (10) (2001) 4576-4584.

43. R.T. Turner, G.K. Wakley, KS. Hannon, Differen-
tial effects of androgens on cortical bone histomor-
phometry in gonadectomized male and female rats,
J. Orthop. Res. 8 (4) (1990) 612-617.

44. V. Rochira, L. Zirilli, B. Madeo, et al., Skeletal
effects of long-term estrogen and testosterone re-
placement treatment in a man with congenital aro-
matase deficiency: evidences of a priming effect of
estrogen for sex steroids action on bone, Bone 40
(6) (2007) 1662-1668.

45. J.P. Bonjour, G. Theintz, F. Law, D. Slosman, R.
Rizzoli, Peak bone mass, Osteoporos. Int. 4 (Suppl.
1) (1994) 7-13.

46. S. Ferrari, R. Rizzoli, D. Slosman, JP. Bonjour,
Familial resemblance for bone mineral mass is ex-
pressed before puberty, J. Clin. Endocrinol. Metab.
83 (1998) 358-361.

47. E. Seeman, J.L. Hopper, L.A. Bach, et al., Redu-
ced bone mass in daughters of women with osteo-
porosis, N. Engl. J. Med. 320 (1989) 554-558.

48. J. Sainz, J.M. Van Tornout, M.L. Loro, J. Sayre,
T.F. Roe, V. Gilsanz, Vitamin 1) receptor gene po-
lymorphisms and bone density in prepubertal girls,
N. Engl. J. Med. 337 (1997) 77-82.

49. J. Sainz, J.M. Van Tornout, J. Sayre, F. Kaufman,
V. Gilsanz, Association of collagen type | al gene
polymorphism with bone density in early childhood,
J. Clin. Endocrinol. Metab. 84 (1999) 853-855.

50. S. Ferrari, R. Rizzoli, T. Chevalley, D. Slosman,

J.A. Eisman, P. Bonjour, Vitamin-D-receptor-gene
polymorphisms and change in lumbar-spine bone
mineral density, Lancet 345 (1995) 423-424.

51. J.K. Weaver, J. Chalmers, Cancellous bone: its
strength and changes with aging and an evaluation
of some methods for measuring its mineral content.
|. Age changes in cancellous bone, J. Bone Joint
Surg. 48A (1966) 289-298.

52. W.A. Merz, RK. Schenk, A quantitative histolo-
gical study on bone formation in human cancellous
bone, Acta. Anat. 76 (1970) 1.

53. R.R. Recker, K.M. Davies, S.M. Hinders, R.P.
Heaney, M.R. Stegman, D.B. Kimmel, Bone gain in
young adult women, J. Am. Med. Assoc. 268 (1992)
2403-2408.

54. V. Matkovic, T. Jelic, G.M. Wardlaw, et al., Timing
of peak bone mass in Caucasian females and its im-
plication for the prevention of osteoporosis, J. Clip.
Invest. 93 (1994) 799-808.

55. J.P. Bonjour, G. Theintz, B. Buchs, B. Slosman,
R. Rizzoli, Critical years and stages of puberty for
spinal and femoral bone mass accumulation during
adolescence, J. Clin. Endocrinol. Metab. 73 (1991)
555-568.

56. PW. Lu, J.N. Briody, G.D. Ogle, et al., Bone mi-
neral density of total body, spine, and femoral neck
in children and young adults: a cross-sectional and
longitudinal study, J. Bone Miner. Res. 9 (1994)
1451-1458.

57. G. Theintz, B. Buchs, R. Rizzoli, et al., Longi-
tudinal monitoring of bone mass accumulation in
healthy adolescents: evidence for a marked reduc-
tion after 16 years of age at the levels of lumbar
spine and femoral neck in female subjects, J. Clin.
Endocrinol. Metab. 75 (1992) 1060-1065.

58. A.M. Parfitt, Genetic effects on bone mass and
turnover-relevance to black/white differences, J.
Amer. Coll. Nutr. 16 (1997)325-333.

18 Rev Esp Endocrinol Pediatr 2010; 1 (Suppl) // doi: 10.3266/Pulso.ed.RevEspEP2010.vol1.SupplCongSEEP



