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Abstract Using peripheral quantitative computed
tomography (pQCT) we assessed trabecular and cortical
bone density, mass and geometric distribution at the
tibia level in 512 men and 693 women, age range 20—
102 years, randomly selected from the population living
in the Chianti area, Tuscany, Italy. Total, trabecular and
cortical bone density decreased linearly with age
(p<0.0001 in both sexes), and the slope of age-asso-
ciated decline was steeper in women than in men. In
men, the cortical bone area was similar in different age
groups, while in women older than 60 years it was sig-
nificantly smaller by approximately 1% per year. The
total cross-sectional area of the bone became progres-
sively wider with age, but the magnitude of the age-
associated increment was significantly higher in men
than in women (p <0.001). The minimum moment of
inertia, an index of mechanical resistance to bending,
remained stable with age in men, while it was sig-
nificantly lower in older compared with younger women
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(0.5% per year). The increase in bone cross-sectional
area in aging men may contribute to the maintenance of
adequate bone mechanical competence in the face of
declining bone density. In women this compensatory
mechanism appears to be less efficient and, accordingly,
the bone mechanical competence declines with age. The
geometric adaptation of increasing cross-sectional bone
size is an important component in the assessment of
bone mechanical resistance which is completely over-
looked, and potentially misinterpreted, by traditional
planar densitometry.

Keywords Bone mechanical properties - Elderly -
Osteoporosis - pQCT

Introduction

The skeletal bone mass increases during infancy and
adolescence, reaches a peak in the third or fourth decade
and then declines over the following years [1, 2]. In
women, bone mass declines slowly and progressively in
the years prior to menopause and then declines more
rapidly with the postmenopausal drop in estrogen levels
[3]. It is widely acknowledged that the age-associated
decline in bone mass accounts for the high rates of bone
fractures experienced by older persons, and especially by
older women. Accordingly, current guidelines suggest
that in clinical practice, the risk of fractures should be
estimated by measuring bone mineral density (BMD) by
dual-energy X-ray absorptiometry (DXA). This recom-
mendation is based on the assumption that BMD is a
good measure of bone strength. However, a number of
recent reports have challenged this view, arguing that
DXA provides a measure that does not account for
changes in the quantitative and geometric distribution of
trabecular and cortical bone tissues, which are impor-
tant factors affecting bone strength in both the appen-
dicular and axial skeleton [4, 5, 6, 7, 8, 9). Several lines of
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research suggest that, over the aging process, bone tissue
goes through a remodeling process mostly involving an
enlargement of the cortical bone “ring”. Although this
remodeling process increases the bone mechanical
resistance to fractures [8], it is detected by DXA simply
as a reduction in BMD. Indecd, since most epidemio-
logic studies on aging bone have been based on DXA
measures, very little is known about the dynamics of
cortical bone mass in growth and aging.

In order to circumvent this problem, a peripheral
quantitative computed tomography (pQCT) device has
recently been developed which allows for separate
assessments of cortical and trabecular bone and provides
direct information on bone geometry. From the analysis
of cross-sectional images provided by pQCT, informa-
tion on mass and distribution of bone material can be
integrated into indexes of bone stability in response to
bending and torsional loads, which are the two most
important biomechanical measures of susceptibly to
appendicular fractures [10] and may improve our accu-
racy in the prediction of fractures [11, 12].

The aim of this study was to describe the age-related
differences in purely trabecular and cortical bone density
and mass and in the indexes of bone strength. The data
presented in this report were obtained using pQCT in the
participants of the InCHIANTI study, a large popula-
tion-based sample of persons over the age range 20—
102 years [13].

Materials and methods

The population sample

InCHIANTI is an epidemiologic study in two Italian towns in the
Chianti countryside; Greve in Chianti (11,709 inhabitants; rural
area) and Bagno a Ripoli (village of Antella, 4704 inhabitants; just
outside the urban area of Florence). The study population con-
sisted of a random sample of the population aged 65 years and
older living in the two catchment areas, and 30 men and 30 women
randomly selected in each decade between 20 and 70 years. A de-
tailed description of the design and data collection methods of
InCHIANTI have been published previously [13]. Of the 1,530
subjects originally sampled, 1,453 (94%) agreed to participate in
the study. Of these, 612 men and 693 women underwent a pQCT
examination (78% of men and 76% of women were older than
65 years). The study protocol was approved by the INRCA ethics
committee. All subjects received an extensive description of the
purposes and known risks of the study procedures, and all gave
their informed consent.

Lower leg pQCT

Lower leg pQCT was performed in all the study participants by
means of a recent-generation device (XCT 2000, Stratec Medizin-
technik, Pforzheim, Germany). The subjects were seated in front of
the apparatus with the right leg extended, positioned inside the
gantry of the device. The distal end of the tibia (the tibio-talar joint
cleft), identified using a pQCT longitudinal scout view, was used as
an anatomic marker for the identification of the measurement sites.
The length of the tibia had been previously assessed as the distance
between the medial knee joint cleft and the medial malleolus (both
identified by manual palpation) while the participant was lying

supine. Standard 2.5 mm thick transverse scans were obtained at
4% of the tibial length, where trabecular bone is most abundant,
and at 38% of the tibial length, where the cortical shell is usually
thicker than 2.5 mm, thus allowing an accurate detection of the
bone boundaries [14]. The cross-sectional images obtained from the
pQCT were analyzed using BonAlyse (BonAlyse Oy, Jyvaskyla,
Finland; http://www bonalyse.com), software for processing pQCT
scans that automatically identifies bone tissue (cortical and tra-
becular) and assesses its density and geometry. Different tissues in
the analysis were separated according to different density thresh-
olds. In particular, areas with density values above 710 mgjem?
were considered as ‘“cortical bone” [15], while areas with density
values between 180 and 710 mg/cm” were considered as “trabecular
bone”. The following bone parameters were derived from the
pQCT images:

— Total bone density (mg/cm®): assessed as the average density of
the whole bone cross-section measured at the 4% site, inchuding
both the spongiosa and the thin surrounding cortical shell. Since
bone marrow is also included in the measurement, and spongi-
osa is not measured separately from the cortex, it cannot be
considered a measure of bone material property; rather, it pro-
vides a complex value, similar to the BMD obtained by DXA.

— Trabecular bone density (mgjcm®):assessed as the average density
of the trabecular bone area detected at the 4% site. Cortical bone
was excluded from the measurement.

— Cortical bone density (mgjem®): a selective measure of the
apparent volumetric density of cortical bone measured at the
38% site, which is a good marker of bone material property.

— Total bone area (mm~): assessed as the cross-sectional area of the
voxels with a density higher than 180 mg/cm® measured at the
4% site which is a measure of bone size.

— Cortical bone area (mm?): assessed as the cross-sectional area of
the voxels with a density higher than 710 mg/cm®, measured at
the 38% site. The cortical bone area is a good measure of total
cortical bone mass and a valid marker of bone resistance against
compression and tensile loads [15]. To obtain information on the
mechanical bone competence against bending and torsional
loads, we calculated two composite parameters, which take into
account the characteristics and the spatial distribution of bone
material:

— Minimum moment of inertia (g/cm): calculated as a density
weighted moment of inertia at the 38% site, according to the
following formula: 7 = [ ar’p, where Iis the minimum moment
of inertia, « is the voxel area, r is the distance between each voxel
and the neutral axis of the section, and p is the density of the
voxel that is considered [16]. The minimum moment of inertia
provides an estimate of the minimal resistance to bending of the
examined section [10].

— Eccentricity index (I,/1,): calculated at the 38% site, as the ratio
of the moment of inertia calculated along the y-axis (which
coincides with the direction of the widest bone width that passes
through the center of mass of the cross-section) and the moment
of inertia calculated along the x-axis (defined as perpendicular to
the y-axis). The eccentricity index provides a measure of the
bone material cross-sectional distribution. For circular cross-
sections, this ratio equals 1. However, as the bone cross-section
becomes more elliptical, ie., the bone assumes an eccentric
shape, the I,/ ratio increases [17].

The precision error of the XCT2000 is below 1% for volumetric
trabecular and cortical density and for cortical bone area {15, 18],
and between 1% and 3% for composite geometric parameters [15].

Standing height and weight were objectively measured in each
participant, and body mass index (BMI) was calculated as the
weight (kilograms) divided by the square of height (meters).

Statistical analysis

All analyses were performed using SAS 8.2 statistical software.
Data are reported as mean values + standard deviations (SD). To
minimize the interference of secularization on measures of bone



geometry, bone areas and the moment of inertia were normalized
by tibial length according to Ruff [19].

The relationships between age and bone parameters were
examined by scatter plots and visually summarized by locally
weighted regression smoothers. To test whether the cross-sectional
relationship between age and each bone parameter was linear, we
fitted both linear models and generalized additive models where age
as a linear predictor was substituted by a smoothing function of
age. Relationships that were found to be non-linear were further
examined using a series of piecewise regression models. In all cases
of non-linearity, a two-segment model allowing different slopes
before and after 60 years of age yielded the best fit. The slopes
estimated for men and women were compared by testing an
“agexsex” interaction terms [20] under the “null” hypothesis that
the magnitude of age-associated difference in the specific parameter
‘““per ycar” was similar in men and women.

Results

Data on anthropometric variables are reported in
Table 1. Within each sex, height, weight and BMI were
statistically different across age groups. In particular,
height declined with increasing age in both sexes and
men were taller than women in each age group. The age-
related differences in body size could not be fully
explained by the postural changes and reduction in
intervertebral spaces which typically occur over the
aging process. In fact, similar age-related trends were
observed when the tibial length, a marker of body size
that remains stable with aging, was considered.

In both men and in women, older age was associated
with lower total, trabecular and cortical bone density
(Table 2). Total and trabecular bone density were al-
ways lower in women than in men in each age group.
Interestingly, average cortical bone density, the only
parameter that directly assesses the bone material
properties, was higher in women in the two age groups
20-39 years and 4049 years, and became higher in men
than in women thereafter. In men, cortical bone area, a
marker of cortical bone mass, was similar in different
age groups while total bone increased with aging. It is
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noteworthy that in women the cortical bone area was
substantially lower at older ages, while the total bone
area increased, although the magnitude of the age-
associated increment was smaller than in men. In men,
the minimum moment of inertia, a derived parameter
that summarizes how parallel changes in bone material
and in bone geometry translate into changes in bone
mechanical properties, was not statistically different
across age groups. On the contrary, in women we ob-
served average values that were progressively smaller
with age. The cross-sectional shape of bone and spatial
homogeneity in the distribution of the cortical material
in the bone ring appeared to be unaffected by age, as
indicated by the lack of age-related differences in the
eccentricity index in both sexes.

Further analyses were performed to test the hypoth-
esis that bone structural and geometric parameters do
not change linearly with age and that the form of such a
relationship is different in the two sexes.

The relationship between age and trabecular and
cortical bone density is depicted in the scatterplots of
Fig. 1. For both parameters, and in both men and wo-
men, no significant departure from linearity was de-
tected. Similar results were found when total bone
density was analyzed. The sex-specific equations
describing the relationships between age and total, tra-
becular and cortical bone density show that the slope of
decline with age for all three parameters was statistically
steeper in women (Table 3). The most striking difference
concerned the cortical bone density, whose decline per
year was 3 times higher in women than men.

Consistent with the data shown in Table 2, the size of
the cortical bone area was not correlated with age in
men, even when a non-linear form of the relationship
was allowed. On the contrary, we found that in women
the reduction of cortical bone area was much steeper at
later ages (Fig. 2). Table 3 reports the slope of change in
cortical bone area before and after the age of 60 years.
This age threshold was selected because it maximized the

Table 1 Anthropometric data according to sex and age groups (InCHIANTI study population). Values are mean+ SD

n Age (years) Height (cm) Weight (kg) BMI (kg/m?) Tibial length (mm)
Men
20~-39 years 56 31.2+52 1752+£6.2 78.9+13.2 25.6+3.0 390.4+£25.0
4049 years 48 45.1+3.4 171.1£7.0 83.1+13.1 28445 396.0+21.2
50--64 years 46 58.2+5.1 171.7+7.3 80.1+11.7 274433 382.5+23.1
65-74 years 254 70.1+3.0 167.0+7.1 76.5+11.3 274432 373.0+23.4
75-85 years 128 78.8+3.8 163.9+£7.1 72.4+£12.2 269442 367.8 £24.6
85+ years 80 88.8+3.3 158.8+7.3 64.3£7.6 25443.0 359.8+20.5
ANOVA? p<0.0001 p<0.0001 p <0.0001 p<0.0005 »<0.0001
Women
20-39 years 55 30.8+5.2 162.3+£6.2 61.5+10.1 234142 357.0£22.2
40-49 years 47 444433 159.7+6.2 656114 258+54 3488+ 184
50-64 years 60 57.8+5.1 158.0+£6.7 67.1+11.2 26.8+4.2 351.6+23.5
65-74 years 283 70.8 £3.0 154.7+6.1 67.4+£11.6 28.23+4.2 346.1£22.1
75-85 years 180 79.3+3.7 151.34+7.6 63.0+114 27.5+4.6 341.4+21.0
85+ years 68 88.5+3.6 148.3+7.5 58.0+ 0.1 26.3+4.2 339.9+20.5
ANOVA? <0.0001 p<0.0001 p<0.0001 »<0.0001 p<0.0001

2Comparing mean values across age groups within sexes
D
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Table 2 Parameters of bone density, mass and geometry according to sex and age groups (InNCHIANTI study population). Values are

mean + SD

Age group? (years) ANOVA®

20-39 40-49 50-64 65-74 75-84 85+
Total bone density 4% ( mgjem®)
Men 342.3+£449 315.2+38.2 302.1+31.8 288.6+35.5 200.0+45.4 284.8 +45.1 p<0.0001
Women 307.1+£34.8 286.9+27.9 274.6 +£40.3 253.9+32.2 241.6+36.8 229.2+33.1 p<0.0001
Trabecular bone density 4% (mg/cn’) ‘
Men 332.54:36.3 312.5£35.7 294.4+£26.4 284.0+33.3 284.8 £40.0 279.4+£40.4 p<0.0001
Women 299.1+33.14 283.3+24.6 270.4+39.4 251.5+35.0 239.7x414 228.9+33.9 p<0.0001
Cortical bone density 38% (mgjem’)
Men 1057.6 +£36.4 1039.0 £ 67.4 1025.7£72.3 1025.4+50.8 1020.6 +64.8 1001.6+66.3 p <0.0001
Women 1068.7 +44.0 1073.4£33.3 1013.7+£72.2 994.9 +88.1 977.5+78.0 941.6+83.9 p<0.0001
Cortical bone area 38% (mm’)
Men 318.9+47.9 329.1£54.9 319.7+£56.8 3249+422 326.8+46.0 332.7+£51.2 p=0.28
Wormen 288.8+41.2 289.2+34.3 287.9+53.5 281.1+52.7 265.0+60.0 230.2+72.4 p<0.0001
Total bone area 4% (mm?)
Men 372.2+54.4 391.1+572 388.0 +56.8 399.04 +45.1 404.5+48.9 423.2+60.3 »<0.0001
Women 341.6+£47.8 349.4+38.2 358.8+£53.6 363.6+56.9 367.5+53.2 353.2+61.0 p<0.05
Minimum moment of inertia 38% (gfmm)
Men 1250.8 +£238.9 1231.6 +£169.2 1209.0+206.3 1211.8 £200.5 1215.1%207.2 1200.3+178.3 »=0.33
Women 878.2£250.3 830.1:183.7 870.4 +194.0 858.5+197.1 836.6 +193.1 759.1+£187.2 »<0.005
Eccentricity index 38%
Men 0.50+0.09 0.514£0.07 0.51+0.08 0.51+£0.08 0.52+0.08 0.56£0.09 p=0.52
Women 0.54+0.09 0.51£0.09 0.56+0.08 0.54+0.08 0.54+0.09 0.54+0.09 p=0.54

*Linear regression models relating each parameter with age as a continuous variable
Sample sizes for each age group identical to those reported in Table 1

improvement in fit obtained with the piecewise model,
compared with the linear model. Before the age of
60 years, no significant age-related difference in cortical
bone area was detected in men and in women. However,
in women after age 60 years the cortical bone area de-
clined by approximately 1% per year (average 2 mm?)
while it remained stable in men. The total bone cross-
sectional area was progressively higher at older ages and
no substantial departure from linearity could be detected
in either men or women (Fig. 2, Table 3). The average
magnitude of the age-related increment was 2-fold
higher in men than in women and the two slopes were
statistically different.

The age-related trends detected in the minimum
moment of inertia paralleled those observed for the
cortical bone area (Figs. 2, 3; Table 3). In fact, the
analysis performed in men did not show any significant
linear or nonlinear relationship. On the contrary, in
women the minimum moment of inertia was substan-
tially stable up to the age of 60 years, and then declined
significantly thereafter by 0.5% per year. Finally, the
eccentricity index remained stable over all the age
groups, and was not different between men and women.

Discussion

Using an approach based on the analysis of pQCT
images we assessed mass, density and geometric distri-
bution of the trabecular and cortical bone at the lower

leg in a large, population-based sample of persons living
in the Chianti area of Italy. These data were used to
estimate age-related differences in bone mechanical
competence over a wide age range. Bone trabecular
density declined linearly with age in both men and wo-
men, while changes in cortical density and geometry
were substantially different in the two sexes. In men,
along with an age-dependent decline in cortical bone
density, but not in the total amount of cortical bone, we
observed a significant increase in bone size. As a con-
sequence, in aging men the minimum moment of inertia,
a parameter which estimates bone mechanical resistance
to bending, remained almost stable with age. In women,
the decline in cortical bone mass and density was steeper
than in men and was accompanied by a less pronounced
increase in size, resulting in a progressive decrease in the
minimum moment of inertia.

A linear pattern of decline in trabecular bone density,
starting in early adulthood in both men and women, has
been reported in studies using QCT at the spine or
appendicular sites [21], and lateral DXA [22], suggesting
that the age-associated reduction in trabecular bone
density is not due solely to changes in circulating hor-
mones. Our findings, based on a population-based
sample of persons distributed over a large age range,
support this interpretation. In men, cortical bone density
declined slightly over the entire lifespan while the
amount of cortical bone was similar at all ages. In
women, we found that the amount of cortical bone
remained substantially stable before the age of 60 years
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and became progressively lower thereafter. These find-
ings further support the idea that changes in the bone
structure, due to the postmenopausal reduction in sex
hormones, affect cortical bone as well as trabecular
bone. A possible alternative explanation for our findings
is that the cortical bone mass is reduced in older women
more than in older men because of sex-related differ-
ences in lifestyle, such as physical activity and nutrition.
Since the volumetric cortical bone density is a good
marker of the property of the bone material in terms of
resistance to stress and since the amount of cortical bone
largely determines the resistance against compressive
loads [8], the changes in bone geometry and mass de-
scribed in this study may explain, at least in part, the
higher rates of fractures observed in women compared
with age-matched men. In keeping with this hypothesis,
in a recent QCT-based study, the coexistence of reduced
mass at both the trabecular core and cortical shell of
vertebral body was observed in fractured as opposed to
nonfractured vertebrae, in which only trabecular bone
was reduced [23].

We believe that our observations have important
clinical implications. Currently, the standard diagnosis
of osteoporosis is based on the assessment of BMD
performed with DXA. Although this method is widely
used in both clinical and research settings, it has some

important limitations: (1) The estimate of BMD can be
strongly altered by the size of the bone because it is
averaged on a two-dimensional projection of the bone,
while variations in the third dimension are ignored. This
potential source of systematic error may be especially
important when individuals of different body size are
compared. (2) No information is provided on the geo-
metric distribution of trabecular and cortical bone and,
therefore, the geometric component of bone competence
is completely ignored. (3) The measures provided by
DXA are inherently inaccurate since they are strongly
influenced by the composition of the soft tissue sur-
rounding the bone. This last limitation is particularly
important in frail older women in whom, independently
of other common sources of error, such as the posi-
tioning of the patient or the presence of extraskeletal
calcifications, the magnitude of the measurement error
can be as high as 20% [24, 25, 26].

The findings of this study improve our understanding
of the different modifications that occur in the
mechanical structure of the bone in men and in women
over the aging process. Men appear to develop a very
efficacious active geometric adaptation by apposition at
the periosteal surface of new bone material (therefore
increasing bone size); on the other hand, women appear
to show mainly a passive geometric adaptation that
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Table 3 Simple and piecewise linear regression model summarizing the cross-sectional relationship between age and pQCT parameters in

men and women of the InCHIANTI study population

Parameter Intercept Slope 1* Slope 2°
Beta + SE ¥4 Beta + SE P
Total bone density (mgjcm®)
Men 364 -1.0140.12 <0.0001
Women 348 ~1.34+0.09 <0.0001
Men vs women {p value) 0.13¢ <0.059
Trabecular bone density (mgjcm®)
Men 354 -0.94+0.11 <0.0001
Women 338 -1.23+0.09 <0.0001
Men vs women (p value) 0.11° <0.05
Cortical bone density (mgjem®)
Men 1677 -0.75+0.18 <0.0001
Women 1145 -2.16+0.20 < 0.0001
Men vs women (p value) <0.001¢ <.0001
Cortical bone area (mm-)
Men 321 0.00+0.29 0.33+0.32 0.32
Women 274 0.43+0.30 0.99 -2.05+0.29
Men vs women (p value) <0.05° 0.32 0.15 <.001° <0.0001
Total bone area (mn’)
Men 353 0.68
Women 338 0.34 <0.0001
Men vs women (p value) <0.0001° <0.05 <0.05
Mininuam moment of inertia (g/mm)
Men 1290 -1.34+1.29 0.30 0.20+1.42 0.89
Women 830 1.15+1.06 0.28 -4.08 +1.04 <0.0001
Men vs women (p value) <0.0001° 0.14 <(0.05°

*Average age-related difference “per year” in the parameter, within
the age range 20--60 years

Average age-related difference “per year” in the parameter after
the age of 60 years. Note: Slope 2 is reported in the table only when
statistically different from slope 1 in at least one sex. When slope 2
is not reported, the average change of the parameter “per year” is
assumed to be constant over the entire age range

consists of selective sparing of the more peripheral bone
material. This hypothesis is in keeping with the findings
reported by Ruff and Hayes [10] and Mosekilde [27} on
cadavers and by Duan et al. in vivo studies [28] and may
explain why in the oldest women the reduction in
mechanical competence of bone was less pronounced
than expecied given the magnitude of reduction in cor-
tical bone density and cross-sectional area [29]. Fur-
thermore, our findings suggest that, at least in part, the
age-associated decline in total bone density described in
other studies using DXA does not reflect a parallel de-
cline in cortical bone mass and mechanical competence,
but rather, especially in men, a geometric redistribution
of cortical bone material which improves bone
mechanical properties [30].

We could not find any age- or sex-related differences in
the eccentricity index, suggesting that neither age- nor
sex-related differences in bone mechanical competence
can be explained by a more or less pronounced ovalization
of the cross-sectional shape of the appendicular bones.

The most important limitation of this study is cer-
tainly its cross-sectional nature. We inferred the natural
history of the aging bone by comparing individuals of

°p lor the H, hypothesis of same intercept (predicted value for the
age=0) in men and women

dp for the H, hypothesis of same slope 1 (difference “‘per year”
between age 20 and age 60 years) in men and in women

°p for the H, hypothesis of same slope 2 (difference “‘per year” after
age 60 years) in men and in women

different ages, but other uncontrolled differences be-
tween individuals may account for our findings. As al-
ready mentioned, some anthropometric measures
suggest that the size of individuals of different ages was
likely to be influenced by an important secular trend.
Using a method widely employed by other investigators
we tried to minimize this potential source of bias by
normalizing the bone structural parameters according to
the tibial length [17, 19]. However, we are aware that this
approach may remove only in part the effect of the
secular trend and, therefore, our findings need to be
validated in a longitudinal prospective study. The mea-
surement of bone density and structural parameters at
the level of the tibia, a bone seldom involved in osteo-
porotic fractures, constitutes a further limitation of this
study. However, data recently published from the
NORA study, indisputably demonstrated the clinical
usefulness of peripheral bone densitometry using differ-
ent techniques and measurement sites [31].

In spite of these limitations, this is the first large,
population-based study in which, using appropriate,
direct methods, bone structural parameters relevant to
prediction of fracture risk have been measured over the
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entire adult lifespan. The follow-up of this population,
currently in the field, will provide the data to verify
whether the additional information provided by pQCT,
in comparison with DXA, may allow a better prediction
of the risk of fractures and a better way to understand
the effect of different treatments of osteoporosis on

trabecular and cortical bone as well as on other geo-
metric components of bone mechanical competence in
men and in women.
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