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Abstract

Strength of bones depends on bone matrix volume (BMV), bone microarchitecture, and also on the degree of mineralization of bone

(DMB). We have recently shown in osteoporotic patients treated with alendronate that fracture risk decreased and bone mineral density

increased with a parallel increase of the DMB due to prolonged secondary mineralization but without modifications of BMV or bone

microarchitecture. DMB and strength were both measured at the tissue level in calcaneus bone samples taken at autopsy from 20 subjects (aged

78 F 8 years, 8 women, 12 men) who died suddenly without apparent bone disease. DMB parameters measured on microradiographs (mean

DMB, distribution of DMB, most frequent maximum DMB value, and width at half maximum, an index reflecting the homogeneity of DMB)

were compared with those reported in iliac cancellous bone samples of 43 human bones. Histomorphometric measurements of

microarchitectural parameters (TbTh, TbN, and TbSp) were also measured. Compression tests were performed on contiguous samples of the

same calcaneus on a universal screw-driven machine (Schenck RSA 250). A 5000-N load cell (TME, F 501 TC) measured the compressive

load. The displacement was measured directly on the sample using a specific displacement transducer developed by the «Laboratoire de

Mécanique des Contacts et des Solides (LaMCoS).» The apparent Young’s modulus (E), the maximal strength (rmax), and the work (W) until

failure were measured. In human cancellous bone tissue, mean DMB (F SD) was higher in calcaneus (1.135F 0.147 g/cm3) than in iliac crest

(1.098F 0.077 g/cm3). The mean most frequent maximum DMB values (mean DMB freq. max.) were 1.118F 0.175 g/cm3 in calcaneus and

1.108 F 0.095 g/cm3 in iliac samples, and DMB was more heterogeneous in calcaneus than in iliac samples (mean width at half maximum

were 0.270 F 0.127 versus 0.227 F 0.056 g/cm3, respectively). Compression tests revealed significant positive linear correlations between

DMB and both elastic modulus (r2 = 0.69) and maximal strength (r2 = 0.69). Correlations with DMB persisted (P < 0.003) even after

adjustment for both calcified bone volume, for the Young’s modulus (E), the maximal strength (rmax) (r
2 = 0.44 and 0.41, respectively), and

microarchitectural parameters (0.50 < r2 < 0.56, P < 0.001). The same results were obtained with the work to fracture (W) (0.23 < r2 < 0.46, P <

0.045). We conclude that the more the cancellous tissue was mineralized, the higher was its stiffness and compressive strength. This may

explain the increase in bone strength when DMB is modified in a physiological range without necessary changes of BMV and bone

microarchitecture. The impact of such modifications on fracture risk and the therapeutic implications of these data remain to be analyzed.

D 2003 Elsevier Inc. All rights reserved.
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Introduction matrix [2,4,5,7,21]. The mineralization process consists of a
Bone strength is determined not only by the volume of

bone tissue and the microarchitectural organization of this

bone, but also by the degree of mineralization of bone (DMB)
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primary deposition of mineral substance on the calcification

front, followed by a slow and progressive increase in mineral

deposition called secondary mineralization.

From microradiographic observations made in the 1970s,

it is clear that the DMB varies between and within basic

structural units (BSUs), namely, osteons in cortical bone and

trabecular packets in cancellous bone; recently deposited

BSUs being much less mineralized than the older ones. The

«young» ones appear dark grey in microradiographs, where-

as «old» ones are whiter (Fig. 1). This heterogeneity in the

DMB is explained by the fact that bone formation, which



Fig. 1. Calcaneus cancellous bone microradiograph illustrating the

heterogeneity in the degree of mineralization of different BSUs.

Fig. 3. Description of the equipment used for compressive tests. (a) Plan,

(b) local displacement transducer.
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follows bone resorption in the remodeling sequence, is a

multistep process. Following its deposition, the new matrix

begins to mineralize after about 5–10 days, and the linear

rate of this primary mineralization can be measured directly

in vivo using double tetracycline labeling. After full depo-

sition (completion) of the BSU, a long phase of secondary

mineralization begins. In adult bone, the DMB depends on

the rate of remodeling [21], which is the main biological

determinant of the degree of mineralization [5]. In osteopo-

rosis, where there is a negative imbalance between bone

resorption and bone formation, therapeutics agents for
Fig. 2. Preparation of the samples t
osteoporosis could increase bone strength through their

effects on bone mass, microarchitecture, and the DMB [7].

To date, although the relationships between the mechan-

ical properties of bone and either bone mass or micro-

architecture parameters of bone have been investigated in
aken from human calcaneus.



Fig. 4. Comparison of the global distributions of the degree of

mineralization measured in iliac and calcaneus samples from two different

human populations. Mean DMB of calcanei is significantly higher ( P <

0.01) than that measured in iliac crests.
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several studies [10,16], the influence of the degree of

mineralization on bone strength has not been tested. The

aim of this study was to analyze the relationship between the

DMB and the mechanical properties of cancellous bone

samples taken from the human calcaneus. We used com-

pressive testing on cubic samples of cancellous bone as

recommended by Linde et al. [19,20] as a biomechanical

test.
Materials and methods

Twenty fresh calcanei excised from subjects aged 78 F
8 years (range 61–91 years: 8 women, 12 men) were used in

this study. After radiographs were taken in the lateral

direction, a core was drilled in the posterior body of the

calcaneus. One cubic sample (medial, 9 mm/side) and one

cylindric sample (center, 14.5 mm diameter) oriented in the

main trabecular direction (direction Z) were cut from the

original core (Fig. 2). The cubic sample was subjected to

compressive testing in the Z direction. The cubic samples

were stored at �20jC before testing. Before mechanical
Table 1

Descriptive statistics of 20 calcanei with mean DMB: mean degree of mineralizatio

of mineralization; calcified BV/TV: calcified bone volume; TbTh: trabecular thi

fracture; E: apparent Young’s modulus; and rmax: maximal strength

Mean DMB

(g mineral/cm3)

DMB

(g mineral/cm3)

Calcified

BV/TV (%)

n 35 104b 20 20

Mean 1.226 1.135 15.47

Median – 1.132 14.23

SD 0.125 0.147 6.08

Minimum 0.551 0.905 5.74

Maximum 1.799 1.427 27.25

a Two results have not been obtained for technical reason.
b Number of measurements.
testing, samples were put in preserving solution (50%

ethanol, 50% saline solution) at +4jC for 3–4 days and

then kept at ambient temperature for 4 h, as recommended

by other investigators [19,20]. The cylindrical sample was

cut into two equals parts, one part was embedded in methyl

methacrylate to measure the DMB and the other part was

used for other studies.

Compressive tests were performed in the main trabecular

direction using an universal screw-driven machine (Schenck

RSA 250) equipped with a 5000-N load cell (TME, F 501

TC, resolution 0.1%) and a local displacement transducer

(Fig. 3) developed by the Laboratoire de Mécanique des

Contacts et des Solides (LaMCoS; INSA, Lyon, France)

[22]. Cubic samples were kept in saline solution (37jC) by a
temperature governor (Ministat, HuberR) to be as near as

possible to in vivo conditions. The apparent Young’s mod-

ulus (E), the maximal strength (rmax), and the work to

fracture (W) until failure were measured in the main

trabecular direction [26].

The DMB was measured at the cancellous level by a

computerized quantitative contact microradiography method

[2,4,18,21]. This technique allows us to quantify the amount

of mineral substance contained in a unit volume of tissue

matrix. Undecalcified calcaneus samples were fixed in 80%

alcohol, dehydrated in absolute alcohol, and then embedded

in methyl methacrylate [6]. The bone samples were first cut

into thick slices (about 150 Am thick), ground manually to the

precise thickness of 100 F 1 Am then microradiographed

[2,4,5,7,17,21]. Microradiographs were performed on sec-

tions in which the main trabecular direction was determined

from X-rays before drilling the bone (Fig. 2). Contact

microradiography was performed on one slice using an X-

ray diffraction unit PW 1830/40 equipped with a diffraction

tube PW 2273/20 (Philips, Limeuil Brévannes, France). The

nickel-filtered copper Ka radiation was used under 25 kVand

25 mA. For quantitative evaluation of the X-ray absorption

by the bone section, a reference system composed of alumi-

num, was exposed on each microradiograph. The DMB was

quantified using a new combined contact microradiography

microdensitometry-computerized method [4]. After calibra-

tion using the aluminum reference step wedge, the measured
n of all measurement points; DMB: mean of individual means of the degree

ckness; TbN: trabecular number; TbSp: trabecular separation; W: work to

TbTh

(Am)

TbN

(mm�1)

TbSp

(Am)

W

(kJ/m3)

E

(MPa)

rmax
a

(MPa)

20 20 20 19 20 18

155.27 0.971 944 43 368 3.89

152.0 0.990 872 38 304 3.54

33.10 0.238 333 34 338 2.94

113.32 0.490 503 3 19 0.28

245.43 1.450 1922 118 1257 11.61



Table 2

Correlations among degree of mineralization (DMB), work to fracture (W), apparent Young’s modulus (E), maximal strength (rmax), and calcified bone volume

(calcified BV/TV) in cancellous calcaneus bone

DMB (g mineral/cm3)
ffiffiffiffi

E
p

(MPa) rmax (MPa) Calcified BV/TV (%)

n 20 20 18 20

r2 P r2 P r2 P r2 P
ffiffiffiffiffi

W
p

(kJ/m3) 0.43 0.002 0.52 0.001 0.75 0.000 0.24 0.035

DMB – – 0.69 0.0000 0.69 0.0000 0.49 0.0003
ffiffiffiffi

E
p

– – – – 0.91 0.0000 0.49 0.0000

rmax – – – – – – 0.55 0.0000
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area was automatically selected and the gray levels were

measured from the computer-generated map indicating the

spatial distribution of the «measurement units.» The DMB

was finally expressed in g mineral/cm3 bone. The main

parameters used in the description of the mineralization of

bone (Fig. 4) are the meanDMB and the distribution of DMB.

From the individual curves showing the distribution of DMB,

the most frequent highest DMB values (DMB freq. max.) and

the full widths at half maximum (half height), an index

reflecting the heterogeneity of DMB, were also calculated

[5]. For the correlations, the mean of individual means of the

DMB were used.

For comparison, iliac crest bone samples [4,5] were taken

at autopsy from 43 subjects (30 women aged 48.4 F 3.7

years, range 20–93 years, and 13 men aged 66 F 4.4 years,

range 43–86 years). This group was studied as a whole, that

is, 43 persons (aged 53.7 F 3.2 years, range 20–93 years).

In this whole group, the mean degree of mineralization

expressed in g mineral/cm3 (mean F SD) was 1.098 F
0.077 in cancellous bone. No structural parameters were

measured on these samples. The iliac crests and calcanei

came from two different populations.

Histomorphometric parameters measured on microradio-

graphs like calcified bone volume, representing the percent-

age of spongy bone tissue occupied by mineralized bone

(calcified BV/TV in %), and microarchitectural parameters

such as trabecular thickness (TbTh in Am), trabecular

number (TbN in mm�1), and trabecular separation (TbSp

in Am) were also measured in our calcanei samples [11,23].

Descriptive statistics were summarized by mean value,

standard deviation, and range. To obtain a normal distribu-

tion, the apparent Young’s modulus (E) and the work to

fracture (W) were transformed by square root transformation

and the trabecular separation (TbSp) was transformed by
Table 3

Correlations among microarchitectural parameters (TbTh, TbN, and LogTbSp),

modulus (E), and maximal strength (rmax) in calcified bone volume (calcified BV

DMB (g mineral/cm3)
ffiffiffiffi

E
p

(MPa)

n 20 20

r2 P r2

Calcified BV/TV (%) 0.49 0.0003 0.49

TbTh (Am) 0.37 0.0024 0.43

TbN (mm�1) 0.36 0.0025 0.29

LogTbSp (mm�1) 0.38 0.0020 0.32
logarithmic transformation (Shapiro–Wilk normality test).

The relationships between normally distributed parameters

were evaluated by Pearson correlation coefficients. Partial

correlation was used to obtain the linear correlation between

two variables after the effects of some other variables had

been filtered out (adjustment for calcified bone volume

parameter in %). Significance was set at P V 0.05 for all

parameters.
Results

In human cancellous bone tissue (Fig. 4), mean DMB (F
SD) was significantly higher (P < 0.01) in the calcaneus

(1.135F 0.147 g/cm3, range from 0.551 to 1.799 g/cm3) than

in the iliac crest (1.098 F 0.077 g/cm3, range from 0.506 to

1.525 g/cm3). The mean most frequent maximum DMB

values were 1.118 F 0.175 g/cm3 in calcaneus and 1.108 F
0.095 g/cm3 in iliac samples, and DMB was more heteroge-

neous in the calcaneus than in the iliac samples (mean widths

at half maximum were 0.270 F 0.127 and 0.227 F 0.056 g/

cm3, respectively). When the distributions of all measure-

ments were analyzed, the heterogeneity of DMB values

(scattering of values with two peaks very closed) appeared

twice as high in the calcaneus than in the iliac crest (Fig. 4).

The apparent Young’s modulus (E) measured by compres-

sive tests until failure for the 20 medial samples ranged

between 19 and 1257 MPa, with a mean (F SD) equal to

368 F 338 MPa. The maximal strength (rmax) measured by

compressive tests until failure for 18 medial samples ranged

between 0.28 and 11.61 MPa, with a mean (F SD) of 3.89F
2.94 MPa. The work to fracture (area under the curve load

displacement) measured by compressive tests until failure for

19 medial samples ranged between 3 and 118 kJ/m3 with a
degree of mineralization (DMB), work to fracture (W), apparent Young’s

/TV)

rmax (MPa)
ffiffiffiffiffi

W
p

(kJ/m3)

18 19

P r2 P r2 P

0.0003 0.55 0.0002 0.24 0.035

0.0008 0.38 0.0034 0.07 0.289

0.0067 0.44 0.0013 0.33 0.01

0.0046 0.42 0.0018 0.26 0.026



Fig. 5. Correlation between apparent Young’s modulus (ME) and degree of

mineralization of cancellous bone.

Table 4

Correlations among degree of mineralization (DMB), work to fracture (W),

apparent Young’s modulus (E), and maximal strength (rmax) after

adjustment for (1) calcified bone volume (calcified BV/TV), (2) trabecular

thickness (TbTh), (3) trabecular number (TbN), and (4) trabecular

separation (Log TbSp)

DMB (g mineral/cm3)
ffiffiffiffi

E
p

(MPa) rmax (MPa)

n 20 20 18

r2 P r2 P r2 P

(1) First order correlations controlling for calcified BV/TV (%)
ffiffiffiffiffi

W
p

0.26 0.032 0.37 0.008 0.74 0.0000

DMB – – 0.44 0.0010 0.41 0.0029
ffiffiffiffi

E
p

– – – – 0.83 0.0000

(2) First order correlations controlling for TbTh (lm)
ffiffiffiffiffi

W
p

0.46 0.003 0.57 0.0000 0.86 0.0000

DMB – – 0.52 0.0003 0.53 0.0005
ffiffiffiffi

E
p

– – – – 0.86 0.0000

(3) First order correlations controlling for TbN (mm)
ffiffiffiffiffi

W
p

0.23 0.045 0.35 0.010 0.63 0.000

DMB – – 0.56 0.0001 0.50 0.0008
ffiffiffiffi

E
p

– – – – 0.89 0.0000

(4) First order correlations controlling for Log TbSp (lm)
ffiffiffiffiffi

W
p

0.26 0.032 0.37 0.008 0.67 0.000

DMB – – 0.55 0.0001 0.50 0.0007
ffiffiffiffi

E
p

– – – – 0.87 0.0000
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mean (F SD) of 43 F 34 kJ/m3. The calcified bone volume

(calcified BV/TV) measured by microradiography for the 20

half cylindrical samples varied between 5.74% and 27.25%,

with a mean (F SD) equal to 15.47% F 6.08%. All descrip-

tive statistics are shown in Table 1.

Correlations among DMB, Young’s modulus (E), maxi-

mal strength (rmax), and calcified BV/TV were significant

(0.49 < r2 < 0.91, P < 0.0003) and are shown in Table 2. The

work to fracture (W) is also significantly correlated with

these parameters (0.249 < r2 < 0.75, P < 0.035; Table 2).

Significant positive linear correlations were observed be-
Fig. 6. Correlation between maximal strength (rmax) and degree of

mineralization of cancellous bone.
tween two histomorphometric parameters (TbTh and TbN;

Table 3) versus DMB, apparent Young’s modulus (E), and

maximal strength (rmax) (0.29 < r2 < 0.44, P < 0.007),

respectively. The work to fracture (W) is correlated with

TbN and TbSp (r2 < 0.33, P < 0.026).

Interestingly, compression tests revealed significant pos-

itive linear correlations between DMB and both the elastic

modulus (r2 = 0.69) and maximal strength (r2 = 0.69) (Figs.

5 and 6). After adjustment for calcified bone volume

(calcified BV/TV), significant correlations persisted among

DMB, apparent Young’s modulus (E), maximal strength

(rmax) (0.41 < r2 < 0.83, P < 0.003; Table 4), and the work

to fracture (W) (r2 = 0.26, P < 0.032).

After adjustment for three histomorphometric parameters

reflecting bone microarchitecture (TbTh, TbN, and TbSp),

significant correlations persisted among DMB, the apparent

Young’s modulus (E), and maximal strength (rmax) (0.50 < r2

< 0.56,P < 0.001; Table 4). The same results are also obtained

for work to fracture (0.23 < r2 < 0.46, P < 0.045; Table 4).
Discussion

In vivo, the calcaneus is an accessible site that easily

allows dual X-ray absorptiometry (DXA) and ultrasound

(US) measurements. Additionally, the calcaneus is used

clinically as a good predictor of risk for hip and vertebrae

fracture [15,27,28].

Measuring mechanical properties of cancellous bone tis-

sue is more difficult than measuring those properties in
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cortical bone because of the extremely small dimensions of

the individual trabeculae. Following Linde et al. [19,20], a

compressive test on a cubic sample of cancellous bone was

chosen.

We have shown that the more the cancellous tissue was

mineralized, the higher was its stiffness, and that young

human bone is less well mineralized than mature bone. This

confirms the previous studies in humans [13,14,24]. In the

calcaneus, like in the iliac crest [4,5], there was no signif-

icant correlation between DMB and the age of the patients

(data not shown). The age of bone is given by the DMB.

Significant correlations persisted between DMB and all

mechanical parameters, even after adjustment for the calci-

fied bone volume and microarchitectural parameters, show-

ing the lack of influence of the calcified BV/TV and of

structural parameters.

These results may explain the increase in bone strength

when the DMB is augmented without changes in bone

matrix volume (BMV) and bone microarchitecture, as was

observed in ovariectomized baboons treated with alendro-

nate [21] and in postmenopausal osteoporotic patients

treated with alendronate [7]. It remains now to evaluate

the impact of such modifications on fracture risk and the

therapeutic implications of these data. In ovariectomized

baboons treated for 2 years with alendronate, bone turnover

was normalized, bone loss was prevented, and vertebral

bone strength was increased to control values [1]. In the

same animals, DMB also increased to normal values after

treatment [21].

The values obtained in this study for mean apparent

Young’s modulus (E) (368 MPa) and mean maximal

strength (rmax) (3.89 MPa) measured by compressive tests

until failure are on the same order of magnitude as those

found in the literature [22,29]. Compressive testing was

executed as recommended by Mitton et al. [22].

With reference to the degree of mineralization, the young

human bone is less well mineralized than mature bone [4,5].

This confirms different studies in humans. In 1987, Currey

[13] tested 162 specimens from 19 species of amniotes to

show the various mechanical and physical properties be-

tween different groups. All mechanical properties showed

high levels of variation. In 1996, Currey et al. [14] studied

static toughness and changes in strength of human cortical

bone with age. Reid and Boyde [24] showed that a greater

bone turnover occurred in the outer cortex and suggested a

differential mechanical loading across the rib.

Ciarelli et al. [12] used backscattered electron microsco-

py to study mineralization levels of human iliac cancellous

bone of White females (N = 49). The data set consisted of

bone biopsies from normal and vertebral fracture subjects

that had either high or low values for bone formation rate.

The authors hypothesized that both low and high patterns of

mineralization might detrimentally affect bone material

properties, with low mineralization levels causing reduced

stiffness and strength and high mineralization resulting in

reduced fracture toughness.
Roschger et al. [25] studied the effects of alendronate

treatment on the density of mineralization, the ultrastructure

of the mineral or collagen composite, the size and location

of mineral particles in iliac cancellous bone, as well as the

porosity of iliac cortical bone from postmenopausal osteo-

porotic women. The mineral structure was investigated by

quantitative backscattered electron imaging and by scanning

small-angle X-ray scattering. These authors found that the

mineralization was significantly higher and more uniform

after treatment, and they suggested that these effects may

contribute to the observed reduction in fractures.

Recently, Bouxsein [8] summarized the features and

characteristics that determine a bone’s ability to resist

fracture and using this information to identify new thera-

peutic targets and develop better biomarkers and noninva-

sive imaging modalities [8].

Comparing the iliac crest and the calcaneus, DMB values

are more heterogeneously distributed in the calcaneus sam-

ples and values are shifted toward highest values. Our results

show that the more the cancellous tissue was mineralized, the

higher was its stiffness and compressive strength. This may

explain the increase in bone strength when the DMB is

modified in a physiological range without necessary changes

of BMV and bone microarchitecture. The impact of such

modifications on fracture risk and the therapeutic implica-

tions of these data remain to be analyzed in the light of

previous results reported after treatment with alendronate [7],

raloxifene [3], and other antiresorptive agents [9].
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