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Abstract
Summary In a cross-sectional cohort of 450 healthy women
aged 20 to 85 years, data on the density, structure, and strength
of the distal radius and tibia were obtained using high-resolution
peripheral quantitative computed tomography (HR-pQCT) and
were adjusted for age, weight, and height. Age-dependent pat-
terns of change differed between the sites and between the tra-
becular and cortical compartments. In postmenopausal women,
the trabecular bone remained relatively stable at the distal tibia,
but the cortical compartment changed significantly. Cortical po-
rosity exhibited a very weak correlation with stiffness.
Introduction The aim of this study is to provide information
on age-related, weight-related, and height-related changes in
the volumetric bone mineral density (vBMD), structure, and
biomechanical parameters of the cortical and trabecular com-
partments in a healthy female population using HR-pQCT.
Methods For a cross-sectional Brazilian cohort of 450 women
aged 20 to 85 years, age-related reference curves of the
vBMD, structure, and biomechanical parameters of the distal
radius (DR) and distal tibia (DT) were constructed and adjust-
ed for weight and height, and comparisons between premen-
opausal and postmenopausal women were performed.
Results Reference curves were obtained for all parameters. At
the DR, age-related changes varied from −8.68% (cortical
thickness [Ct.Th]) to 26.7% (trabecular separation [Tb.Sp]).

At the DT, the changes varied from −12.4% (Ct.Th) to 26.3%
(Tb.Sp). Cortical porosity (Ct.Po) exhibited the largest percent
changes: 342.2% at the DR and 381.5% at the DT. In premen-
opausal women, Ct.Th remained constant; in postmenopausal
women, structural trabecular parameters (trabecular number
(Tb.N), trabecular thickness (Tb.Th), Tb.Sp) did not change,
whereas cortical parameters and stiffness were significantly
altered. Cortical vBMD showed the greatest absolute decrease
at both sites, and the slopes were highly negative after meno-
pause. Pearson correlations between stiffness (S) and HR-pCT
parameters revealed a significant correlation between the den-
sities and structures of the trabecular and cortical compart-
ments. A weak correlation was observed between S and
Ct.Po (DR r = −0.162, DT r = −0.273; p < 0.05).
Conclusions These data provide reference curves from
healthy women and demonstrate that density and structural
and biomechanical parameters differ between the radius and
tibia and between the trabecular and cortical compartments. In
postmenopausal women, the trabecular bone remained rela-
tively stable at the tibia site, whereas the cortical compartment
changed significantly.
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Introduction

Bone is a dynamic tissue, and the formation and resorption
of bone are continuous processes in the life of an organism.
During growth, bone formation and resorption change the
size and shape of the bone [1]. During adolescence, there is
a dramatic increase in bone mineral density. A plateau is
maintained for some time, and then, age-related bone loss
begins to occur. Bone loss accelerates when menopause is
reached [2]. After menopause, slower, age-associated loss
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occurs and is characterized by low bone turnover in the
majority of subjects [3].

Measurement of the areal bone mineral density (BMD) in
the lumbar spine and femoral neck using dual-energy X-ray
absorptiometry (DXA) is currently the most accepted method
for the clinical diagnosis and assessment of fracture risk [4].
However, it is often difficult to determine which patients are at
an increased risk of fragility fractures and need treatment, as
bone fragility may already occur in women with osteopenia.
Dual-energy X-ray absorptiometry measurements of BMD
alone cannot distinguish between patients at low and high risk
[5]. There are limitations to this technology; it cannot distin-
guish between cortical and trabecular bone, and it cannot quan-
tify the bone microarchitecture. The skeletal microarchitecture
is an important determinant of bone strength independent of
areal BMD, and abnormal microarchitecture may contribute
to bone fragility and fracture susceptibility [5]. Indeed, epide-
miological data indicate that half of incidental fractures occur in
women whose areal BMD values are greater than the World
Health Organization (WHO) threshold criteria for the diagnosis
of osteoporosis [6].

High-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT) was recently introduced and allows precise
in vivo assessment of the vBMD and bone microarchitecture

[7]. HR-pQCT is a non-invasive, 3D imaging technique with a
nominal isotropic resolution of 82 μm that provides micro-
structural data on the cortical and trabecular compartments of
the distal radius and tibia [8, 9].

After the acquisition of standard microarchitecture data and
advanced cortical analysis, dedicated finite element programs
are provided by the manufacturer to estimate bone strength
[10–16].

The main benefits of this study are the unique population
and the number of variables that are analyzed. Prior studies
have examined men and women in detail [13–15, 17–22].

The aims of this cross-sectional study were to establish a
reference for HR-pQCT data from a healthy female popula-
tion, aged 20 to 85 years, and to describe age-related features
of the vBMD, structure, and biomechanical bone parameters
of the distal radius and tibia adjusted for weight and height.

Patients and methods

Participants

A total of 450 healthy women aged 20 to 85 years were invited
to participate; they worked at the University of São Paulo

Table 1 Demographic and anthropometric characteristics, risk factors for osteoporosis, and self-reported use of medications in 450 healthy women
according to age by decade

Variable 20–29 (n = 90) 30–39 (n = 69) 40–49 (n = 70) 50–59 (n = 94) 60–69 (n = 74) ≥70 (n = 53)

Age, years 25 ± 3.2 34 ± 2.7 46 ± 3.0 54 ± 2.9 64 ± 2.7 74 ± 3.0

Weight, kg 62.1 ± 13.1 68.0 ± 13.7 72.1 ± 12.3 71.1 ± 12.7 69.3 ± 11.7 69.1 ± 10.3

Height, m 1.61 ± 0.06 1.60 ± 0.07 1.57 ± 0.07 1.57 ± 0.06 1.54 ± 0.1 1.51 ± 0.1

BMI, kg/m2 24.3 ± 5.3 26.1 ± 4.9 29.0 ± 4.4 28.9 ± 4.7 29.31 ± 4.7 30.3 ± 4.6

Race, n (%)

Caucasian 72 (80.0) 51 (73.9) 64 (91.4) 75 (79.8) 48 (64.9) 44 (83.1)

Non-white 18 (20.0) 18 (26.1) 6 (8.6) 19 (20.2) 26 (35.1) 9 (16.9)

Age of menarche, years 12 ± 1.3 12 ± 1.5 12 ± 1.7 13 ± 1.9 13 ± 1.6 12 ± 1.5

Menopause, n 0 0 9 (12.8) 86 (91.5) 74 (100) 53 (100)

Parental history of OP, n (%) 23 (25.5) 22 (31.9) 15 (21.4) 20 (21.3) 21 (28.4) 8 (15.1)

Calcium intake, mg/day 544.4 ± 171.9 520.3 ± 172.2 347.4 ± 242.3 337.4 ± 269.4 455.7 ± 237.0 377.7 ± 252.7

Regular exercise, n (%) 63 (70.0) 43 (62.3) 23 (32.8) 34 (36.2) 34 (45.9) 17 (32.1)

Use of sun protection factor, n (%) 73 (81.1) 50 (72.5) 35 (50.0) 34 (36.2) 43 (58.1) 21 (39.6)

Social drinking, n (%) 45 (50.0) 26 (37.7) 20 (28.6) 30 (31.9) 32 (43.2) 11 (20.7)

Arterial hypertension, n (%) 0 3 (4.3) 9 (12.8) 5 (5.3) 11 (14.9) 10 (18.9)

Current use of antihypertensive 0 1 (1.4) 5 (7.1) 3 (3.2) 10 (13.5) 5 (9.4)

Current use of antidepressants 2 (2.2) 4 (5.8) 0 7 (7.4) 4 (5.4) 2 (3.8)

Current use of calcium supplementation 0 0 0 2 (2.1) 4 (5.4) 15 (28.3)

Current use of vitamin D supplementation 0 0 0 0 4 (5.4) 8 (15.1)

Current use of contraceptive 54 (60.0) 32 (46.4) 3 (4.2) 0 0 0

HRT (previous or current) 0 0 5 (7.1) 6 (6.4) 17 (23.0) 9 (16.9)

Data are shown as mean ± SD or number (percentage)

BMI body mass index, OP osteoporosis, HRT hormone replacement therapy
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School ofMedicine or the Clinical Hospital of the University of
São Paulo or were family members of the employees. At least
50 subjects were recruited per decade of age. The exclusion
criteria were bone-associated metabolic disease (rickets, prima-
ry hypoparathyroidism, osteomalacia, and Paget’s disease), pri-
or non-traumatic fracture, chronic disease (diabetes mellitus,
renal or liver failure, hyperthyroidism, hypothyroidism, and
malabsorption), the use of any medication that interferes with
bone metabolism (bisphosphonates, teriparatide, glucocorti-
coids, anticonvulsants, anticoagulants), smoking, and drinking
(considered significant if ≥3 U/day).

The Ethics Committee for the Analysis of Research
Projects (CAPPesq) of the Hospital das Clinicas (research
protocol no. 225.243-2013) approved this study, and all par-
ticipants gave written informed consent.

Data collection

Demographic and anthropometric characteristics, including
race, age, height, and weight, were recorded. Race was de-
fined based on self-reporting of the second generation of an-
cestors, an approach previously used for the Brazilian popu-
lation [23]. Individuals who reported having four white grand-
parents were classified as white. Individuals with 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 her parents. The descendants of other races were
not included. A questionnaire addressing risk factors for oste-
oporosis and the self-reported use of medications was used to
note the individual’s age at menarche and menopause, person-
al and family history of fracture, daily calcium intake (food)
[24], frequency of physical activity (at least three times a week
for the preceding 6 months) [25], use of sun protection, and
alcohol intake, as well as whether the individual had hyper-
tension. The current use of medications, such as antihyper-
tensives, antidepressants, calcium supplements, vitamin
D, contraceptives, and hormone replacement therapy,
was also recorded [26].

Areal bone mineral density

Areal bone mineral density (aBMD) measures of the lumbar
spine (L1–L4), femoral neck, and total hip were analyzed using
dual-energy X-ray absorptiometry (DXA) equipment in all par-
ticipants (Hologic QDR4500; Hologic, Bedford, MA).

Evaluation of the distal radius and tibia using HR-pQCT

The non-dominant forearm and the left tibia of the individuals
were immobilized on a carbon fiber shell provided by the
manufacturer. HR-pQCT acquisition (XtremeCT, Scanco
Medical AG, Brüttisellen, Switzerland) was performed usingT

ab
le
2

(c
on
tin

ue
d)

V
ar
ia
bl
e

20
–2
9
(n

=
90
)

30
–3
9
(n

=
69
)

40
–4
9
(n

=
70
)

50
–5
9
(n

=
94
)

60
–6
9
(n

=
74
)

≥7
0
(n

=
53
)

M
ed
ia
n
(I
Q
R
)

M
ed
ia
n
(I
Q
R
)

M
ed
ia
n
(I
Q
R
)

M
ed
ia
n
(I
Q
R
)

M
ed
ia
n
(I
Q
R
)

M
ed
ia
n
(I
Q
R
)

D
X
A B
M
D
L
1–
L
4,
g/
cm

2
1.
00
0
(0
.7
60
,1
.2
40
)

1.
01
0
(0
.7
70
,1
.2
40
)

0.
99
0
(0
.7
60
,1
.2
20
)

0.
97
0
(0
.7
40
,1
.1
90
)

0.
92
0
(0
.7
10
,1
.1
40
)

0.
87
0
(0
.6
60
,1
.0
70
)

B
M
D
ne
ck
,g
/c
m

2
0.
82
0
(0
.6
00
,1
.0
40
)

0.
83
0
(0
.6
10
,1
.0
40
)

0.
81
0
(0
.6
10
,1
.0
10
)

0.
77
0
(0
.5
80
,0
.9
60
)

0.
71
0
(0
.5
30
,0
.8
90
)

0.
62
0
(0
.4
50
,0
.7
90
)

B
M
D
to
ta
lh

ip
,g
/c
m

2
0.
91
0
(0
.6
70
,1
.1
50
)

0.
94
0
(0
.7
00
,1
.1
70
)

0.
93
0
(0
.7
10
,1
.1
50
)

0.
91
0
(0
.6
90
,1
.1
20
)

0.
86
0
(0
.6
60
,1
.0
60
)

0.
79
0
(0
.6
00
,0
.9
70
)

D
at
a
ar
e
sh
ow

n
as

m
ed
ia
n
(I
Q
R
)

IQ
R
in
te
rq
ua
rt
ile

in
te
rv
al
,T
t.v
B
M
D
to
ta
lv
ol
um

et
ri
c
bo
ne

m
in
er
al
de
ns
ity
,T
b.
vB

M
D
tr
ab
ec
ul
ar
vo
lu
m
et
ri
c
bo
ne

m
in
er
al
de
ns
ity
,C

t.v
B
M
D
co
rt
ic
al
vo
lu
m
et
ri
c
bo
ne

de
ns
ity
,T
b.
N
tr
ab
ec
ul
ar
nu
m
be
r,
Tb

.T
h

tr
ab
ec
ul
ar

th
ic
kn
es
s,
Tb

.S
p
tr
ab
ec
ul
ar

se
pa
ra
tio

n,
C
t.T

h
co
rt
ic
al
th
ic
kn
es
s,
C
t.P

o
co
rt
ic
al
po
ro
si
ty
,C

t.P
o.
D
m
co
rt
ic
al
po
re

di
am

et
er
,S

st
if
fn
es
s,
F.
Lo

ad
es
tim

at
ed

fa
ilu

re
lo
ad
,B

M
D
bo
ne

m
in
er
al
de
ns
ity

1338 Osteoporos Int (2017) 28:1335–1346



aibiTsuidaR

2nd decade 

3rd decade 

4th decade 

5th decade 

6th decade 

7th decade 

Fig. 1 3D images of the distal radius and tibia for each age group

Osteoporos Int (2017) 28:1335–1346 1339



the standard scanning protocol (60 kVp, 1.0 mA), and the
region of interest was defined using a scout view. The mea-
surements included 110 slices spanning a length of 9.02 mm
(voxel size of 82 μm) from the distal end, positioned 9.5 and
22.5 mm proximal to the reference line for the distal radius
and tibia, respectively.

The standard and advanced cortical (auto-segmentation)
methods of the scanner were used for the analysis with appro-
priate references [16, 27].

All examinations were conducted by a trained biomedical
scientist (JCA) who also carefully examined each scan for
motion artifacts. In the case of significant motion artifacts, a
second examination was performed. All HR-pQCT images
were scored based on a motion scale ranging from 0 (no
movement) to 4 (significant blurring of the periosteal surface,
discontinuities in the cortical layer) [28]. For this study, scans
with a score of 4 were excluded. Quality control was moni-
tored daily using a phantom calibration provided by the
manufacturer.

The outcome variables used in our analyses included the
following:

(a) Volumetric bone mineral density parameters (mg HA/cm3):
total volumetric bone mineral density (Tt.vBMD), tra-
becular volumetric bone mineral density (Tb.vBMD),
and cortical volumetric bone mineral density
(Ct.vBMD).

(b) Bone structure parameters: trabecular number (Tb.N,
1/mm), trabecular thickness (Tb.Th, mm), trabecular
separation (Tb.Sp, mm), and cortical thickness (Ct.Th,
mm).

(c) Cortical porosity parameters: cortical porosity (Ct.Po, 1)
and mean cortical pore diameter (Ct.Po.Dm, mm).

In our laboratory, HR-pQCT measurements of the distal
radius had coefficients of variation ranging from 0.93 to
1.41% for density and 1.49 to 7.59% for morphometric
measurements.

Finite element analysis

To assess biomechanical bone strength, a software-specific
finite element analysis was performed. The software uses the
so-called voxel conversion technique to create finite element
models (Finite Element software v. 1.13, Scanco Medical AG,
Switzerland, January 2009). In this technique, the vector in-
formation obtained from the model is converted into units
called voxels, which have identical shapes and sizes. Voxels
are cube-shaped and are the smallest unit of the image of the
analyzed material [29]. Each voxel is registered with elasticity
among 255 gradations that are recognized by the system to
perform mathematical calculations [10]. This analysis com-
prises a virtual resistance test through which the computer

estimates and analyzes the behavior of the bone when subject-
ed to a compressive force [11, 12, 30]. 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 following
biomechanical properties were studied: stiffness (S, kN/mm)
and estimated failure load (F.Load, N).

Statistical analysis

Data were expressed as the mean and SD or the median and
interquartile range (IQR). Multiple linear regression models
were developed to predict the volumetric BMD, bone struc-
ture, cortical porosity, and finite element variables for the dis-
tal radius and tibia as functions of age, weight, and height.
Each model was compared with a linear relationship, and the
simplest model was used to estimate the change in the
HR-pQCT variables between ages 20 and 80 years. The age
slopes of premenopausal and postmenopausal women were
estimated and compared using a linear model that tested the
age-menopause interaction.

Several models (linear vs. non-linear) were tested for
second-order parameters (quadratic), and those that were not
significant were removed. Thus, 14 curves were obtained for
the female population. The predicted values were calculated
using appropriate regressionmodels. The results are illustrated
using scatter plots with their respective normal ranges (95%
CI), and tests between the estimated variables were performed
at a significance level of 5%. To evaluate the correlation be-
tween stiffness and the other parameters measured using
HR-pQCT, Pearson correlations were used. p values <0.05
were considered statistically significant.

Results

The final sample included 450 women, 78.7% of whom were
white and 21.3% of whom were non-white. We provide the
descriptive characteristics of demographic and anthropometric
parameters, risk factors for osteoporosis, and self-reported use
of medications for the cohort in Table 1 Forty-nine percent of
the women were postmenopausal. Fifty-nine scans were re-
peated (41 scans from the distal radius and 18 from the tibia)
due to patient movement during the exam (coughing, talking),
as the presence of motion artifacts was unacceptable.

�Fig. 2 Relationship of a trabecular vBMD, b cortical vBMD, c
trabecular number, d trabecular separation, e cortical thickness, f
cortical porosity, and g stiffness at the distal radius (first) and tibia
(following) to age among healthy women. The solid line represents the
predicted mean from the regression model (premenopausal women (black
circles), postmenopausal women (white circles)), and the dashed lines
represent the 95% confidence intervals

b
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Data from aBMD at lumbar spine, femoral neck, and total
hip obtained by DXA of 450 healthy women between 25 and
80 years of age are presented in Table 2.

Representative 3D images of the distal radius and tibia for
each age group are shown in Fig. 1.

Evaluation of the distal radius using HR-pQCT

HR-pQCT data on the distal radius of 450 healthy women
aged 25 to 80 years were analyzed using multiple regression
analysis, and several equations were obtained (Table 1—
Supplementary file).

These curves (estimated values) are illustrated using scatter
plots, and a representative model that visually separates pre-
menopausal and postmenopausal women is shown (Fig. 2).
The medians and IQRs of all distal radius parameters are pre-
sented in Table 2.

Pearson correlations were performed between stiffness and
density/structural parameters, and significant correlations were
obtained for Tt.vBMD (r 0.638, p < 0.001), Tb.vBMD (r 0.644,
p < 0.001), Ct.vBMD (r 0.484, p < 0.001), Tb.N (r 0.245,
p < 0.001), Tb.Th (r 0.616, p < 0.001), Tb.Sp (r −0.312,
p < 0.001), Ct.Th (r 0.575, p < 0.001), Ct.Po (r −0.162,
p = 0.015), and Ct.Po.Dm (r 0.140, p = 0.036).

Evaluation of the tibia using HR-pQCT

HR-pQCT data on the tibia of 450 healthy women between 25
and 80 years of age were analyzed using multiple regression
analysis, and several equations were obtained (Table 1—
Supplementary file).

These curves are illustrated using scatter plots, and a rep-
resentative model that visually separates the premenopausal
and postmenopausal women is shown (Fig. 2). The median
and IQR of all distal tibia parameters are presented in Table 2.

Pearson correlations were performed between stiffness and
density/structural parameters, and significant correlations
were obtained for Tt.vBMD (r 0.454, p < 0.001), Tb.vBMD
(r 0.571, p < 0.001), Ct.vBMD (r 0.300, p < 0.001), Tb.N (r
0.298, p < 0.001), Tb.Th (0.355, p < 0.001), Tb.Sp (r −0.354,
p < 0.001), Ct.Th (r 0.371, p < 0.001), and Ct.Po (r −0.273,
p < 0.001).

Age-related changes in the distal radius and tibia

As shown in Table 3, the magnitude of the percent changes
with age in the distal radius varies from decreases of −8.68%
(Ct.Th) to −25.3 (Tb.vBMD) and increases of 26.7% (Tb.Sp)
to 342.2% (Ct.Po). Regarding the distal tibia, these changes
vary from decreases of −12.4% (Ct.Th) to −19.1% (Tb.N) and
increases of 26.3% (Tb.Sp) to 381.5% (Ct.Po). The trabecular
density and thickness do not vary with age at the tibia site.

Cortical porosity was the parameter that exhibited the highest
percent change between age 20 and 80 years at the tibia (381.5%)
and the radius (342.2%). Regarding absolute changes, cortical
vBMD exhibited the greatest decrease in the distal radius (−89.4,
p < 0.01) and distal tibia (−185.4, p < 0.01) (Table 3).

In premenopausal women, at the distal radius, no decrease
was observed in the volumetric densities, Tb.Th, Ct.Th, and
stiffness. In contrast, Tb.N, Tb.Sp, and cortical porosity varied
in healthy premenopausal individuals. Regarding the distal
tibia, all parameters changed except Ct.Th (Table 3).

In postmenopausal women, all analyzed parameters of the
distal radius changed significantly except Tb.N, Tb.Th, and
Tb.Sp. Regarding the distal tibia, the trabecular parameters
remained constant, but cortical parameters and stiffness were
significantly altered (Table 3).

Comparing the slopes of the relationships between premen-
opausal and postmenopausal women, significant differences
were observed for Ct.vBMD and Ct.Po in both the distal ra-
dius and the tibia (p < 0.001) and for stiffness (p < 0.001) at
the tibia (Table 3).

Discussion

This study provides reference data for a population of healthy
women and describes changes in several age-related,
weight-related, and height-related factors, including volumet-
ric bone density, structure, and biomechanical parameters, for
the distal radius and tibia using HR-pQCT.

The main advantage of this study is that it includes weight
and height adjustments in addition to age adjustments because
important changes in weight and height occur with aging,
leading to an increased ratio of upper to lower body fat. In
addition, changes in weight lead to inflammation and subse-
quent alterations in bone metabolism and bone loss [31].
Furthermore, another advantage is the large number of
Brazilian (racially mixed) women who were included,
allowing us to establish reference curves for this population.

There are several studies in the literature that analyze
HR-pQCT parameters in healthy populations. There are three
studies from Europe: a cohort of white men and women in
Denmark [22], a cohort of males and females in England [13],
and a cohort of 857 Caucasian women in Lyon, France [16];
three studies from the USA: cohorts of white women and men
in Rochester [18, 19] and a cohort of male and female volun-
teers, including white, Asian, Hispanic, and African
American participants, in San Francisco [15]; three studies
from Canada that included cohorts of Caucasian women
and men in Calgary [14, 17, 32]; and one study from
Asia: a Chinese cohort of 393 women [33]. To date, we
have not identified a study that includes a large number of
healthy women from Latin America, which is characterized
by a racially mixed population.
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Our data indicate that trabecular volumetric density
(Tb.vBMD) remained constant with age for the tibia, but not
the radius. It is possible that this constancy is related to bearing
weight and may be due to distinct loading forces acting at this
bone site [34, 35]. The load applied to the long bones, such as
the tibia, is commonly associated with daily gait, other
impact-associated routine physical activities [36, 37], and in-
creased weight or body mass index during aging.

In contrast to trabecular density, cortical vBMD was the
parameter with the greatest absolute decreases for both sites,
and the slopes were highly negative after menopause, suggest-
ing that the age-related decreases in cortical vBMD appear to
be closely associated with the onset of estrogen deficiency
[38] due to accelerated endocortical resorption [33].

The cortical thickness parameter exhibited percentage of de-
crease for both sites and had a moderate correlation with stiff-
ness. Although it is recognized that cortical thickness reduces

with age [33, 39], longitudinal estimates of thinning patterns
specific to healthy young and old individuals are lacking.

Cortical porosity exhibited an important increase with age:
It was greater in the distal tibia than in the distal radius and
was greater in postmenopausal women than in premenopausal
women. However, this variable exhibited a very weak corre-
lation with stiffness even in the tibia, where deterioration in
stiffness was observed in premenopausal women. Our data are
similar to those of previous studies, which demonstrated that
the cortical porosity parameter has minimal influence on bone
strength, that the increase in absolute cortical porosity was
increased in the tibia and was associated with age, and is more
pronounced in women at the onset of menopause [16, 33, 40].

Our data indicate that trabecular number and separation are
mainly altered in premenopausal women at both peripheral
sites. This finding is consistent with reports in the literature,
which show that trabecular bone loss occurs independent of

Table 3 Changes across life in distal radius and tibia vBMD, structure, cortical porosity, and stiffness obtained by HR-pQCT among healthy women

Mean ± SD (20–
29 years)

% Change between
20 and 80 years

Absolute change
between 20 and
80 years

Age slope,
premenopausal

Age slope,
postmenopausal

p value, premenopausal vs
postmenopausal slope

Distal radius

Tb.vBMD,
mg
HA/cm3

173.41 ± 30.55 −25.3** −45.98** Constant −30.05** –

Ct.vBMD,
mg
HA/cm3

1015.38 ± 38.38 −8.83** −89.4** 16.41** −101.15** <0.001

Tb.N,
1/mm

2.08 ± 0.24 −15.4** −0.324** −0.157** Constant –

Tb.Th, mm 0.069 ± 0.010 −10.89** −0.008** Constant Constant –

Tb.Sp, mm 0.42 ± 0.06 26.7** 0.108** 0.044** Constant –

Ct.Th, mm 0.85 ± 0.18 −8.68** −0.0754** Constant −0.0233** –

Ct.Po, 1 0.01 ± 0 342.2** 0.027** 0.005** 0.019** <0.001

S, kN/mm 73,567.47 ± 11,967.36 −25.5** −19,230** Constant −17,557** –

Distal tibia

Tb.vBMD,
mg
HA/cm3

171.63 ± 31.09 Constant Constant −39.92** Constant –

Ct.vBMD,
mg
HA/cm3

1014.67 ± 28.37 −18.2** −185.4** −17.87** −177.79** <0.001

Tb.N,
1/mm

1.87 ± 0.33 −19.1** −0.357** −0.350** Constant –

Tb.Th, mm 0.077 ± 0.013 Constant Constant Constant Constant –

Tb.Sp, mm 0.47 ± 0.1 26.3** 0.125** 0.124** Constant –

Ct.Th, mm 1.30 ± 0.19 −12.4** −0.1618** Constant −0.1571** –

Ct.Po, [1] 0.02 ± 0.01 381.5** 0.0634** 0.017** 0.063** <0.001

S, kN/mm 206,228.63 ± 31,286.87 −21.7** −46,593** −19,095** −34,068** <0.001

Units for the slope are the units for each variable/year (cm3 /year or mm/year)

Tb.vBMD trabecular volumetric bone density, Ct.vBMD cortical volumetric bone density, Tb.N trabecular number, Tb.Th trabecular thickness, Tb.Sp
trabecular separation, Ct.Th cortical thickness, Ct.Po cortical porosity, S stiffness

**p < 0.01
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decreases in estrogen levels and is observed even in young
adults [38]. Longitudinal HR-pQCT analyses are needed to
confirm the age of onset of trabecular microarchitectural de-
terioration in women and to elucidate the role of sex hormones
in these changes.

In postmenopausal women, all cortical parameters exhibit-
ed changes at both sites, but, with the exception of trabecular
density, the trabecular parameters remained constant during
this period. Consistent with our findings, Hung et al. showed
that in the elderly, approximately 80% of fractures occur at
skeletal sites that are predominantly cortical; by this time, the
loss of trabecular bone has decelerated [33]. In fact, compar-
ing the age slopes of the premenopausal and postmenopausal
periods, significant differences in Ct.Powere identified at both
sites and in Ct.vBMD and stiffness at the tibia.

In the present study, a moderate positive correlation be-
tween stiffness and vBMD and between stiffness and structur-
al parameters was detected in both compartments and at both
peripheral sites, suggesting that bone strength is dependent on
both trabecular and cortical bone. Our data are consistent with
the literature, which shows that both the cortical and trabecular
bone contribute to the predicted failure load [41].

The trabecular thickness at the tibia site was not affected by
age when adjusted for weight and height. These findings are
potentially related given that the thinner trabeculae are
reabsorbed throughout adult life, thereby increasing the mean
thickness of the remaining trabeculae. Even the thick trabec-
ulae are resorbed with time and become thinner. Thus, it is
possible that the remaining trabeculae adapted to the me-
chanical load by increasing their thickness [8, 42]. Notably,
the results reported by Silva and Gibson indicate that in
relation to bone strength, the reduction in trabecular thick-
ness is less important than the decrease in trabecular num-
ber in a microstructural model representative of human ver-
tebral trabecular bones [43].

The main limitation of this study is its cross-sectional de-
sign; further longitudinal investigation is needed to determine
true age-related changes based on the HR-pQCT results.
Estimated values were obtained for each age group.
Although it is possible that a bias related to hormone replace-
ment therapy influences the bone health status of the partici-
pants, we assume that this is not the case because many wom-
en in our population are not administered with hormone re-
placement therapy. In addition, another limitation is scan res-
olution, and our cohort did not include subjects between 80
and 90 years of age.

In conclusion, our data demonstrate that age-related patterns
of changes in the distal radius and tibia differ in the trabecular
and cortical compartments. The age-related changes were gen-
erally greater for the cortical bone. In postmenopausal women,
the trabecular bone remained relatively stable, whereas the
cortical compartment changed significantly. Cortical porosity
exhibited a weak correlation with stiffness, suggesting that this

parameter has a smaller influence on bone strength. In our
cohort of healthy women, we also established a set of reference
age-related data on vBMD, structure, and biomechanical pa-
rameters obtained using HR-pQCT. These data were adjusted
for weight and height and can be used in future studies or
clinical practice to interpret changes in bone quality.
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