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Abstract
Summary Quantitative ultrasound (QUS) has been found to
be a safe and reliable method for evaluating bone mineral
density (BMD). Using calcaneal QUS techniques, the current
study contributes to remedying this gap in the literature by
establishing normative data among children and adolescents
from Colombia.
Introduction Minimal data on BMD changes are available
from populations in developing countries. BMD reference
values for children and adolescents have not been published
for a Latin-American population. The aim of this study was to
establish a normal reference range of calcaneal broadband
ultrasound attenuation (BUA) in Colombian children and ad-
olescents with ages ranging from 9 to 17.9 years.

Methods A sample of 1001 healthy Colombian youth
(boys n=445 and girls n=556), children, and adolescents
(9–17.9 years old) participated in the study. A calcaneus
QUS parameter (BUA) was obtained for boys and girls,
stratified by age group. Furthermore, height, weight, fat
mass percentage, and body mass index were measured.
Centile smoothed curves for the third, tenth, 25th, 50th,
75th, 90th, and 97th percentiles were calculated using the
LMS method (L [curve Box–Cox], M [curve median], and
S [curve coefficient of variation]).
Results Mean (± SD) values for the participants’ anthropo-
metric data were 12.9 ± 2.3 years of age, 45.2 ± 11.5 kg
weight, 1.51±0.1 m height, 19.5±3.1 kg/m2 BMI, and 69.5
±17.1 dB/MHz BUA. Overall, all variables were significantly
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higher in boys except in BMI and body fat percentage. Girls
generally had higher mean calcaneal BUA (dB/MHz) values
than the boys, except in the age ranges 16 and 17.9, p>0.05.
In addition, the BUA (dB/MHz) increased with age through-
out childhood and adolescence and reached a plateau by age
15–17.9 for girls.
Conclusions For the first time, our results provide sex- and
age-specific BUA reference values for Colombian children
and adolescents aged 9–17.9 years. A more specific set of
reference values is useful for clinicians and researchers and
informs clinical practice to monitor bone mineral status.

Keyword Bonemass . Bonemineral density . Broadband
ultrasound attenuation

Introduction

In recent years, the demand for the measurement of bone
mineral density (BMD, grams per square centimeter, bone
mineral content relative to a projection area) to identify chil-
dren who could be exposed to an increased risk of osteoporo-
sis in adulthood has rapidly increased [1, 2]. According to the
recommendations of the International Society for Clinical
Densitometry, a combined assessment of physical measures
and biochemical bone metabolic markers is useful for identi-
fying reduced skeletal development in children [3]. Dual-
energy X-ray absorptiometry (DXA) is considered a reference
standard for diagnosing bone status by measuring BMD [4].
The main advantages of DXA are its short scanning times.
However, the subject is exposed to ionized radiation, which
varies according to the machinery and skeletal site examined
[1–5]. Other disadvantages of the technique include limited
portability, lack of real-time feedback, repeatability, high cost,
and accessibility.

Quantitative ultrasonography (QUS), which has been used
to assess bone (especially calcaneal) status for almost two
decades, has proven to be widely applicable and clinically
useful [6, 7]. The QUS technique is safe, easy to use, and
cost-effective. Furthermore, the devices are portable (i.e., only
a few minutes are needed to perform the measurements), and
they are radiation-free [8]. Because radiation safety is a con-
cern, quantitative ultrasound is especially suitable for children.
Studies have demonstrated both the effectiveness and validity
of broadband ultrasound attenuation (BUA) as an independent
predictor of fracture risk in adults [9, 10]. In healthy children
and adolescents, Mughal et al. [11] demonstrated that calca-
neal BUA is significantly correlated with the total body BMD
(r=0.74, p<0.001). Hence, QUS can be an alternative to
DXA in the assessment of bone strength in children under
the right clinical setting.

Osteoporosis is characterized by low bone mass and
microarchitectural deterioration of bone structure resulting in

increased bone fragility [12, 13]. Previous studies have report-
ed that children with a low BMD during prepuberty maintain a
low BMD in adolescence [14, 15], and perhaps even in adult-
hood. Because there is a close relationship between low BMD
and independent predictors of fracture risk, it would be valu-
able to develop normative values in healthy children and ad-
olescent populations [16]. Given the popularity and versatility
of the QUS, it is surprising that there is a paucity of reference
values for the test [17–22]. Only six studies attempted to de-
velop normative data tables for BMD by reporting BUA
values measured from the calcaneus, using a gel-coupled
scanner (QUS-2; Metra Biosystems, Mountain View, CA)
[8, 11, 23–26]. Nonetheless, there is a paucity of data in
Latin-American populations. More specifically, reference
values for the BUA for the Colombian population obtained
with a standardized protocol such as that used byMughal et al.
[11] are lacking. Latin America is composed of developing
countries, one of which is Colombia. As reflected in recent
studies, children from different geographic areas have differ-
ent nutritional deficits.

The main aim of the FUPRECOL Study (Asociación de la
Fuerza Prensil con Manifestaciones de Riesgo Cardiovascular
Tempranas en Niños y Adolescentes Colombianos) is to ex-
amine relationships between physical fitness levels in children
and adolescents with cardiometabolic risk factors and
(un)healthy habits used to evaluate their health status. Our
working hypothesis is that children and adolescents who have
high physical fitness levels are healthier and enjoy a better
quality of life. In addition, this study seeks to establish the
general prevalence of cardiovascular risk factors (anthropo-
metric, metabolic, and genetic markers) in the study popula-
tion (children and adolescents aged 9 to 17.9 years living in
Bogota, Colombia) [27]. Also examined was the potential
influence of the social environment and lifestyle in developing
a disease or acquiring (un)healthy habits that could eventually
lead to a cardiometabolic-related disorder.

Age- and sex-specific bone reference values can help to
assess skeletal development during childhood and to compare
the bone health status of a child with that of the healthy pop-
ulation of the same age, sex, and ethnicity. Thus, deviations
from a normal skeletal development can be identified in an
early stage. The aim of this study was to establish a normal
reference range of calcaneal BUA in Colombia children and
adolescents aged 9 to 17 years.

Methods

Participants and study design

The present cross-sectional study was conducted to provide
BUA values using QUS in Colombian children and adoles-
cents in the FUPRECOL Study. Data were collected in a
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sample of students from a Colombian school (means
± standard deviations [SD] age 12.9±2.3 years, weight 45.2
±11.9 kg, height 1.50±0.1 m, BMI 19.4±3.1 kg/m2), which
is located in the Bogota capital district, in a municipality in the
Cundinamarca Department, Andean region. It is located at
approximately 4°35′56″N 74°04′51″W, at an elevation of ap-
proximately 2625 m (min 2500, max 3250) above sea level.
Bogota is considered an urban area, with approximately 7,
862,277 inhabitants [27].

Subjects

A sample of 1001 healthy Colombian youths (boys n=445
and girls n=556), children, and adolescents (9–17.9 years old)
participated in the study. All individuals from the selected
public school were invited to participate in the study. The
participation rate was greater than 95 %. A convenience sam-
ple of volunteers was included and grouped by sex and age
with 1-year increments (a total of nine groups). A power anal-
ysis showed that this sample size was sufficient to estimate
BUA values with a precision of 10 % and a power of 90 %.
The sample size was estimated at 30 participants per age-sex
group. The recruitment period lasted from April 2015 to
June 2015.

The Review Committee for Research on Human Subjects
at the University of Rosario (Code N° CEI-ABN026-000262)
approved the trial. A comprehensive verbal description of the
nature and purpose of the study and its experimental risks was
given to the adolescents and their parents/guardians. This in-
formation was also sent to parents/guardians by regular mail,
and written informed consent was obtained from the parents
and children before they participated in the study. The proto-
col was in accordance with the latest revision of the Declara-
tion of Helsinki.

Procedures

A manual of operations (study rationale, test procedures, and
procedures for data recording) was designed for and read by
the physical education teacher involved in the FUPRECOL
Study before data collection started. Instructions for the par-
ticipants were provided in the manual of operations to stan-
dardize procedures. Several trained senior master students per-
formed the measurements in a temperature-controlled envi-
ronment (room temperature approximately 23–27 °C). A
questionnaire was given to the parents requesting information
concerning their child’s medical history. The inclusion criteria
were as follows: (1) no movement restriction in the lower
extremities and (2) no self-reported history of chronic disease
that could affect calcium and vitamin D metabolism, metabol-
ic bone disease, long-term medications such as corticoste-
roids, anticonvulsants and immunosuppressants that can affect
bone metabolism, and anomalies of growth and puberty. The

study was conducted in ten schools by two trained phys-
ical activity master students. With regard to the commu-
nication processes and explanations of tests, direct and
simple oral language was used. When necessary, the eval-
uators provided visual models and examples before
performing the tests.

Anthropometric component

Anthropometric variables were measured by a level 2
anthropometrist certified by the International Society for the
Advancement of Kinanthropometry (ISAK), in accordance
with the ISAK guidelines [28], in the morning following an
overnight fast, at the same time each day (7–9 a.m.). The first
visit included body weight measurement to the nearest
0.05 kg, using a calibrated scale (Tanita BWB-800A®; Tanita
Corp., Tokyo, Japan). Patient height was measured to the
nearest 0.1 cm, using a stadiometer (SECA 220®; Seca Ltd.,
Hamburg, Germany), and body mass index (BMI) values
were calculated. During the anthropometric measurements,
students wore light clothing and were barefoot. Subsequently,
for bioelectrical impedance analysis (BIA) measurements, a
classical bipolar technique was used to estimate body fat (%)
using a Tanita BWB-800A® (Tanita Corp., Tokyo, Japan) ac-
cording to the manufacturer’s instructions.

Measuring broadband ultrasound attenuation

The reference values for calcaneal BUA in children are de-
pendent on the commercial ultrasound bone densitometer
used, and mathematical adjustments were made to the true
calcaneal BUA according to Jaworski et al., who used the
Achilles ultrasound densitometer (Lunar Corporation, Madi-
son, WI, USA to measure the calcaneal BUA values in pe-
diatric patients over the right and left heels [29]). The par-
ticipant was seated with their right foot and left foot placed
in the footwell, which was then was secured using two
straps. Ultrasonic coupling jelly was then applied to the
sides of the right and left heel, and transducers were placed
on either side of the heel. Inaudible sound waves were trans-
mitted through the calcaneum, and the BUA (in decibels per
megahertz (dB/MHz)) was measured. Thus, the reference
values of the BUA presented here are the result of the cal-
culation of the values obtained for the right and left heels
without considering heel dominance. For quality control and
the evaluation of precision, the QUS devices were calibrated
on a daily basis, using a phantom subject during the screen-
ing period. Two trained operators performed all of the mea-
surements. The coefficient of variation (CV) for within-day
measurements has previously been reported as 1.8 % for
BUA. The CV for between-day measurements is 0.6 [30].
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Statistical analyses

The Kolmogorov–Smirnov test was used to assess the normal-
ity of all variables. Anthropometric data and BUA values are
reported as the means±SD. We analyzed sex-group differ-
ences in the anthropometric and BUA data by one-way anal-
ysis of variance. A linear regression model and Pearson’s cor-
relation coefficients were calculated to examine the relation-
ships between BUAvalues and age, weight, height, BMI, and
body fat. To provide percentile values for the sample, we
analyzed the BUA (dB/MHz) data for males and females sep-
arately by the maximum penalized likelihood by using the
LMS statistical method [31]. We derived smoothed centile
charts with the LMS method. This procedure estimates the
measurement percentiles in terms of three age-specific cubic
spline curves: the L curve (Box–Cox power), M curve (medi-
an), and S curve (coefficient of variation). The appropriate
number of degrees of freedom was selected on the basis of
the deviance, Q-tests, and worm plots, following the sugges-
tions of Royston and Wright [32]. The third, tenth, 25th, 50th,
75th, 90th, and 97th smoothing percentiles were chosen as
age- and gender-specific reference values. For the construc-
tion of the percentile curves, data were imported into the
LmsChartMaker software (V. 2.3; by Tim Cole and Huiqi
Pan), and the L, M, and S curves were estimated. Except for
the LMS method calculations, we used SPSS v. 21 software
for Windows for the data analyses (SPSS, Chicago, Illinois,
USA). For all analyses, the significance level was 0.05.

Results

Descriptive characteristics

Anthropometric characteristics and BUA (dB/MHz) of the
study sample by sex are shown in Table 1. The mean values
were 12.9 ± 2.3 years of age, 45.2 ± 11.5 kg weight, 1.51
±0.1 m height, 19.5± 3.1 kg/m2 BMI, and 69.5±17.1 dB/
MHz BUA. Overall, all variables were significantly higher
in boys except in BMI and body fat (%). BUA average was
similar in boys and girls (p=0.440). In addition, the BUA
(dB/MHz) increased with age throughout childhood and ado-
lescence and reached a plateau by age 15–17.9 for girls. As
shown in Fig. 1, the girls generally had higher mean calcaneal
BUA values than the boys, except in the age ranges 16 and
17.9, p>0.05.

A steady increase of BUA was seen with increasing body
height in both sexes. In the 150- to 159-cm height category,
the values of all parameters were significantly higher in girls
than in boys (Table 2). A steady increase of BUA was seen
with increasing body weight in both sexes. In the 40–49 kg
group, the BUAvalue was significantly higher in females than
in males (Table 3).

Normative values

Tables 4 show the normative values for BUA (dB/MHz) in the
children and adolescents (9–17.9 years old), classified accord-
ing to sex and age and expressed in percentiles from 3 to 97.
The BUAvalues for boys were higher than those for girls (13
to 17.9 year age group). Nevertheless, the results show that the
mean calcaneal BUA values increased continuously between
9 and 17 years of age and were significantly related to age,
height, weight, and BMI (see Table 4).

Figure 2 shows smoothed centile curves (third, tenth, 25th,
50th, 75th, 90th, and 97th) for BUA (dB/MHz), based on sex
and age. Post hoc analyses within sexes showed yearly in-
creases in BUA for each year measured. In girls, significant
increases in BUAwere observed from 15 to 17.9 years.

Associations between the subjects’ basic data (age, weight,
height, BMI, and body fat) for both sexes and the BUAwere
examined by Pearson correlations (Table 5). In both sexes, the
BUA parameter correlated positively with age, weight, height,
BMI, and negatively with body fat.

Finally, comparisons of the mean values for the BUA (dB/
MHz) from this study are presented in Table 6.

Discussion

The main objective of this study was to establish reference
values for calcaneal BUA measured by QUS in children and
adolescents 9–17.9 years old. Our results show that the mean
calcaneal BUA values increased continuously between 9 and
17 years of age and were significantly related to age, height,
weight, and BMI. These results are consistent with many stud-
ies, which have confirmed that the QUS of the calcaneus is
influenced by the growth process [8, 11, 23–26].

The calcaneus is the most common skeletal site used for
ultrasonometry because only a thin soft tissue (which is rela-
tively consistent) covers the bone, and this bone, which is
more than 90 % trabecular, has a high metabolic activity,
and is more responsive to age-, disease-, or therapy-induced
bone alterations than cortical bone [31]. Of the substantial
normative BUA publications [8, 11, 23–31], few summarize
data obtained with instrumentation, procedures, or measures
recommended by standardized protocols such as those used
by Jaworski et al. [29] orMughal et al. [11]. Standardization is
important to allow valid comparisons within or between coun-
tries for the assessment of longitudinal or secular trends and
also to reliably detect poor bone status in the clinical setting
for the identification of individuals who may gain particular
benefit from interventions. These studies tend to use age
bands of 1 year, making it difficult to identify the age at which
bone status is attained or when the most significant or largest
declines in BMD occur.
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Many reports have also indicated that peak bone mass is
attained between 16 and 18 years of age [25, 33, 34]. The peak
bone mass is the highest level of bone mass achieved as a
result of normal growth, and a low value is a well-
recognized risk factor for osteoporosis later in life [33]. These
findings appear to suggest the attainment of peak BUA in the
middle of the first and second decades of life and indicate a
strength decline at an earlier age than reported in a number of
previous cross-sectional studies [8, 11, 20–31].

Reference values for BUA (dB/MHz) are usually presented
in a notable format or as centile curves as a function of age [8,
11, 23–26]. This is the first study to show age and sex refer-
ence values for BUA among children and adolescents from
Latin America. To evaluate age-related changes across young
adulthood, as well as to establish more precise age-related
reference values in the pediatric population, we assessed and
compared the BUA values between relatively narrow age
bands. We observed that the increase in mean calcaneal

Table 1 Anthropometric and
BUAValues (mean ± SD) n Weight (kg) Height (m) BMI (kg/m2) Body fat (%) BUA (dB/MHz)

Boys

9 to 9.9 27 30.6 ± 7.4 1.32 ± 0.05 17.0 ± 3.1 22.4 ± 24.3 48.6 ± 9.2

10 to 10.9 42 33.5 ± 6.8 1.37 ± 0.07 17.8 ± 2.7 18.9 ± 7.4* 52.9 ± 10.4

11 to 11.9 39 38.3 ± 9.0 1.43 ± 0.08 18.6 ± 2.9 18.8 ± 5.5* 57.2 ± 10.1

12 to 12.9 50 41.9 ± 7.6 1.47 ± 0.10 19.4 ± 3.2 18.6 ± 8.3 60.6 ± 10.5

13 to 13.9 74 47.7 ± 11.6 1.55 ± 0.10 19.6 ± 3.7 16.2 ± 8.6* 68.2 ± 13.3

14 to 14.9 76 50.6 ± 8.9 1.60 ± 0.08 19.6 ± 2.4 13.4 ± 4.9* 73.9 ± 11.5

15 to 15.9 59 55.2 ± 7.0 1.67 ± 0.07* 19.7 ± 2.0* 12.9 ± 4.8* 81.2 ± 15.9

16 to 16.9 56 57.6 ± 10.7* 1.67± 0.07 20.7 ± 3.1 11.4 ± 5.1* 87.6 ± 16.6

17 to 17.9 22 59.9 ± 10.0* 1.69± 0.06 20.8 ± 2.6* 10.6 ± 4.5* 90.2 ± 18.8

Total 445 46.4 ± 12.6 1.54 ± 0.03 19.2 ± 3.1 15.9 ± 9.5 69.9 ± 18.2

Girls

9 to 9.9 44 32.1 ± 6.7 1.34 ± 0.07 17.6 ± 2.9 22.7 ± 6.3 51.8 ± 8.9

10 to 10.9 53 35.7 ± 8.5 1.39 ± 0.07 18.1 ± 3.1 22.9 ± 6.8 51.7 ± 10.6

11 to 11.9 62 39.1 ± 8.5 1.42 ± 0.10 18.8 ± 3.0 23.9 ± 8.3 60.5 ± 13.3

12 to 12.9 61 41.1 ± 6.6 1.49 ± 0.07 18.3 ± 2.6 21.2 ± 6.6 63.7 ± 14.4

13 to 13.9 97 45.7 ± 7.0 1.52 ± 0.05 19.9 ± 2.8 24.1 ± 5.6 71.1 ± 10.4

14 to 14.9 86 48.3 ± 6.5 1.54 ± 0.06 20.6 ± 2.4 24.8 ± 4.6 75.6 ± 11.8

15 to 15.9 79 53.2 ± 9.9 1.56 ± 0.06 21.7 ± 3.2 26.6 ± 7.4 79.8 ± 13.0

16 to 16.9 49 53.4 ± 7.3 1.57 ± 0.06 21.8 ± 3.2 23.6 ± 6.8 82.3 ± 14.8

17 to 17.9 23 53.5 ± 10.6 1.56 ± 0.06 22.6 ± 3.9 22.4 ± 9.9 83.0 ± 15.0

Total 556 44.3 ± 10.4 1.48 ± 0.01 19.7 ± 3.2 23.8 ± 6.8 69.1 ± 16.2

*p< 0.001, compared to age-matched opposite gender group using one-way analysis of variance
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Fig. 1 Relation between age and mean (2SD) for calcaneal BUAvalues
of both sexes

Table 2 BUA of both sexes in relation to height (mean ± SD)

Height (cm) Boys Girls p value*

n BUA (dB/MHz) n BUA (dB/MHz)

120–129 39 46.0 ± 8.6 42 47.8 ± 7.6 0.539

130–139 62 50.9 ± 7.9 80 52.0 ± 9.3 0.433

140–149 80 60.7 ± 10.6 132 63.7 ± 13.0 0.093

150–159 96 68.5 ± 12.4 218 74.9 ± 14.5 0.001

160–169 115 78.4 ± 14.9 47 80.7 ± 12.7 0.354

170–179 49 86.9 ± 16.8 37 91.9 ± 19.2 0.573

>180 4 102.1 ± 26.3 – – –

*Compared to age matched opposite sex group using one-way analysis of
variance
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BUA values was related to age, weight, height, and BMI
(Tables 2 and 3). In addition, age, weight, and height were
almost significantly positively associated with the BUA pa-
rameter, as has been observed in other studies [8, 11, 22–26].
Despite the known importance of peak bone mass, the age at
which peak values are reached remains controversial. Some
studies have indicated that peak bone mass is reached as late
as 35 years of age. However, other studies have shown that
more than 85 % of peak skeletal mass is accrued by the age of

18 years, making bone growth during childhood and adoles-
cence a critical process [31, 35, 36].

However, given our results and the age range of the partic-
ipants, it was impossible to determine the age at which peak
bone mass was achieved. Moreover, this finding should be
interpreted with caution because the present study is not lon-
gitudinal, and as such, may also reflect secular changes in
bone status that have been reported internationally [23–26].

Based on comparisons of the mean BUA values, other
studies have shown gains of 22–62 % in calcaneus BUA be-
tween childhood and late adolescence [8, 33]. There are mul-
tiple reasons for these differences. Firstly, although interna-
tional comparisons of the BUA using similar methodology
are lacking, varying values for calcaneal BUA in different
regions and ethnicities are evident [8, 11, 23–33]. These
may be accounted for by differences in anthropometric param-
eters such as sex, height, weight, and body composition,
which vary between populations and ethnicities and are im-
portant determinants of bone status [37, 38]. Secondly, bone
density is influenced by genetics, diet (particularly, calcium,
vitamin D, and protein intake), and BMI. Other factors that
may contribute to the rate of bone density loss include increas-
ing age, low physical activity levels, some medications, cer-
tain medical conditions such as inflammatory bowel disease
and celiac disease, smoking, and alcohol consumption [39].

Table 3 BUA of both sexes in relation to weight (mean ± SD)

Weight (kg) Boys Girls p value*

n BUA (dB/MHz) n BUA (dB/MHz)

20–29 46 48.8 ± 8.4 46 49.7 ± 9.6 0.666

30–39 86 56.8 ± 11.5 127 56.1 ± 10.1 0.637

40–49 115 68.0 ± 11.6 194 71.1 ± 11.7 0.025

50–59 116 79.6 ± 14.5 97 80.6 ± 13.7 0.598

50–69 32 84.9 ± 20.1 29 85.7 ± 15.2 0.859

70–79 22 89.5 ± 18.4 33 92.1 ± 18.1 0.810

>80 28 95.8 ± 22.4 30 93.3 ± 24.4 0.899

*Compared to age matched opposite sex group using one-way analysis of
variance

Table 4 Smoothed age- and sex-
specific percentile values among
children and adolescent from
Colombia: BUA (dB/MHz)

n Mean SD P3 P10 P25 P50 P75 P90 P97

Boys

9 to 9.9 27 48.6 9.2 33.5 35.3 41.5 49.0 53.0 62.2 66.6

10 to 10.9 42 52.9 10.4 32.6 40.8 45.1 52.0 61.9 65.7 69.6

11 to 11.9 39 57.2 10.1 40.6 44.5 49.5 56.0 64.5 70.0 79.5

12 to 12.9 50 60.6 10.5 44.5 48.2 53.4 58.0 67.4 76.9 79.6

13 to 13.9 74 68.2 13.3 42.4 51.8 58.8 68.0 76.6 85.8 90.6

14 to 14.9 76 73.9 11.5 53.9 58.7 65.5 73.3 80.4 89.0 98.1

15 to 15.9 59 81.2 15.9 55.6 60.0 70.0 79.5 93.5 102.0 108.0

16 to 16.9 56 87.6 16.6 54.3 65.2 76.8 88.0 100.0 110.6 114.5

17 to 17.9 22 90.2 18.8 45.6 66.3 79.3 89.3 104.5 118.5 127.7

Total 445 69.9 18.2 40.7 48.4 55.5 68.5 81.5 97.0 102.0

Girls

9 to 9.9 44 51.8 8.9 32.9 39.3 47.0 51.3 58.9 63.5 65.6

10 to 10.9 53 51.7 10.6 32.6 39.8 45.0 50.5 57.0 65.8 71.2

11 to 11.9 62 60.5 13.3 36.2 45.1 53.4 58.8 67.3 75.9 82.5

12 to 12.9 61 63.7 14.4 39.6 49.7 54.8 60.5 68.5 87.0 99.9

13 to 13.9 97 71.1 10.4 52.9 58.3 64.8 71.5 76.5 82.2 87.5

14 to 14.9 86 75.6 11.8 54.1 62.0 67.6 76.0 83.6 88.6 95.6

15 to 15.9 79 79.8 13.0 55.2 66.5 73.0 78.0 86.0 96.0 102.5

16 to 16.9 49 82.3 14.8 50.0 63.5 72.3 80.5 93.8 104.0 110.5

17 to 17.9 23 83.0 15.0 51.0 57.0 72.0 85.0 96.0 98.3 108.1

Total 556 69.1 16.2 41.0 48.9 57.0 69.5 79.5 89.2 97.0

M mean, SD standard deviation, P percentile
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The majority of the published bone status reference values
were determined in children from high-income countries in
Europe [11, 26] and Asia/Oceania [8, 23–25]. However, there
is a scarcity of reference values for children using harmonized
BMD measures in Latin America and other low- and middle-
income countries (LMICs) that are undergoing a nutritional
transition [40]. This makes it impossible to evaluate secular
trends within these regions. Colombia is in the midst of a

nutritional transition that mirrors the changes occurring else-
where in the world, such as an increase in the overweight/
obese population and a general decrease in the chronically
undernourished population [41]. Previously, in pediatric pop-
ulations, we have reported that children living in rural areas
and in geographic regions with lower economic and structural
development generally have lower serum concentrations of
micronutrients than children from urban areas [42–44]. Like-
wise, in the dietary study, we conducted in Villamor et al. [45],
only 13.4 % of the protein in the diets of children was derived
from eggs and milk, with 40 % of protein from meat. Colom-
bia is a country that is geographically, climatically, and ethni-
cally diverse. Clearly, these differences could affect the food
supply, dietary practices, and, consequently, the micronutrient
intake. Indigenous and other ethnic groups of Colombia are
very diverse, which leads to different dietary patterns and
climates. Colombia’s rapid economic development and mod-
ernization has led to the BWesternization^ of the Colombian
diet, as characterized by an increase in the absolute number of
calories, saturated fat, and fast food consumed and a decrease
in the consumption of legumes, fruit, and cereals [27, 42–44].
These dietary patterns may partially explain our results, given
the effect of diet on bone metabolism in Colombian children
and adolescents.

Considering the present BUA reference values, the third
age-specific percentile in 9- to 17.9-year-old boys (range
32.6–55.6 dB/MHz) and girls (range 32.6–55.2 dB/MHz)
may be considered as a warning threshold for low BMD and
reduced skeletal development. The pathological meaning of
these values needs to be further evaluated.

It should be highlighted that only Sani et al. [46] in-
vestigated BUA values in children with morphologic
changes associated with bone loss in thalassemia disorders.
The mean BUA values obtained were 53.9±1.1 dB/MHz
in twelve 10- to 13-year-old children and 56.0±3.7 dB/
MHz in fourteen 14- to 17-year-old adolescents with
osteopenia. In conjunction with their findings, our refer-
ence values for 9.0–17. 9 year-old girls in the third age-
specific BUA percentile (range 32.6–55.2 dB/MHz) are
close to this pathological value for osteopenia.

To obtain reference values that did not stem from disturbed
skeletal development due to diseases or medical treatments
that directly affect bone metabolism, children and adolescents
with these conditions were excluded. However, fat mass may
also have a pathophysiological effect on bone metabolism. In
this study, we found an inverse association between BUA
values and body fat in schoolchildren (r=−0.257, p=0.01).
This is further supported by Eliakim et al. [47] and Correa-
Rodriguez et al. [48], who showed reduced QUS measures in
obese children compared to non-obese children. Other studies
such as Bredella et al. [49] show that adipose tissue is a neg-
ative predictor of the micro-architecture of the bone’s mechan-
ical properties in obese men. Similar findings were described

Fig. 2 Smoothed (LMS method) centile curves (from the bottom to the
top: third, tenth, 25th, 50th, 75th, 90th, and 97th) among children and
adolescents from Colombia: BUA (dB/MHz)

Table 5 Correlation coefficients (Pearson) between BUA (dB/MHz)
and growing age, weight, height, BMI, and body fat of both sexes

Boys Girls Total

Age (year) 0.690 0.640 0.663

p 0.001 0.001 0.001

Weight (kg) 0.692 0.695 0.691

p 0.001 0.001 0.001

Height (m) 0.697 0.618 0.645

p 0.001 0.001 0.001

BMI (kg/m2) 0.407 0.561 0.486

p 0.001 0.001 0.001

Body fat (%) −0.163 −0.396 −0.257
p 0.001 0.001 0.001
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by Pollock et al. [50], who conclude that overweight com-
bined with metabolic anomalies is closely associated with a
lower bone mineral density in adolescents. While it does not
appear that current nutritional status modulates the association
between BUA and QUS values, studies with a more compre-
hensive evaluation of current nutritional status are needed to
more robustly evaluate this hypothesis.

The findings in this study must be interpreted with caution
because the present study is not longitudinal and therefore
may also reflect secular changes in bone status, as has been
reported internationally [8, 11, 23–25]. In our study, pubertal
staging using the method of Tanner was not performed. The
unknown pubertal status of the subjects is a limitation of this
study. A second limitation of this study is the cross-sectional
design. Longitudinal data of individuals give more accurate
reference data. The third limitation of the existing research
was that no measurements were taken of other components
of bone health, such as diet (particularly, calcium, vitamin D,
and protein intake), birth weight, and weight and physical
activity levels, which may contribute to bone accretion [49].
Accordingly, the third to 25th percentile curves obtained in
this study could be used as cut-off points, below which the
BUA level can be considered inadequate. Liu et al. [49]

showed that subjects who presented BUAvalues in the lowest
two quartiles in the sample distribution at admission were at
increased risk of being considered nutritionally-at-risk. Addi-
tionally, Liu et al. [49] reported that the QUS values of Chi-
nese males and females peaked after 20 years, and the values
of youths less than 20 years of age can reach more than 90 %
of the peak value.

The correct interpretation of calcaneal BUA data re-
quires comparing the score obtained in a particular per-
son with normative values for the general population of
the same sex and age. Therefore, additional work is
needed to more fully characterize BUA values within
the Colombian population and to identify population-
specific cut-off points for health/adequate bone status
and other components of bone metabolism. These values
may ideally be combined with evaluations of markers or
the nutritional status, which is vital to the success of
bone health. Several studies have highlighted the impor-
tance of considering more than one bone metabolic
marker, i.e., at least one bone formation and resorption
marker each to assess reduced bone turnover or de-
creased skeletal development. Despite these limitations,
the present study presents BUA data measured at the

Table 6 Reference values (mean ± SD) for BUA (dB/MHz) from cited studies

Study Current study Singaporean [8] Taiwanese [23] Turkish [24] Chinese [25] Spain [26] United Kingdom [11]
Mean± SD Mean± SD Mean ± SD Mean (CI 95 %) Mean ± SD Mean± SD Mean± SD
n= 1003 n= 750 n= 2180 n= 141 n = 726 n = 245 n = 174

Boys

9 to 9.9 48.6 ± 9.2 57.2 ± 10.5 48.7 ± 0.9 59.2 (53.7–64.8) – 57.9 ± 12.4 59.7 ± 18.8

10 to 10.9 52.9 ± 10.4 63.4 ± 12.7 53.2 ± 0.8 63.5 (56.5–70.5) 94.6 ± 6.2 62.2 ± 13.0 60.4 ± 16.2

11 to 11.9 57.2 ± 10.1 69.7 ± 14.4 55.6 ± 0.9 67.0 (60.9–73.0) 99.9 ± 13.1 60.6 ± 14.0 72.1 ± 18.3

12 to 12.9 60.6 ± 10.5 75.4 ± 13.0 60.1 ± 1.8 76.3 (57.1–95.4) 98.3 ± 9.3 63.3 ± 14.7 80.3 ± 18.5

13 to 13.9 68.2 ± 13.3 – – – 101.9 ± 9.2 65.2 ± 13.9 76.4 ± 21.4

14 to 14.9 73.9 ± 11.5 – – – 109.3 ± 12.1 71.4 ± 13.2 87.9 ± 16.3

15 to 15.9 81.2 ± 15.9 – – – 110.1 ± 13.5 71.7 ± 13.9 –

16 to 16.9 87.6 ± 16.6 – – – 112.6 ± 16.8 – –

17 to 17.9 90.2 ± 18.8 – – – 119.5 ± 17.1 – –

Total 69.9 ± 18.2 58.9 ± 11.3 48.8 ± 0.9 63.2 (55.0–71.2) 109.0 ± 15.6 57.7 ± 17.4 62.9 ± 16.4

Girls

9 to 9.9 51.8 ± 8.9 60.4 ± 11.0 47.8 ± 1.1 54.2 (49.6–58.8) – 53.1 ± 9.5 51.6 ± 13

10 to 10.9 51.7 ± 10.6 62.2 ± 9.5 50.0 ± 1.0 56.7 (49.9–63.5) 96.8 ± 13.1 60.8 ± 14.7 47.8 ± 12

11 to 11.9 60.5 ± 13.3 68.9 ± 13.6 53.3 ± 1.1 61.7 (56.1–67.4) 98.3 ± 16.8 59.6 ± 16.3 65.2 ± 18

12 to 12.9 63.7 ± 14.4 75.4 ± 19.4 61.0 ± 2.0 64.3 (63.6–64.9) 108.3 ± 15.8 64.7 ± 13.5 65.9 ± 18

13 to 13.9 71.1 ± 10.4 – – – 108.8 ± 16.8 74.5 ± 13.4 70.5 ± 15

14 to 14.9 75.6 ± 11.8 – – – 111.9 ± 13.4 65.7 ± 12.5 74.6 ± 16

15 to 15.9 79.8 ± 13.0 – – – 113.4 ± 14.0 87.5 ± 14.8 –

16 to 16.9 82.3 ± 14.8 – – – 110.2 ± 19.8 – –

17 to 17.9 83.0 ± 15.0 – – – 112.5 ± 14.6 – –

Total 69.1 ± 16.2 59.0 ± 11.0 47.7 ± 1.9 55.0 (49.0–61.0) 109.9 ± 16.7 59.6 ± 19.6 55.1 ± 13.4

BUA broadband ultrasound attenuation, CI confidence interval
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Achilles tendon for healthy Colombian children and ad-
olescents, which could serve as reference values for
evaluating the bone status of young people.

In summary, the QUS tool may be used to measure bone
status, or more correctly, to stratify patients according to their
risk of fracture. The pediatric CUBA is a relatively low cost
and portable system with a scan time of less than 3 min. None
of the studies included in this assessment reported any adverse
events associated with the use of QUS. However, the results
may vary according to the QUS parameters and type of device
used and the skeletal site tested. Jaworski et al. [29] found that
calcaneal BUA values discriminated healthy children from
those known to have osteoporosis (mean total body BMD
[SD] score −3.3 [0.9]).

In conclusion, this is the first paper to provide sex- and age-
specific reference values of BUA in Colombian children and
adolescents aged 9–17.9 years, based on a large and apparent-
ly healthy cross-sectional study. These reference values pro-
vide a foundation for the evaluation of bone growth and me-
tabolism in children and adolescents and for monitoring bone
mineral status.
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