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Abstract Risedronate is used in osteoporosis treatment.

Postmenopausal women enrolled in the Vertebral Efficacy

with Risedronate Therapy trial received either risedronate (5

mg/day) or placebo for 3 years. Subjects received calcium

and vitamin D supplementation if deficient at baseline.

Lumbar spine bone mineral density (BMD) was measured at

baseline and at 3 years. Quantitative back-scattered electron

imaging (qBEI) was performed on paired iliac crest biopsies

(risedronate, n = 18; placebo, n = 13) before and after

treatment, and the mineral volume fraction in the trabecular

bone was calculated. Combining dual-energy X-ray ab-

sorptiometric values with the mineral volume fraction for the

same patients allowed us to calculate the relative change in

trabecular bone volume with treatment. This showed that the

effect on BMD was likely to be due partly to changes in

matrix mineralization and partly due to changes in bone

volume. After treatment, trabecular bone volume in the

lumbar spine tended to increase in the risedronate group

(+2.4%, nonsignificant) but there was a significant decrease

(–3.7%, P < 0.05) in the placebo group. Calcium supple-

mentation with adequate levels of vitamin D led to an ~3.3%

increase in mineral content in the bone material indepen-

dently of risedronate treatment. This increase was larger in

patients with lower matrix mineralization at baseline and

likely resulted from correction of calcium/vitamin D defi-

ciency as well as from reduced bone remodeling. Combining

BMD and bone mineralization density distribution data show

that in postmenopausal osteoporosis 3-year treatment with

risedronate preserves or may increase trabecular bone vol-

ume, unlike placebo. This analysis also allows, for the first

time, separation of the contributions of bone volume and

matrix mineralization to the increase in BMD.
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Osteoporosis is a skeletal disorder characterized by com-

promised bone strength and increased risk of fracture [1].

In postmenopausal osteoporosis, bone loss results from

increased bone turnover associated with a negative bone

balance (bone resorption exceeding bone formation). An-

tiresorptive agents are the predominant class of currently

available osteoporosis therapeutic agents. Among them, the

nitrogen-containing bisphosphonates alendronate and

risedronate were shown to reduce the risk of both vertebral

and nonvertebral fractures and are widely used in clinical

practice [2]. The results from large epidemiological studies

and clinical trials have shown that antiresorptive agents

reduce fracture risk [3]. The magnitude of the reduction in

fracture risk is suggested to be proportional more to the

magnitude of reduction in markers of bone turnover [4–6]

than to the net gain in bone mineral density (BMD). In-

deed, while it is widely accepted that a reduced BMD is

associated with an increased fracture risk, it has recently
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emerged that the degree of fracture risk reduction after

antiresorptive therapy is poorly related to an increase in

BMD [7–10]. One of the difficulties in interpreting BMD

outcomes is that BMD measures the total amount of min-

eral in a volume of bone tissue and therefore combines two

effects, the amount of mineral per bone volume and the

amount of bone material per tissue volume. In addition,

BMD measured by dual-energy X-ray absorptiometry

(DXA) is influenced by bone geometry (or macroarchi-

tecture) of the site measured [11].

At the material level, the biomechanical competence of

the collagen/mineral composite is determined by properties

of the two components (organic matrix and mineral) and by

their structural organization [12]. Normal bone minerali-

zation density distribution (BMDD) of trabecular bone can

be defined [13] and used to identify states of hypominer-

alization, where bone becomes weak and may deform be-

fore actually breaking, or of hypermineralization, where

bone becomes stiff and brittle [14]. BMDD reflects the

amount of mineral within the matrix and can be measured

by quantitative back-scattered electron imaging (qBEI)

[13]. The amount of mineral depends on the age of various

bone packets and is therefore distributed heterogeneously

throughout the matrix due to the constant remodeling. As a

consequence, qBEI does not give just a simple number

reflecting the mean degree of matrix mineralization but a

whole distribution of mineral contents (BMDD), reflecting

the coexistence of bone packets with different tissue ages

[15]. BMDDs can be measured routinely with high preci-

sion on transiliac biopsies and used for the quantitative

assessment of the mineral content and the variability of

mineral content distribution. It has been shown that BMDD

of normal human trabecular bone is independent of ana-

tomic location, age, sex, or racial origin [16].

While BMD reflects a combination of bone volume and

mean matrix mineralization, BMDD gives direct informa-

tion on the second quantity alone. Here, we show how

BMD measurements can be combined with BMDD mea-

surements on biopsies from the same patient to obtain

information about changes in bone volume and in matrix

mineralization separately. Our data are based on a com-

bined analysis of BMD and BMDD results from individual

women with postmenopausal osteoporosis after 3-year

treatment with placebo or risedronate.

Methods

General Considerations Concerning Bone Density

Measurements

The physical principle of a bone density measurement by

the DXA method is shown schematically in Figure 1. An

area (A) of the bone is irradiated with X-rays, and its

attenuation through the thickness (H) of this bone is mea-

sured. Use of two different X-ray wavelengths allows

separation of the absorption in organic tissue and absorp-

tion in mineral, giving a measure of the amount of mineral

encountered by the beam. The total amount of mineral per

unit area A is the areal BMD and is measured in grams per

centimeters squared [17]. Knowing the thickness of bone,

areal BMD can be converted into volumetric BMD from

BMD/H. Volumetric BMD can also be determined directly

by quantitative computed tomography (qCT) [18].

Calculation of the Volume Fraction of Bone Material

As mineral is encountered only within the bone material

(Fig. 1) and not in the marrow space, we can write the

volumetric bone density (BMD/H) as a product of three

terms,

BMD=H ¼W UqM ð1Þ

where qM (= 3.18 g/cm3) is the density of plain mineral

(carbonated hydroxyapatite), F is the matrix mineraliza-

tion, and W is the volume fraction of bone material within

the whole volume of bone tissue. The quantity W is the

bone volume per tissue volume (BV/TV) in the context of

bone morphometry. The quantity F can be determined by

qBEI [13, 16, 19, 20] or microradiography [21, 22] and is

related by a simple equation to the weight fraction of

calcium in bone material, as reported in earlier work [23].

Both methods require biopsies and cannot be used for

noninvasive clinical evaluation. Nevertheless, it has been

shown that the mineral concentration as determined by

qBEI is strongly conserved across skeletal sites and among

normal individuals even of different geographical or ethnic

Fig. 1 Schematic representation of BMD measurement using the

DXA method. The bone area A is irradiated by X-rays, which are

attenuated corresponding to the amount of mineral in the tissue

volume (bone material + soft tissue). Subsequently, the attenuated X-

ray intensities are measured by the X-ray detector
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origin [13]. This means that the matrix mineralization

determined by qBEI in an iliac crest biopsy should be

representative even for cancellous bone at the skeletal site

where the BMD evaluation was performed in the same

patient.

In clinical studies of osteoporosis treatments in which

bone biopsies are collected, two of the three parameters in

equation 1 can be measured directly. Hence, treatment-

induced changes of bone material volume fraction (as

measured by W) and of mineral content in bone material (as

measured by F) can be determined separately. One major

problem in analyzing treatment effects on these parameters

is the inherent variation of the bone volume fraction be-

tween different individuals. Hence, statistically significant

treatment effects can only be expected either for very large

patient groups or in paired evaluations within the same

patients before and after treatment. For this purpose, the

fundamental equation 1 can be rewritten in terms of

treatment-induced changes within a given patient as fol-

lows:

dBMD

BMD
¼ dW

W
þ dU

U
ð2Þ

where d denotes the change from before to after treatment

and where we assume there is no notable change in the

bone thickness (this assumption would have to be recon-

sidered if growing children were to be evaluated, e.g.). In

these notations, dBMD/BMD, dF/F, and dW/W represent

the relative changes in BMD, in mineral concentration

(within the bone material), and in bone volume, respec-

tively. As F is typically determined in cancellous bone

from iliac crest biopsies, it is essential to use BMD values

from sites with the largest contribution from cancellous

bone, such as the lumbar spine. Treatment-induced changes

in W may then be estimated via equation 2, when paired

biopsies are available.

Bone Samples

In the present work, we analyzed BMDD (F) and BMD

data obtained from individual subjects in a previous study

examining the effects of risedronate in postmenopausal

osteoporosis [24, 25]. Paired biopsies were collected from

postmenopausal women at baseline (pretreatment) and

after 3-year treatment with placebo tablets (n = 13) or

risedronate sodium (Actonel, 5 mg/day orally; n = 18). All

31 subjects also received calcium 1,000 mg/day, and those

with low serum 25-hydroxyvitamin D levels at baseline

(<40 nmol/L) received vitamin D (cholecalciferol) sup-

plementation up to 500 IU/day. The paired biopsies were

investigated by qBEI to determine the calcium content in

the bone material (wt% Ca) [13, 16]. Lumbar spine BMD

as well as histological and micro-CT data on the biopsies

were available for each subject at baseline and after 3-year

treatment [26, 27]. In the present study, the wt% Ca data

were converted into F values as described above [23].

Relative changes in F and BMD were calculated from the

published values and inserted in equation 2 to obtain the

treatment-induced variation of the bone volume per tissue

volume, W, in the lumbar spine.

Statistical Analysis

Linear regression analysis, as well as paired t-tests and

Wilcoxon’s signed rank tests were performed with the

software package Sigmastat (Systat Software Inc., Rich-

mond, CA).

Results

There were no significant differences between the two

treatment groups in baseline demographics (Table 1).

Baseline values for lumbar spine BMD and iliac crest bone

biopsy parameters (matrix mineralization [F], mineralising

surface per bone surface (MS/BS) from histomorphometry,

and BV/TV determined by histomorphometry and by qCT)

are given for all patients in Table 2, together with percent

changes after 3 years of placebo or risedronate treatment.

Mean values of the changes of BMD, matrix mineraliza-

tion, and BV/TV are plotted in Figure 2 (as well as in

Table 2). Several points are evident: BMD increased sig-

nificantly with risedronate (about 8%) while remaining

constant in the placebo group [24, 28]. In contrast, the

mineral concentration in the matrix increased significantly

in both risedronate- (5.0%) and placebo- (3.3%) treated

subjects, as already reported [25] (see Fig. 2). From

equation 2, the relative change of BV/TV is the difference

between the relative changes in BMD and matrix miner-

alization. With this analysis, a small increase (about

+2.4%, not significant) was observed for the vertebral bone

volume (W) with risedronate treatment. In the placebo

treatment group, however, there was a significant decrease

Table 1 Baseline demographics for the two treatment groups

Characteristic Treatment group

Placebo

(n = 13)

Risedronate

5 mg (n = 18)

Age (years) 64.2 (9.2) 67.4 (6.0)

Years since menopause 18.2 (10.5) 20.4 (7.0)

Lumbar spine BMD (g/cm2) 0.887 (0.212) 0.804 (0.139)

Prevalent vertebral fractures 2.0 (0–8) 2.2 (0–7)

Values are means (standard deviation) except mean (range) for

number of prevalent vertebral fractures
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(–3.7%) in bone volume after 3 years, which when com-

bined with the increase in matrix mineralization resulted in

a net zero effect in BMD. The bone biopsy BV/TV values

determined by histomorphometry and by qCT are also

shown in Table 2. The changes measured by histomorph-

ometry showed large scatter and were not significant. The

changes measured by micro-CT were consistent with the

changes calculated here but were also not significant (see

Fig. 2 and Table 2).

These data suggest that the risedronate treatment effect on

BMD results from a small increase in bone volume and a

larger increase in mineral concentration. To test this

hypothesis, we plotted the changes in BMD as a function of

the changes in matrix mineralization in Figure 3. Though the

linear regression analyses did not show a significant depen-

dence between the two parameters, there is clearly a ten-

dency for larger BMD increases at larger increases of matrix

mineralization. In those specimens where data points are

above the broken line in Figure 3, there should be a net

increase in bone volume by tissue volume (according to

equation 2); and for points below the line, there should be a

net decrease. Generally speaking, most of the points for the

controls are below the line, while the majority of the points

for risedronate-treated patients are above.

Table 2 Summary data (means and standard deviations) at baseline and relative changes (in percent) after 3 years of treatment with risedronate

or placebo

Baseline Percent change from baseline after 3-year treatment

BMD

(g/cm2)

MS/BS Mineral

(%)

BV/TV

histo

BV/TV

qCT

BMD/

mineral

BMD MS/BS Mineral BV/TV

histo

BV/TV

qCT

BMD/

mineral

Risedronate 0.804 0.067 34.96 0.195 0.206 2.304 +8.08*** –71.6*** +5.03** –5.1 +2.9 +2.4

0.139 0.041 1.78 0.076 0.069 0.379

Placebo 0.887 0.097 34.54 0.217 0.240 2.570 –0.34 –45.4* +3.30* –8.8 –10.8 –3.7*

0.212 0.067 1.94 0.076 0.081 0.597

BMD is DXA BMD from lumbar spine; MS/BS is the percent mineralizing surface from histomorphometry (histo) of the iliac crest biopsies;

Mineral is the matrix mineralization (mineral volume % or F in equation 2) determined by qBEI on the iliac crest biopsies; BV/TV is bone

volume from histomorphometry or qCT of the iliac crest biopsies or calculated from equation 2 (W = BMD/mineral)

*P < 0.05, **P < 0.01, ***P < 0.001 from paired t-test for normally distributed data or Wilcoxon’s signed rank test for non-normally distributed

data (BMD after 3 years’ risedronate)

Fig. 2 Changes in BMD and matrix mineralization (min), as deter-

mined by DXA and qBEI, respectively, and in bone volume per tissue

volume (BV/TV), as derived from histomorphometry (histo), from qCT

and from equation 2 (W). All data are shown for risedronate- (RIS) as

well as placebo- (PLA) treated patients. Error bars indicate standard

error of mean (18 and 13 patients for risedronate and placebo,

respectively). Both values and error bars are expressed in percent of the

mean value of the corresponding parameter at baseline. ***P < 0.001,

**P < 0.01, *P < 0.05 give the significance at 3 years of treatment with

respect to baseline (see Table 1)

Fig. 3 Relationship between the relative changes (%) in BMD (y
axis) and the relative changes in matrix mineralization (F) (x axis)

during risedronate (full circles) and placebo (open triangles)

treatments. Broken line shows a slope of 1, where the increase in

BMD corresponds exactly to the increase in matrix mineralization
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Clearly, bone volume is controlled by the remodeling

process, which, although reduced in the placebo control

group, still produced significant bone loss as estimated by

equation 2 (about –3.7%, Fig. 2). This is reversed with

even a slight increase in bone mass (+2.4%) with risedro-

nate treatment. The increase in mineral concentration was

5% in the risedronate group and 3.3% in the placebo group

(Fig. 2 and Table 2). This suggests that in these subjects

the increase in mineral concentration was dependent on

calcium and vitamin D intake as well as on the reduction of

the remodeling rate. The greater reduction in remodeling

with risedronate did appear to produce an additional in-

crease in mineralization, but a larger contribution might

have been expected. It is clear that increased remodeling

activity, e.g., as induced by parathyroid hormone treatment

[29, 30], leads to prevalence of younger, less mineralized

bone packets [15]. Hence, increased remodeling activity in

combination with anabolic effects reduces the average

mineral concentration in the matrix.

One possible explanation is that the bone matrix in these

subjects had a low matrix mineralization at baseline, due

possibly to low dietary calcium/vitamin D intake or to high

turnover rates at baseline. This calcium/vitamin D defi-

ciency was then corrected by the supplementation during

the study. If true, the increase in matrix mineralization

should be inversely related to the mineralization at base-

line. Correlation analysis shows this to be the case

(Fig. 4b). Most interestingly, there was also a strong cor-

relation of matrix mineralization at baseline with turnover

rates (MS/BS) at baseline (Fig. 4a), indicating that the low

calcium content in the bone matrix at baseline could be the

result of enhanced turnover after menopause. In fact, the

turnover rate decreased significantly for both treatment

groups (see Table 2). The treatment-induced increase in

mineral concentration was larger the lower the mineral

concentration at baseline. The correlation was significant in

both the risedronate treatment group (P = 0.005) and the

placebo control group (P = 0.022). The dependence is

stronger for risedronate treatment, and this difference is

most likely the effect of the reduction in remodeling (which

was greater with risedronate) on mineral concentration.

Discussion

At present it is unclear whether antiresorptive treatments

have a beneficial effect on bone volume. Histomorphom-

etry on transiliac bone biopsies typically fails to show an

effect on bone volume despite significant treatment-related

increases in spine and/or hip BMD [28, 31]. The difficulty

in interpreting changes in BMD arises from the fact that the

measured density values represent bone volume as well as

mineralization density of the bone matrix (BMDD). In the

present study, we used a combination of both BMDD

(measured by qBEI) and BMD (measured by DXA) data

from individual patients. This allowed us to separate effects

of treatment on bone volume and matrix mineralization

(i.e., allowed separation of increases in bone volume and

matrix mineralization; equation 2). The underlying

assumptions are (1) that bone tissue mineralization in

cancellous bone is roughly site-independent and (2) that

BMD from the lumbar spine is dominated by cancellous

bone. The first assumption is strongly supported by previ-

ous comparative qBEI investigations [16]. The second

assumption is somewhat more problematic as several

studies [32, 33] have demonstrated that changes in spine

areal BMD by DXA after alendronate or teriparatide

treatment differ from qCT-based assessments of trabecular

volumetric BMD. However, since qCT-based assessments

of trabecular volumetric BMD are not available in the

clinical routine, we believe that areal BMD from DXA is

the best available approximation for our purpose.

The determination of BV/TV in iliac crest biopsies

(Table 2) did not show statistically significant changes,

probably because of the well-known intraindividual vari-

Fig. 4 Remodeling rate MS/BS at baseline (upper panel) and

treatment-induced increase of matrix mineralization (lower panel)
as a function of matrix mineralization (F) at baseline. Solid and

broken lines show linear regressions with significance of correlation.

Separate regressions for risedronate (RIS, full circles) and placebo

(PLA, open triangles) are shown in the lower panel. Upper panel
shows a regression without distinguishing risedronate and placebo
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ability [34] and the fact that only a comparatively small

tissue volume is investigated compared to BMD measure-

ments on the lumbar spine. Moreover, the iliac crest does

not experience the same type of mechanical stimulus as the

lumbar spine, where osteoporotic fractures are likely to

occur.

The data used in the present study, corrected for changes

in matrix mineralization, show that bone volume remained

nearly constant in the risedronate-treated group (+2.4%,

nonsignificant), while there was a significant loss (–3,7%,

P < 0.05) in the placebo group. The latter result is con-

sistent with a recent study of iliac crest biopsies by micro-

CT [26]. Furthermore, our analyses of matrix mineraliza-

tion showed that patients who had low matrix mineraliza-

tion at baseline had large increases in matrix mineralization

density due to calcium/vitamin D supplementation. The

increase was greater the more severe the hypomineraliza-

tion was at baseline, reaching a plateau of normal miner-

alization values [25].

These results underline the importance of the mainte-

nance of adequate levels of calcium and vitamin D for

proper bone mineralization and support their role as a vital

component of disease management for the prevention and

treatment of osteoporosis. Data analyses of the present

study suggest an interesting ‘‘decoupling’’ between the

effects of calcium/vitamin D supplementation, on the one

hand, and of risedronate, on the other. A > 3% increase in

matrix mineralization was seen in the placebo-treated

group, suggesting that the calcium/vitamin D supplemen-

tation increased matrix mineralization (without affecting

BV/TV) irrespective of the bisphosphonate treatment. This

likely resulted from correction of calcium deficiency as

well as reduced bone remodeling even in the placebo

group.

It is well documented that both mineral concentration

and bone volume fraction have a profound effect on the

mechanical properties of bone. The stiffness of bone

material increases in a nonlinear way with matrix miner-

alization [14, 35, 36]. In addition, the stiffness of a highly

porous material, such as cancellous bone, increases in a

nonlinear, typically quadratic fashion with the bone volume

per tissue volume [37]. Thus, increases in either or both

parameters can contribute to increased stiffness. The situ-

ation is less clear concerning the influence of these

parameters on fracture incidence. In particular, the mineral

concentration is believed to have an optimal value, which

compromises between brittleness at high mineral content

and low stiffness at low mineral content [38]. Moreover, it

is very likely that the quality of the organic matrix plays an

essential role in bone strength and fracture risk [12]. A

systematic analysis of the two independent parameters,

matrix mineralization and bone volume per tissue volume,

determined by a combination of DXA measurements and

qBEI analysis of biopsies would provide more clarity and a

better understanding of fracture risk and the origin of

fracture. For example, treatment with the bisphosphonates

risedronate and alendronate results in a reduction in het-

erogeneity of bone matrix mineralization associated with

prolonged secondary mineralization [25, 39, 40]. It is clear

that other techniques are needed to explore the changes in

bone material qualities that contribute to bone strength and

fracture risk but which cannot be determined by BMD [10].

In conclusion, the combined analysis of BMD (from

DXA) and BMDD (from qBEI of paired bone biopsies)

allows separation of changes in bone volume and in bone

mineralization. The effect of 3-year treatment with risedr-

onate in a group of postmenopausal osteoporosis subjects

was analyzed in this way, and the following was found:

1. Treatment with risedronate influenced bone volume

compared to untreated controls. The analysis presented

here suggests that it maintained or even produced a

moderate increase in bone volume compared to a 3.7%

loss of bone volume in the placebo group over 3 years.

2. Calcium/vitamin D supplementation led to a signifi-

cant increase in mineralization in both the placebo and

risedronate groups.

3. The increase in the degree of bone mineralization was

larger the greater the degree of undermineralization at

baseline, which also correlated with the turnover at

baseline. This suggests that available mineralization

sites in the bone matrix are filled with mineral when

there is increased calcium intake in association with

adequate levels of vitamin D and/or due to a reduction

of bone turnover.

4. The increase in mineralization was greater with

risedronate treatment, probably due to the greater

reduction in bone turnover.

The combination of DXA measurements and qBEI data

from bone biopsies has provided new insights into the

effect of anticatabolic treatment on bone by allowing for

the first time a separation between the effects on bone

volume and on matrix mineralization. Lumbar spine BMD

values after risedronate therapy in women with post-

menopausal osteoporosis show an overlap of effects on

bone volume and matrix mineralization. Indeed, using

paired biopsies from placebo- and risedronate-treated

subjects, we have shown that up to two-thirds of the

observed BMD increase from baseline was due to calcium

deposition in the bone material as a result of calcium

supplementation with adequate vitamin D, and the

remainder of the increase in BMD resulted from an in-

crease or better maintenance of bone volume due to

risedronate therapy. Future studies are required to deter-

mine the impact of these findings on bone quality and the

assessment of individual fracture risk.
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