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Abstract
Summary  In a cross-sectional cohort of 340 healthy Brazilian men aged 20 to 92 years, data on density, structure, and 
strength of the distal radius and tibia were obtained using high-resolution peripheral quantitative computed tomography 
(HR-pQCT) to develop age- and site-specific reference curves. Age-dependent changes differed between the sites and bone 
compartments (trabecular and cortical).
Introduction  The aim of this study was to establish age-related reference curves for bone densities, microarchitectural prop-
erties, and estimated failure load measured by HR-pQCT (distal radius and tibia) in men. Also, to correlate bone stiffness 
with the other HR-pQCT parameters, areal bone mineral density (BMD) by DXA and trabecular bone score (TBS).
Methods  Healthy Brazilian men (n = 340) between the ages of 20 and 92 years were recruited. Non-dominant radius and 
left tibia were scanned using HR-pQCT (Xtreme CT I). Standard and automated segmentation methods were performed, 
and bone strength estimated by FE analysis. Bone mineral density at lumbar spine, total hip, femoral neck, and TBS were 
measured using DXA (Hologic, QDR4500).
Results  Age-related reference curves were constructed at the distal radius and tibia for volumetric bone density, morphom-
etry, and estimated bone strength parameters. There was a linear relationship with age only for thickness measurements of 
distal radius (trabecular: R2 0.108, p<0.001; cortical: R2 0.062, p=0.002) and tibia (trabecular: R2 0.109, p<0.001; cortical: 
R2 0.063, p=0.010), and bone strength at distal radius (R2 0.157, p<0.001). The significant correlations (p <0.05) found 
by Pearson’s correlations (r) between bone stiffness and all other variables measured by HR-pQCT and DXA showed to be 
stronger at the tibia site than the distal radius.
Conclusion  The current study expands the HR-pQCT worldwide database and presents an adequate methodology for the 
construction of reference data in other populations. Moreover, the correlation of bone strength estimated by FEA with other 
bone microstructural parameters provided by HR-pQCT helps to determine the contribution of each of these variables to 
fracture risk prediction in men.
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Introduction

Bone is a dynamic tissue, and the formation and resorp-
tion are continuous processes during life [1]. Osteoporosis 
and fractures are important complications of aging in men. 

According to the National Osteoporosis Foundation, up to 
25% of men over the age of 50 years will experience a frac-
ture due to osteoporosis [2]. In 2050, the incidence of hip 
fracture in men is expected to increase by 310% worldwide 
[3]. Moreover, men suffering from any major fracture have 
a higher mortality rate than women [4]. Indeed, the lifetime 
risk of experiencing an osteoporotic fracture in Caucasian 
men is 13% and is greater than the lifetime risk of develop-
ing another frequent cause of morbimortality in men: pros-
tate cancer (11.3%) [5, 6].

Currently, measurement of the areal bone mineral den-
sity (aBMD) in the lumbar spine and femoral neck using 
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dual-energy X-ray absorptiometry (DXA) is most commonly 
used to diagnose osteoporosis and assess bone quantity and 
changes in bone mass across the life span [7]. DXA measure-
ments are an indirect surrogate for bone strength and have 
some limitations on distinguishing patients at low and high 
fracture risk [7, 8]. For instance, it can neither discriminate 
between cortical and trabecular bones nor evaluate bone 
microarchitecture [9].

Trabecular bone score (TBS) is a measurement that can 
be applied to DXA images. It is a gray-level textural index 
of bone architecture derived from lumbar spine DXA images 
and is an independent indicator of fracture risk [10]. Addi-
tionally, TBS is an important determinant of bone strength 
[11]. The association of TBS with incident clinical frac-
tures in men has been consistently estimated in two previous 
cohorts [11, 12].

High-resolution peripheral quantitative computed tomog-
raphy (HR-pQCT) is a technology that provides three-
dimensional images allowing assessment of volumetric 
bone density and bone microarchitecture components in the 
examined area [8, 13]. After the acquisition of standard and 
automated segmentation methods, dedicated finite element 
(FE) analysis provides a direct subject-specific estimation of 
bone strength [14–19].

Prior studies on HR-pQCT have not concomitantly eval-
uated bone features using different technologies, which is 
essential for determining the contribution of each one to 
fracture risk prediction in adult men [8, 16, 19–24]. Fur-
thermore, no study has evaluated bone by HR-pQCT in 
men from Latin America. As the availability of HR-pQCT 
increases with a growing number of health professionals 
having access to the technology, there is an unmet need to 
establish reference data that can be used as a basis for assess-
ing bone health in different populations.

The primary objective of the present cross-sectional study 
was to (a) establish age-related reference values for volu-
metric bone density and morphometry by HR-pQCT and FE 
parameters of distal radius and tibia, in a healthy male popu-
lation, and (b) correlate bone stiffness of distal radius and 
tibia with other HR-pQCT parameters, areal BMD and TBS.

Methods

Participants

A total of 340 healthy men aged 20 to 92 years were enrolled 
in the study. This population included workers from the 
University of São Paulo School of Medicine, Hospital das 
Clinicas of the University of São Paulo, or family mem-
bers of the employees. At least 40 subjects per decade of 
age were recruited. Exclusion criteria were bone-associated 
metabolic disease (rickets, primary hyperparathyroidism, 

osteomalacia, and Paget’s disease), prior non-traumatic frac-
ture, chronic disease (diabetes mellitus, renal or liver failure, 
hyperthyroidism, hypothyroidism, and malabsorption), use 
of any medication that interferes with bone metabolism (bis-
phosphonates, teriparatide, glucocorticoids, anticonvulsants, 
anticoagulants), current smoking (tobacco use), and alcohol 
intake ≥ 3 U/day.

This study was approved by the Local Ethics in Research 
Committee of the São Paulo University School of Medicine, 
and all participants gave written informed consent.

Data collection

Demographic and anthropometric characteristics, includ-
ing race, age, height, weight, and body mass index (BMI) 
were recorded. Race was defined based on self-reporting 
of the second generation of ancestors, an approach previ-
ously used for the Brazilian population [25, 26]. Individuals 
who reported having four White grandparents were clas-
sified as White. Individuals with black African and White 
ancestry (mixed race) were classified as non-White. When 
racial information on an individual’s grandparents was not 
available, the race of an individual was determined by the 
race of his parents. The descendants of other races were 
not included. All the participants underwent a standardized 
interviewer-administered questionnaire that ascertained 
clinical characteristics, including smoking (tobacco use) sta-
tus, alcohol consumption, physical activity (including work 
activities), previous non-vertebral fracture, hip fracture in 
first-degree relatives, comorbidities, and current medication 
use [26–28].

Dual‑energy X‑ray absorptiometry (DXA)

Areal bone mineral density (aBMD, g/cm2) measurements 
of the lumbar spine (L1–L4) and proximal femur (femoral 
neck and total femur) were obtained by dual-energy X-ray 
absorptiometry (DXA) equipment (Hologic QDR 4500A; 
Hologic Inc. Bedford, MA, USA, Discovery model). All 
DXA measurements were performed by the same experi-
enced technologist.

Precision error for DXA measurements was determined 
based on standard ISCD protocols [29]. We calculated the 
least significant change with 95% confidence to be 2.3% for 
the lumbar spine, 3.8% for the femoral neck, and 2.6% for 
the total femur.

Trabecular bone score (TBS) was calculated by the soft-
ware TBS iNsight® version 2.1 (Med-Imaps, Bordeaux, 
France). It was analyzed as the mean value of the measure-
ments for vertebrae L1–L4 of DXA images at exactly the 
same ROI as the spine BMD measurements. TBS values 
were classified according to the following criteria [10]: TBS 
≥ 1.310: normal; 1.200 < TBS > 1.310: partially degraded 

1310 Osteoporosis International (2022) 33:1309–1321



1 3

microarchitecture; TBS ≤ 1.200: degraded microarchitec-
ture. In accordance with manufacturer recommendations, 
TBS was only assessed in patients with a BMI above 15 kg/
m2 and lower than 37 kg/m2 [30].

High‑resolution peripheral quantitative computed 
tomography (HR‑pQCT)

The non-dominant radius and left tibia were immobilized 
on a carbon fiber shell and scanned on the first-generation 
HR-pQCT scanner (XtremeCT I, Scanco Medical AG, Brüt-
tisellen, Switzerland) using a standard scanning protocol 
(60 kVp, 1000 μA). The measurements included 110 slices, 
corresponding to a 9.02 mm scan area (voxel size of 82 μm), 
positioned 9.5 mm and 22.5 mm proximal to the reference 
line for the distal radius and tibia, respectively.

All examinations were conducted by a trained biomedi-
cal scientist who also carefully examined each scan for 
motion artifacts. In the case of significant motion artifacts 
identified during scan acquisition, a second examination 
was performed. All HR-pQCT images were scored based 
on a motion scale ranging from 0 (no movement) to 4 
(severe blurring of the periosteal surface and discontinui-
ties in the cortical layer) [31, 32]. For the current study, 
scans with a score of 4 were excluded. Quality control was 
daily monitored using a phantom calibration provided by 
the manufacturer.

The standard morphologic analysis and advanced cortical 
(automated segmentation) method of the scanner were used 
for the analysis and have been described in detail elsewhere 
[20, 33, 34]. The outcome variables used in our analyses 
were density parameters, including total volumetric bone 
density (Tt.vBMD; mg HA/cm3), trabecular volumetric bone 
density (Tb.vBMD; mg HA/cm3), and cortical volumetric 
bone density (Ct.vBMD; mg HA/cm3); structure parameters, 
including number (Tb.N; mm-1), thickness (Tb.Th; mm), 
and separation (Tb.Sp; mm) of trabeculae, cortical thickness 
(Ct.Th; mm), and cortical porosity (Ct.Po; %).

In our laboratory, HR-pQCT measurements in vivo had 
variation coefficients ranging from 1.49 to 7.59% at the dis-
tal radius and 0.78 to 6.35% at the distal tibia for morphom-
etry parameters, and 0.93 to 1.41% at the distal radius and 
0.25 to 1.16% at the distal tibia for densities [24, 33].

Finite element analysis (FEA)

To estimate bone strength from HR-pQCT measurements, 
linear finite element (FE) models of the distal radius and 
tibia were created directly from the HR-pQCT images 
using software-specific finite elements (Finite Element 
software v. 1.13, Scanco Medical AG, Switzerland, Jan-
uary 2009). The standard analysis of FEA comprises a 
virtual resistance test, which means that the computer 

analyzes the behavior of the bone tissue when it is sub-
mitted to a compressive force along its major axis. Two 
mechanical properties of the bone are estimated: Young’s 
modulus, a measure of the ability of a material to return to 
its original shape after removal of a stress force, thus indi-
cating the tissue’s elasticity; and the Poisson effect, which 
is the tendency of a material to become thinner when it 
is stretched at a given axis. In other words, when a mate-
rial is pulled, it increases its size in the axis of traction, 
and decreases its size in the other two axes. In response 
to the tensile force applied, the elasticity of the material 
will tend to bring it to its original shape. This trend can be 
understood as a force that will shrink the material in the 
direction of its stretching and will increase it in the other 
directions. The Poisson ratio is a ratio between the first 
and second forces [35].

The HR-pQCT images were filtered using a Laplace-
Hamming filter and axial boundary conditions were 
assigned for compression tests with 1% strain (Young’s 
modulus of 6829 MPa, Poisson’s ratio of 0.3) [36].

Models of the distal radius and tibia were generated 
directly from the HR-pQCT images (Image Processing 
Language and FE Extension (IPLFE), Scanco Medical AG, 
Switzerland). The biomechanical properties studied were 
stiffness (S, kN/m) and failure load (F.Load, N).

Statistical analysis

Data were expressed as mean and standard deviation (SD), 
median and interquartile range (IQR), or number and per-
centage. To calculate the reference curves, multiple linear 
regression models were developed to predict the measure-
ment of volumetric bone density, morphometry, and bone 
strength by FEA for distal radius and tibia as functions of 
age, weight, and height. Thus, the results of the micro-
architecture parameters were illustrated using dispersion 
diagrams with their respective adjusted lines, using the 
mean of the height and weight measurements to estimate 
the models, as well as the respective 95% normality inter-
vals. To evaluate the correlation between bone stiffness 
and other parameters obtained by HR-pQCT, Pearson’s 
correlations were calculated.

We observed that the relationship with age, in some sit-
uations, did not show a linear relationship. Higher degree 
polynomials were tested and the quadratic relationship was 
sufficient in most non-linear models as a function of age. 
In this way, based on statistical analysis, a quadratic rela-
tionship was considered sufficient to adjust the models.

Statistical analyses were performed using IBM-SPSS 
software, version 20.0. P-values <0.05 were statistically 
significant.
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Results

Reference curves according to the aging were developed 
including 340 men, of which 73% were Caucasian. Demo-
graphic, anthropometric, and clinical data are presented in 
Table 1. HR-pQCT measurements that showed movement 
artifacts were redone shortly after acquisition; thus, no par-
ticipant was excluded after the analysis was completed. Rep-
resentative 3D images of the distal radius and tibia for each 
age group are shown in Fig. 1.

Forty-seven (14 %) individuals reported previous frac-
tures, all of them occurring after trauma. In the sites of 
fractures were radius, ulna, wrist, ankle, tibia, and fibula. 
No man had had experienced earlier vertebral fracture or 
fractures due to bone fragility. No comorbidity clinically 
relevant to the bone was reported by the participants.

DXA and TBS measurements are described in Table 1. 
All subjects had a BMI in the range of 18–35 kg/m2 [median: 
27 kg/m2 (IQR: 25–29)], and no TBS adjustment was neces-
sary. When stratified by TBS categories, 03 individuals aged 
30–39 years, 05 aged 40–49 years, 07 aged 50–59 years, 08 
aged 60–69 years, 28 aged 70–79 years, and 22 aged ≥ 80 
years presented TBS <1.310.

Volumetric bone density, structure, cortical porosity, and 
bone strength estimated by FEA obtained by HR-pQCT as a 
function of age, weight, and height are described in Table 2 
for the distal radius and tibia.

Multiple linear regression models were developed to 
predict the volumetric bone density, morphometry param-
eters, and estimated bone strength by FEA at the distal 
radius and tibia. These curves are illustrated using scatter 
plots (Figs. 2 and 3), which showed a linear relationship 
with age only for thickness measurements (trabecular and 
cortical) of distal radius and tibia (Fig. 2D, E), and bone 
strength at distal radius (Fig. 3A, B).

Table 3 shows that, at the distal region of the radius and 
tibia, all density and morphometry parameters had a statis-
tically significant association with age but not with weight 
and height in men (p < 0.05). Pearson’s correlations (r) 
between bone stiffness of peripheral regions with other 
variables measured by HR-pQCT at distal radius and tibia, 
areal BMD measures of the L1–L4 and left hip (femoral 
neck and total hip), and TBS are shown in Table 4.

At the distal radius site, except for some trabecular 
parameters (Tb.N and Tb.Sp) and for cortical porosity, 
the other variables showed a statistically significant cor-
relation with stiffness (p <0.05), being positive (r> 0) or 
negative (r <0) correlations. At the distal tibial site, all 
parameters were statistically correlated with stiffness (p 
<0.05).

Table 1   Demographic and anthropometric characteristics, clinical data, and parameters of areal bone mineral density and trabecular bone score 
obtained by DXA of study population categorized by age

Data are shown as mean ± SD, number (percentage), or median (interquartile interval)
BMI body mass index; BMD bone mineral density; TBS trabecular bone score

Variable 20–29 30–39 40–49 50–59 60–69 70–79 ≥ 80
(n=50) (n=51) (n=46) (n=51) (n=50) (n=50) (n=42)

Age (years) 26 ± 2.8 34 ± 2.7 44 ± 3.1 55 ± 2.6 66 ± 2.1 76 ± 2.4 82 ± 3.1
Weight (kg) 79.4 ± 13.6 83.5 ± 11.5 81.4 ± 9.5 82.2 ± 12.4 78.9 ± 15.6 74.1 ± 12.2 69.8 ± 11.7
Height (cm) 1.75 ± 0.08 1.76 ± 0.07 1.73 ± 0.05 1.69 ± 0.08 1.66 ± 0.08 1.64 ± 0.07 1.61 ± 0.07
BMI (kg/m2) 25.7 ± 3.3 26.8 ± 2.8 27.2 ± 2.7 28.7 ± 3.5 28.5 ± 4.8 27.5 ± 4.4 26.7 ± 2.9
Race (n [%])
  Caucasian 37 (74) 40 (78) 32 (70) 38 (74) 34 (68) 40 (80) 28 (67)
  Other races 13 (26) 11 (22) 14 (30) 13 (26) 16 (32) 10 (20) 14 (33)
Arterial hypertension (n [%]) 0 0 0 2 (4) 8 (16) 6 (12) 1 (2)
BMD L1–L4 (g/cm2) 1.097 1.042 1.011 1.030 1.033 1.113 1.095

(1.019; 1.219) (0.974; 1.163) (0.901; 1.125) (0.973; 1.129) (0.888; 1.235) (0.953; 1.225) (0.912; 1.275)
BMD femoral neck (g/cm2) 1.035 0.938 0.891 0.820 0.793 0.805 0.762

(0.901; 1.162) (0.852; 0.985) (0.791; 0.993) (0.737; 0.957) (0.717; 0.851) (0.673; 0.890) (0.641; 0.803)
BMD total hip (g/cm2) 1.084 1.071 1.009 1.015 1.042 0.979 0.938

(0.978; 1.233) (0.976; 1.142) (0.940; 1.109) (0.946; 1.099) (0.901; 1.140) (0.866; 1.078) (0.834; 1.067)
TBS 1.480 1.432 1.374 1.381 1.381 1.291 1.300

(1.439; 1.536) (1.376; 1.489) (1.336; 1.447) (1.338; 1.424) (1.314; 1.440) (1.217; 1.348) (1.244; 1.380)
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Discussion

This study provides HR-pQCT reference data for a selected 
population of healthy men in Brazil and demonstrates that 
age, weight, and height are associated to changes in bone 
mass and microstructural properties which behave differ-
ently in the cortical and trabecular compartments of both 
distal radius and tibia.

An interesting feature of the current study is the weight 
and height adjustments of the bone parameters in addi-
tion to age adjustments. Speculatively, significant changes 
occurring in weight and height with aging may lead to an 
increased ratio of body fat which may affect bone metabo-
lism and bone loss. Also, the gender restriction (only male 
population) is clinically useful given that risk factors for 
osteoporosis and fractures are different in men and women 
[5, 7, 20].

Concerning to the clinical applicability of HR-pQCT, 
the implementation of age- and sex-specific reference data 
in different populations is limited. In the current study, we 
developed reference values for volumetric bone density 
and morphometry parameters from HR-pQCT, and bone 
strength estimated by finite element, at the distal sites of 
the radius and tibia, categorized by decades, for a healthy 
male sample representing a main part of the Brazilian mis-
cegenated population.

Different from DXA, to determine T-scores for the HR-
pQCT data is difficult because of the great variety of exist-
ing parameters, which show distinct behaviors throughout 
life [8]. In addition, there are differences in the aging bone 
changes between the regions of radius and tibia [16, 24, 
37].

In this HR-pQCT study, almost half of the statisti-
cal models had a quadratic relationship with age, and 
all parameters had a statistically significant association 
with age in men. Density and trabecular microarchitec-
ture changes in the advanced age might be related to local 
trabecularization of the cortical bone [38]. The corti-
cal porosity increased with age, mainly at the tibia site. 
According to Burt et al. [16], in adulthood, cortical poros-
ity increases as bone resorption exceeds formation over 
the years. It suggests that this variable could be clinically 
relevant for the stratification of fracture risk and the clas-
sification of diseases such as osteoporosis [16].

In FEA, bone stiffness at the tibia had a greater cor-
relation with other HR-pQCT and DXA parameters than 
at the radius. These results may be related to differences 
in weight-bearing capacities between the two sites [39].

Furthermore, bone stiffness was correlated to the corti-
cal bone compartment in both analyzed regions. According 
to the literature, cortical vBMD influences bone capac-
ity to absorb energy during the bone mechanical overload Fig. 1   3D images of the left distal radius (A) and left distal tibia (B) for 

each age group
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Table 2   Reference values of bone geometry, volumetric bone density, structure, cortical porosity and bone strength estimated by finite element 
obtained by HR-pQCT at distal radius and tibia of 340 healthy men from 20 to 92 years old, expressed as median and interquartile interval

Data are shown as median (IQR: interquartile interval)
Ct.Pm cortical perimeter; Ct.Ar cortical area; Tb.Ar trabecular area; Tt.vBMD total volumetric bone density; Tb.vBMD trabecular volumetric 
bone density; Ct.vBMD cortical volumetric bone density; Tb.N number of trabeculae; Tb.Th trabecular thickness; Tb.Sp trabecular separation; 
Ct.Th cortical thickness; Ct.Po cortical porosity; S stiffness; F.Load failure load

Variable 20–29 30–39 40–49 50–59 60–69 70–79 ≥ 80
(n=50) (n=51) (n=46) (n=51) (n=50) (n=50) (n=42)

Median Median Median Median Median Median Median

(IQR) (IQR) (IQR) (IQR) (IQR) (IQR) (IQR)

Radius
  Tt.vBMD (mg 

HA/cm3)
358.0 350.7 348.7 332.8 298.3 303.3 298.0
(331.4; 409.3) (304.1; 396.4) (305.7; 397.1) (286.5; 376.9) (269.3; 346.8) (261.7; 368.6) (258.6; 337.2)

  Tb.vBMD (mg 
HA/cm3)

217.5 211.3 190.1 180.7 180.3 181.5 187.4
(200.3; 241.4) (182.4; 240.8) (164.1; 223.4) (165.0; 195.4) (148.2; 195.6) (154.2; 216.3) (172.2; 199.7)

  Ct.vBMD (mg 
HA/cm3)

990.8 985.1 1001.3 954.9 941.5 931.5 903.7
(945.8; 1014.4) (954.2; 1006.7) (939.5; 1038.1) (910.6; 1001.9) (916.5; 979.7) (899.6; 968.3) (856.4; 950.6)

  Tb.N (1/mm) 2.26 2.24 2.08 2.11 2.08 2.14 2.10
(2.01; 2.36) (2.03; 2.39) (1.72; 2.33) (1.99; 2.25) (1.82; 2.30) (1.90; 2.35) (1.91; 2.28)

  Tb.Th (mm) 0.082 0.079 0.080 0.073 0.070 0.073 0.072
(0.077; 0.091) (0.071; 0.086) (0.066; 0.091) (0.066; 0.080) (0.066; 0.082) (0.066; 0.079) (0.067; 0.078)

  Tb.Sp 0.356 0.366 0.413 0.402 0.408 0.389 0.399
(mm) (0.340; 0.418) (0.340; 0.414) (0.358; 0.468) (0.378; 0.436) (0.373; 0.471) (0.354; 0.457) (0.365; 0.445)
  Ct.Th (mm) 0.981 0.907 0.991 0.961 0.864 0.899 0.824

(0.902; 1.074) (0.792; 1.063) (0.879; 1.145) (0.837; 1.153) (0.761; 0.945) (0.756; 1.045) (0.684; 0.900)
  Ct.Po (%) 2.01 1.94 1.96 2.63 2.44 3.82 3.65

(1.51; 2.84) (1.60; 2.53) (1.67; 2.22) (2.04; 3.26) (2.10; 3.29) (2.75; 4.94) (3.14; 5.10)
  S (kN/m) 115,461 117,898 114,086 100,902 94,317 100,394 96,992

(103,467; 
135,535)

(106,225; 
127,617)

(103,868; 
141,448)

(93,960; 122,214) (88,916; 109,564) (81,594; 116,161) (88,376; 
108,084)

  F.Load (N) 5595 5665 5337 4878 5185 4944 4754
(5025; 6637) (5133; 6232) (4975; 6709) (4592; 5949) (4341; 7000) (4058; 5973) (4250; 5318)

Tibia
  Tt.vBMD (mg 

HA/cm3)
345.9 323.0 305.4 296.8 281.3 291.7 280.2
(331.2; 381.9) (300.4; 370.9) (253.1; 329.5) (282.3; 351.2) (254.5; 318.3) (248.9; 322.7) (258.5; 323.1)

  Tb.vBMD (mg 
HA/cm3)

218.5 198.3 166.0 169.7 158.3 169.6 157.7
(199.3; 244.4) (179.3; 223.5) (134.2; 194.1) (156.1; 195.8) (149.2; 186.7) (140.8; 187.3) (144.4; 186.1)

  Ct.vBMD (mg 
HA/cm3)

951.5 975.4 957.7 917.7 913.0 890.9 863.2
(929.3; 991.7) (945.9; 997.0) (923.5; 995.8) (901.8; 952.4) (888.7; 952.2) (837.8; 932.8) (824.3; 900.5)

  Tb.N (1/mm) 2.18 2.11 1.85 1.82 1.76 1.91 1.86
(1.97; 2.42) (1.88; 2.27) (1.55; 2.14) (1.71; 2.23) (1.62; 2.11) (1.60; 2.14) (1.61; 2.04)

  Tb.Th (mm) 0.084 0.078 0.074 0.075 0.078 0.074 0.076
(0.072; 0.090) (0.068; 0.096) (0.064; 0.082) (0.069; 0.079) (0.071; 0.083) (0.063; 0.087) (0.067; 0.080)

  Tb.Sp (mm) 0.381 0.391 0.481 0.451 0.488 0.447 0.464
(0.328; 0.430) (0.366; 0.433) (0.391; 0.555) (0.376; 0.516) (0.397; 0.544) (0.396; 0.539) (0.418; 0.555)

  Ct.Th (mm) 1.470 1.412 1.338 1.357 1.253 1.321 1.243
(1.260; 1.620) (1.233; 1.546) (1.140; 1.469) (1.138; 1.526) (1.140; 1.397) (1.100; 1.425) (1.113; 1.350)

  Ct.Po (%) 4.32 4.88 4.32 5.45 7.21 7.61 8.97
(3.23; 5.62) (3.55; 5.66) (3.68; 6.43) (4.67; 6.72) (5.24; 8.88) (5.86; 9.39) (8.14; 10.27)

  S (kN/m) 330,819 297,542 276,731 254,900 242,488 246,891 214,418
(282,292; 

349,819)
(276,074; 

335,006)
(248,341; 

323,281)
(227,805; 

290,378)
(210,642; 

280,251)
(218,414; 

274,239)
(202,105; 

252,780)
  F.Load (N) 16,331 14,387 13,188 12,280 12,195 11,919 9965

(14,482; 17,778) (13,315; 16,024) (11,757; 15,062) (10,800; 14,099) (10,209; 13,453) (10,424; 13,250) (9155; 11,802)
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process and is likely to be an important determinant of 
fracture risk [40]. Moreover, consistent with previous 
reports, bone stiffness was significantly correlated with 
areal BMD, especially at the femoral neck [41].

Bone stiffness was also correlated with trabecular volu-
metric bone density and trabecular structural parameters by 
HR-pQCT and TBS. Of note, the trabecular compartment is 
crucial to bone strength. As demonstrated by Burrows et al. 
[42], the number of trabeculae is significantly higher for 
men than women in all age groups, suggesting that a larger 
trabecular structure would increase bone stiffness and con-
sequently improve fracture resistance. In fact, according to a 
recent study from our group, men had more trabeculae than 
women in all age groups, as well bone strength parameters 
estimated by finite element were higher for men compared 
to women [43].

Thus, a weak to moderate correlation between stiffness 
and density/structural parameters was detected in both 
compartments and at both peripheral sites, suggesting that 

bone strength is dependent on both trabecular and cortical 
bone. Although the magnitude of the correlation between 
FEA and most bone microstructural parameters provided 
by HR-pQCT is low, it helps to determine the contribu-
tion of each of these variables to fracture risk prediction, 
given that FEA provides an estimate of bone strength. Our 
data are consistent with the literature, which shows that 
both the cortical and trabecular bones contribute to the 
predicted failure load [44].

Although approximately 70% of our cohort was consid-
ered Caucasian, Brazil has very large with substantial ethnic 
admixture and distinct lifestyle habits, configuring a misce-
genated population [25]. It is different from the Caucasian 
population of North America and Europe, for example. It is 
known that there are ethnic differences in the skeletal param-
eters [45, 46]. Thus, reference data reported in this study 
may be more adequate for miscegenated populations.

Potential limitations of this study include degenerative 
changes in the lumbar spine such as osteophytes and aortic 
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Fig. 2   Reference curves depending on the age of a volumetric bone 
density, structure, and cortical porosity parameters, being (A) tra-
becular volumetric bone density (Tb.vBMD), (B) cortical volumetric 
bone density (Ct.vBMD), (C) number of trabeculae (Tb.N), (D) tra-
becular thickness (Tb.Th), (E) cortical thickness (Ct.Th), (F) cortical 

porosity (Ct.Po) obtained by HR-pQCT in the radius region (left) and 
tibia (right) in healthy men distributed by age groups. The solid line 
represents the mean from the regression model, and dashed lines rep-
resent the confidence interval of 95% prevision
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calcification that may have overestimated areal BMD (DXA). 
Besides this, the sample consisted of a healthy population 
that included individuals with osteopenia and osteoporosis, 
resulting in a broad spectrum of areal BMD. Moreover, it 
was not possible to separate participants into racial groups 
because of the larger number of Caucasian individuals than 
other races. The oldest participant in our study was 92 years 
old. Due to the limited number of participants aged 90 years 

or older in our cohort, there was no statistical ability to gen-
erate reference results over this decade.

In conclusion, the current study expands the HR-pQCT 
worldwide database. As this is a specific selected sample, the 
results may not be directly extrapolable to other male popu-
lations. Anyway, the study brings an adequate methodology 
for the construction of reference data in other populations. 
We hope it can stimulate longitudinal research on HR-pQCT.
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Fig. 3   Reference curves depending on the age of the bone strength 
parameters estimated by finite element, being (A) stiffness (S) and 
(B) failure load (F.Load) obtained by HR-pQCT in the radius region 

(left) and tibia (right) in healthy men distributed by age groups. The 
solid line represents the mean from the regression model, and dashed 
lines represent the confidence interval of 95% prevision
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Table 3   Multiple linear 
regression analysis to explain 
the bone microarchitecture 
parameters obtained by 
HR-pQCT at distal radius 
and tibia of 340 healthy men 
according to the age, weight, 
and height

Variable Factor Coefficient Standard error t value p R2

Radius

  Tb.vBMD (mg HA/cm3) Constant 276.95 58.53 4.73 <0.001 0.150

Age (years) −3.27 0.69 −4.71 <0.001
Height (cm) −0.14 33.96 0.00 0.997

Weight (kg) 0.165 0.192 0.86 0.389

Age2 (years2) 0.024 0.006 3.87 <0.001
  Ct.vBMD (mg HA/cm3) Constant 921.44 114.20 8.07 <0.001 0.152

Age (years) 3.30 1.35 2.45 0.015
Height (cm) 37.60 65.35 0.58 0.566

Weight (kg) −1.04 0.36 −2.88 0.004
Age2 (years2) −0.04 0.01 −3.46 0.001

  Tb.N (1/mm) Constant 2.26 0.45 4.99 <0.001 0.072

Age (years) −0.017 0.005 −3.20 0.001
Height (cm) −0.025 0.262 −0.10 0.923

Weight (kg) 0.0044 0.0015 2.95 0.003
Age2 (years2) 0.00015 0.00005 2.99 0.003

  Tb.Th (mm) Constant 0.087 0.018 4.73 <0.001 0.108

Age (years) −0.00020 0.00004 −4.79 <0.001
Height (cm) 0.00578 0.01112 0.52 0.604

Weight (kg) −0.00011 0.00006 −1.83 0.068

  Ct.Th (mm) Constant 0.864 0.329 2.63 0.009 0.062

Age (years) −0.0024 0.0008 −3.11 0.002
Height (cm) 0.149 0.198 0.75 0.452

Weight (kg) −0.0007 0.0011 −0.67 0.503

  Ct.Po (%) Constant 2.66 1.97 1.35 0.178 0.283

Age (years) −0.10 0.03 −3.79 <0.001
Height (cm) 0.77 1.17 0.66 0.513

Weight (kg) 0.0004 0.0068 0.06 0.950

Age2 (years2) 0.0012 0.0002 5.31 <0.001
  S (kN/m) Constant 48857.6 35012.7 1.40 0.164 0.158

Age (years) −344.5 82.4 −4.18 <0.001
Height (cm) 42116.5 21461.4 1.96 0.051

Weight (kg) 95.1 121.1 0.79 0.433

  F.Load (N) Constant 2381.9 1602.2 1.49 0.138 0.157

Age (years) −15.5 3.8 −4.11 <0.001
Height (cm) 1957.6 982.1 1.99 0.047
Weight (kg) 4.5 5.5 0.82 0.414

Tibia

  Tb.vBMD (mg HA/cm3) Constant 298.30 58.88 5.07 <0.001 0.239

Age (years) −4.26 0.70 −6.12 <0.001
Height (cm) −14.33 34.08 −0.42 0.674

Weight (kg) 0.427 0.192 2.22 0.027
Age2 (years2) 0.032 0.006 5.01 <0.001

  Ct.vBMD (mg HA/cm3) Constant 990.51 87.19 11.36 <0.001 0.281

Height (cm) 19.32 54.36 0.36 0.723

Weight (kg) −0.54 0.30 −1.79 0.074

Age2 (years2) −0.017 0.002 −8.74 <0.001

  Tb.N (1/mm) Constant 1.30 0.49 2.64 0.009 0.297

Age (years) −0.031 0.006 −5.34 <0.001

Height (cm) 0.392 0.284 1.38 0.169

Weight (kg) 0.0103 0.0016 6.45 <0.001

Age2 (years2) 0.00026 0.00005 4.89 <0.001
  Tb.Th (mm) Constant 0.131 0.019 6.76 <0.001 0.109

Age (years) −0.00021 0.00005 −4.63 <0.001
Height (cm) −0.014 0.012 −1.16 0.245

Weight (kg) −0.00024 0.00007 −3.63 <0.001
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