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ABSTRACT

Strontium ranelate (SrR) is a relatively new treatment for osteoporosis. In this study we investigated its potential impact on human bone

material quality in transiliac bone biopsies from postmenopausal osteoporotic women treated 3 years with calcium and vitamin D plus

either 2 g SrR per day or placebo. Bone mineralization density distribution (BMDD), strontium (Sr) concentration, collagen cross-link ratio,

and indentation modulus were analyzed by quantitative backscattered electron imaging, electron-induced X-ray fluorescence analysis,

synchrotron radiation induced micro X-ray fluorescence elemental mapping, Fourier transform infrared imaging, and nanoindentation,

respectively. The BMDD of SrR-treated patients was shifted to higher atomic numbers (Zmean þ1.5%, p< .05 versus placebo). We

observed Sr being preferentially incorporated in bone packets formed during SrR treatment up to 6% atom fraction [Sr/(SrþCa)]

depending on the SrR serum levels of the individuals (correlation r¼ 0.84, p¼ .018). Collagen cross-link ratio was preserved in SR-treated

bone. The indentation modulus was significantly decreased in younger versus older bone packets for both placebo- (�20.5%, p< .0001)

and SrR-treated individuals (�24.3%, p< .001), whereas no differences were found between the treatment groups. In conclusion, our

findings indicate that after SrR treatment, Sr is heterogeneously distributed in bone and preferentially present in bone packets formed

during treatment. The effect of SrR on BMDD seems to be due mainly to the uptake of Sr and not to changes in bone calcium content.

Taken together, these data provide evidence that the investigated bone quality determinants at tissue level were preserved in

postmenopausal osteoporotic women after 3-year treatment with 2 g SrR per day plus calcium and vitamin D.� 2010 American Society

for Bone and Mineral Research.
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Introduction

Strontium ranelate (SrR) is an innovative treatment of

osteoporosis based on the Spinal Osteoporosis Therapeutic

Intervention (SOTI)(1) and the Treatment of Peripheral Osteo-

porosis (TROPOS)(2) studies. A fracture risk reduction for

postmenopausal osteoporosis after 3 years of treatment with

2 g/day SrR orally of 41% (p< .001) and 16% (p¼ .04),

respectively, has been reported for vertebral and nonvertebral

fractures.(1,2) Recently, efficacy on fracture risk reduction also was

proven for 5 years of SrR treatment,(3) as well as treatment in

osteopenic patients.(4) There is an intense research activity to

elucidate the underlying mechanism of SrR antifracture efficacy,

including bone microarchitecture, bone remodeling balance,

and Sr interaction with the calcium-sensing receptors of bone

cells.(5–10) In vertebrates, 99% of whole-body Ca and Sr is located

in bone.(11) Thus every increase in serum level of Sr is likely to

lead to a higher fraction of Sr in the bone tissue, as numerous

studies, especially in animal models, have shown.(12–15) Inter-

estingly, in these treatment studies, Sr seems to be hetero-
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geneously distributed within the whole skeleton (with higher Sr

content at the iliac crest than at the femur and lumbar

vertebra)(16) and even within the bone tissue of a single skeletal

site, where individual bone packets exhibit different Sr

contents.(15–17) The aim of this study was to elucidate the

amount of the local Sr uptake and its influence on the bone

material quality at the bone packet level in patients treated with

SrR for 3 years. Important questions addressed in this context

were (1) Does the amount of Sr incorporation depend on

whether the bone packet is formed during SrR treatment or

existed before treatment? (2) Does the amount of Sr incorpora-

tion depend on the age of the individual bone packet? and (3)

Are there changes in intrinsic mechanical properties of the bone

nanocomposite material that could be caused by changes in

collagen cross-link pattern? For this purpose, transiliac biopsies

of postmenopausal osteoporotic women treated with SrR or

placebo were analyzed by nondestructive spatially resolved

scanning techniques, including quantitative backscattered

electron imaging (qBEI), electron-induced X-ray fluorescence

energy dispersive X-ray analysis (ERF-EDX), synchrotron micro-X-

ray fluorescence (SR-mXRF) elemental mapping, Fourier trans-

form infrared imaging (FTIRI), and nanoindentation.

Methods and Materials

Bone biopsy samples

Transiliac bone biopsies from postmenopausal osteoporotic

women that participated in the Spinal Osteoporosis Therapeutic

Intervention (SOTI)(1) and the Treatment of Peripheral Osteo-

porosis (TROPOS)(2) studies were kindly provided by Company

Servier (IRIS, Courbevoie CEDEX, France). Throughout the study,

subjects received daily calcium abd vitamin D supplements

depending on the baseline serum concentration of 25-hydro-

xyvitamin D. After a run-in period of 2 to 24 weeks of calcium and

vitamin D depending on the severity of the deficiency of

calcium/vitamin D, the subjects received 2 g/d SrR or placebo.(1)

A total of 18 polymethylmethacrylate (PMMA)–embedded

undecalcified bone biopsy samples were examined. Seven

biopsies were from patients who had received 3 years of placebo

(plus calcium/vitamin D), and seven biopsies were from patients

who had received 3 years of 2 g/day SrR (plus calcium/vitamin D).

Additionally, four biopsies from patients at baseline before

treatment (one from the placebo group and three from SrR

group) were analyzed. Together with a subset of the 3-year

treatment groups, they formed a set of four paired biopsies

(before and after treatment).

Quantitative backscattered electron imaging (qBEI)

qBEI was employed to visualize and quantify the local average

atomic number of the target material (undecalcified bone tissue

of 18 iliac biopsies). The physical principle of the technique is

based on a quantification of the intensity of electrons

backscattered from the surface of a sectioned bone area. The

signal obtained is proportional to the weight fraction of calcium

(Ca wt%) present locally in the embedded bone tissue in cases

where the atomic number of the inorganic phase is formed

predominantly by Ca (Z¼ 20) and P (Z¼ 15) in the form of

carbonated hydroxyapatite embedded in the organic matrix

(Z ffi 6). Full details of the technique have been described

elsewhere.(18–20) However, in this study, a contribution of

incorporated Sr atoms (Z¼ 38) in the bone matrix of SrR-treated

patients could be expected; therefore, in these cases, a direct

transformation of qBEI gray levels to calcium/mineral content

was not possible or only an apparent Ca content could be given.

Thus the material contrast (qBEI gray levels) was expressed

in average Z numbers. Blocks containing PMMA-embedded

undecalcified iliac bone samples were prepared for qBEI by

grinding and polishing in order to obtain plane and parallel

surfaces. The sample surface then was carbon coated. qBEI was

performed in a digital scanning electron microscope (DSM 962,

Zeiss, Oberkochen, Germany) equipped with a four-quadrant

semiconductor backscattered electron detector. The microscope

was operated at 20 keV electron energy and a probe current of

110 pA. The entire cancellous bone area was imaged by qBEI

using a pixel resolution of 4mm. From the gray-level images,

gray-level frequency histograms were derived and converted

by calibration(19) to bone mineralization density distributions

(BMDDs). BMDD curves (see Fig. 1) indicate the frequency of

pixels (y axis) corresponding to a given average atomic number Z

(x axis) occurring throughout the cancellous bone area. For

statistical analysis, four parameters characterizing these atomic

number BMDD curves were determined (analogous to the BMDD

curves with the gray levels expressed in Ca wt%) as described in

detail elsewhere(19–21) (see Fig. 1):

� Zmean, the weighted mean atomic number of the bone area

obtained by the integrated area under the BMDD curve

� Zpeak, the peak position of the histogram, which indicates the

most frequently occurring atomic number (value with the

highest number of pixels) in the bone area

� Zwidth, the full width at half maximum of the distribution,

describing the variations in the atomic number values within

the mineralized bone matrix

Fig. 1. Gray-level histograms (BMDD) from two paired bone biopsies as

measured by qBEI. Pair one (dashed lines): PL0yrs and PL3yrs¼ BMDDs at

baseline and after 3 years of placebo (Ca and vitamin D) treatment,

respectively. Pair two (solid lines): SrR0yrs and SrR3yrs¼BMDDs at base-

line and after 3 years of strontium ranelate with Ca and vitamin D

treatment, respectively. NORMAL¼ reference BMDD of normal adult

trabecular bone.(20) X-axis: qBEI signal intensity in gray levels (BE–GL])

and in average atomic numbers of local bone material (Z); y axis:

Frequency of appearance of a pixel bone area with a certain gray level

or Z expressed in percent mineralized bone area.
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� Zlow, the percentage of bone area that exhibits an atomic

number below the fifth percentile of the reference BMDD of

normal adults,(21) that is, below 9.58 (In the reference BMDD,

this parameter corresponds to the amount of bone area

undergoing primary mineralization.)

Analogous to these terms, Camean, Capeak, Cawidth, and Calow
(below 17.68wt% percent calcium) were used when the BMDD

was expressed in Ca content of the bone material in non-SrR-

treated patients. It has to be emphasized that the relative

changes in BMDD expressed in units of atomic numbers Z such

as for Zmean, Zpeak, and Zwidth are always much smaller

numerically than the corresponding values in BMDD expressed

in units of Ca wt%. The reason for these differences is based on

the different zero points of the two scales. In the case of Z values,

zeromeans nomaterial at all, whereas in the case of Ca wt%, zero

means nonmineralized bone tissue (osteoid). To make the

relative Z changes comparable with corresponding changes in

Ca wt% units, the Z value of osteoid, which is approximately

6, has to be subtracted from the Z value first before calculation of

the relative difference according the formula given below. Thus

the adjusted relative differences in Z (adDZ) are

adDZ ¼ 100� ðZafter � ZbeforeÞ=ðZbefore � 6Þ

In the following, an example for the difference between DZ

and adDZ using the Zmean parameter values of the BMDDs from

Fig. 1 (before Zbefore¼ 10.508 and after Zafter¼ 10.731SrR

treatment) is given:

DZ ¼ 100� ðZafter � ZbeforeÞ=ðZbeforeÞ

¼ 100� ð10:731� 10:508Þ=10:508 ¼ 2:1%

adDZ ¼ 100� ðZafter � ZbeforeÞ=ðZbefore � 6Þ

¼ 100� ð10:731� 10:508Þ=ð10:508� 6Þ

¼ 4:9%

Electron-induced X-ray fluorescence energy dispersive

X-ray analysis (EFR-EDX)

The local amount of the element Sr in the bone material was

determined using the aforementioned scanning electron

microscope (SEM) equipped with a LINK eXL system with a

Pentafet germanium detector (Oxford Instruments, High

Wycombe, England). The backscattered electron imaging mode

was employed to select single bone packets for small-area

scanning (10� 10mm2) to acquire an X-ray fluorescence

spectrum. On average, 30 bone packets per biopsy with about

an equal number of lower and higher BEI gray levels were

analyzed. For this purpose, the SEM was operated at 20 keV

beam energy and a probe current of 0.220 nA (twice the beam

current used for qBEI analysis to have sufficient counting

statistics for spectral analysis with the beam damage effect to

the bone tissue negligible). Data acquisition time was set to

500 seconds for each small-area scan. Quantification of the

bone material elements was done by spectral peak analysis.

Since the analysis was performed on a thick sample and not a

thin-film sample, the interactions of the emitted X-rays with the

surrounding matrix elements in the depth of the samples had

to be taken into account. This was done by the ZAF method

(software provided by Oxford Instrument), correcting for the

atomic number and the absorption and fluorescence effects.

EDX profiles of reference standards with known composition

(wt% of the elements) were employed for quantification of the

elements K, Na, Mg, Cl, S, P, Ca, and Sr. For example, for Ca and

P the mineral apatite was used, and for S and Sr, celestine

(SrSO4, MAC, Micro-Analysis Consultants, Ltd., St. Eves, UK) was

used. Since the light elements such as H, O, C, and N could

not be measured directly (limitations of the detector), their

contribution, basically reflecting the organic matrix, was

determined as complement to 100% of all the other

elemental wt% contributions. For the ZAF correction of the

organic matrix, C was used as a representative element. EDX

was done on all 18 bone biopsies. The method allowed us to

measure Sr content in bone quantitatively down to 0.5wt%.

Synchrotron radiation-induced micro-X-ray fluorescence

(SR-mXRF) analysis

Distribution of the element Sr in bone at the level of bone

packets was characterized using an elemental mapping method

based on SR-mXRF analysis in confocal geometry.(22,23) The

elemental mapping was done on bone surface areas identical to

those examined previously by qBEI. The experiments were

performed at the FLUO Beamline at ANKA, Karlsruhe,

Germany.(22) To sufficiently excite the Sr K-lines, an excitation

energy of 20 keV was chosen by means of a W/B4C multilayer

monochromator. The X-ray detector was an Oxford Pentafet

30mm2 Si(Li) detector with an 8mm Be window.

The confocal setup was realized using two polycapillary half-

lenses, one to focus the primary beam and the other to

restrict the detector’s field of view. The isotropic voxel size was

12� 12� 12mm3, and the counting time per voxel was 5 to

8 seconds. Mapping analyses have been performed on bone

samples from one with 3 years of placebo treatment as reference

and from two with 3 years of SrR treatment. The net intensities

for Ca and Sr X-ray fluorescence spectra were determined

by automatic peak fitting using the AXIL software from the

QXAS package for peak deconvolution and subtraction of the

radiation background. The resulting maps of net intensities

were normalized to counts per second (cps) and 100mA storage

ring current and finally converted to 8-bit gray-scale images. The

sensitivity of the method to detect traces of Sr in a bone matrix is

about 100-fold higher than with the ERF-EDX method. Thus

physiologic endogenous Sr content of bone (about 0.1wt%)

could be detected easily by this method.

Fourier transform infrared imaging (FTIRI) spectroscopic

analysis

Trabeculae with evident formation of bone packets, determined

based on qBEI images showing the presence of primary

mineralization and no evidence of resorption (no evident

resorption pits), were analyzed for collagen cross-links ratio

spatial distribution using FTIRI. The ratio of two of the

mineralizing type I collagen cross-links (pyr/deH-DHLNL) in

bone-forming sites in trabecular bone was determined with a

BONE QUALITY AFTER STRONTIUM RANELATE TREATMENT Journal of Bone and Mineral Research 893



spatial resolution of approximately 6.3mmby FTIRI analysis using

a Bruker Equinox 55 (Bruker Optics, Vienna, Austria) spectro-

meter interfaced with a mercury-cadmium-telluride (MCT) focal

plane array detector (64� 64 array) imaged onto the focal plane

of an IR microscope (Bruker Hyperion 3000, Bruker Optics). For

this purpose, approximately 4mm thin sections were cut from

the biopsy blocks and mounted between two barium fluoride

windows. For the pyr:divalent collagen cross-link ratio, the amide

I and II spectral regions were baseline corrected, and water

vapor and PMMA were spectrally subtracted as published

elsewhere.(24,25) The absorbance ratio at approximately 1660 and

1690 cm�1 was calculated. This ratio has been shown previously

to correspond to the ratio of the pyr and divalent collagen cross-

links.(24) Twelve biopsy samples from 6 patients treated for

3 years with placebo and 6 with SrR were analyzed this way.

Nanoindentation

Intrinsic mechanical properties of individual bone packets at the

micron level were determined by nanoindentation experiments.

The same sample blocks with the identical surface of sectioned

bone area previously used for qBEI were investigated. Regions of

interest (ROIs) containing bone packets of different ages as

selected by previous qBEI (dark-gray levels¼ young and bright-

gray levels¼ old tissue) weremeasured. The newly forming bone

structural units (BSUs) chosen for nanoindentation consistently

showed fluorescent bands when examined by fluorescence light

microscopy. Several line scans with a step size of 20mmwere run

through the trabecular features. In total, more than 100 indents

per ROI about equally distributed over new and old bone areas

were performed. A nanohardness tester (UBI-1, Hysitron, Inc.,

Minneapolis, MN, USA) equipped with a diamond tip of

Berkovich type was employed. The indentation was done with

a load of 5mN, and the elastic modulus was derived from the

unloading segment of the load-displacement curve based on the

Oliver-Pharr method.(26) For more details of the applied method,

see Gupta and colleagues.(27) For each biopsy sample, all the

indents were collected and divided into two groups, indents

coming from young and old bone packets, respectively. All 18

biopsy samples were analyzed in this way.

Statistical analysis

Statistical analysis was performed using Prism 4.0 (GraphPad

Software, Inc., San Diego, CA, USA). Differences in BMDD

parameters and collagen cross-link ratios were tested by t test or

Mann-Whitney rank-sum tests if appropriate (Tables 1 and 2; see

also Fig. 5). Linear regression analysis was performed for mean Sr

at% (Sr/SrþCa) versus Sr serum level of patients (see Fig. 4), as

well as for within-individual Sr at% (Sr/Srþ Ca) versus Ca content

of young bone (see Fig. 3). Two-way ANOVA and paired t tests

were used for the analysis of the nanoindentation data. For all

analyses, p< .05 was considered significantly different.

Results

Transiliac biopsies from postmenopausal osteoporotic women

treated for 3 years with placebo or with SrR were examined at the

tissue level (level of bone packets) in multiple experimental

approaches. The entire cancellous bone compartment of the

transiliac biopsies was measured for BMDD using qBEI, and bone

packets with different gray levels were selected for small-area

ERF-EDX analysis and SR-mXRF mapping. Trabeculae with

evident forming bone packets, determined based on qBEI

images showing the presence of primary mineralization, were

analyzed for collagen cross-links ratio spatial distribution using

FTIRI. Young and old bone packets were examined by

nanoindentation for mechanical properties.

1. BMDDs of paired biopsies (n¼ 3), before and after 3 years

of SrR treatment, showed a distinct shift toward higher

average atomic number after SrR treatment. On average

(n¼ 3), Zmean (DZmeanþ 2.0% and adDZmean þ4.7%) and

Zpeak (DZpeak þ1.6% and adDZpeak þ3.7%) were increased,

the variations in the atomic numbers of the bone matrix

Zwidth (DZwidth �2.2% and adDZwidth �19.5%) were reduced,

and the amount of low mineralized bone Zlow (DZlow
�34.2%) was decreased after SrR treatment. The example

of BMDDs from a pair of SrR treatment (SR0yrs and SR3yrs)

shown in Fig. 1 illustrates this SrR treatment effect on BMDD.

In contrast, no distinct changes can be seen after placebo

treatment, as demonstrated in Fig. 1 by the placebo-treated

pair of samples (PL0yrs and PL3yrs).

2. Group comparison of the BMDD parameters between pla-

cebo-treated (n¼ 7) and SrR-treated (n¼ 7) subjects resulted

in significant differences (see Table 1). The group differences

were for DZmean þ1.5% and adDZmean þ3.6%, (p< .05), for

DZpeak þ1.3% and adDZpeak þ3.0% (p< .05), for DZwidth

�3.1% and adDZwidth �24.7% (p< .01), and for DZlow
�39.3% (NS). Comparison with previously published adult

reference BMDD parameters revealed an increased Zmean

and Zpeak (for DZmean þ1.4% and adDZmean þ3.3% and for

DZpeak þ1.1% and adDZpeak þ2.6%, respectively, both

p< .001).

3. Group comparison of BMDD at baseline (n¼ 4) versus

36 months of placebo treatment (n¼ 7) revealed no sig-

nicant differences in all four BMDD-parameters (see Table 2).

Comparison of baseline BMDD with the adult reference

BMDD also showed no differences with the exception

of Cawidth (þ15.8%, p< .05), which was increased. BMDD

of after 3 years of placebo treatment (n¼ 7) also exhibited a

signicant increase only for Cawidth (þ26.4%, p< .001) com-

pared to the adult reference BMDD (see Table 2).

4. Selected-area ERF-EDX analysis (Fig. 2) revealed measurable

local amounts of Sr predominantly in bone packets with

relatively lower Ca content (Fig. 3) in a range from 3 to 6 at%

[Sr/(Sr þ Ca)].

5. This Sr atom fraction was independent of the variations in Ca

content found in the young bone packets (correlation ana-

lysis revealed p> .05). One example of analysis is shown in

Fig. 3.

6. Correlation analysis of the mean Sr at% [Sr/(SrþCa)] found

in the young bone packets with serum levels of SrR showed a

positive linear relationship (r¼ 0.85, p¼ .018; Fig. 4).

7. Highly sensitive elemental mapping combined with high

spatial resolution using a SR-mXRF technique on bone sur-

face areas identical to prior SEM/qBEI analysis confirmed in
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both analyzed samples from SrR-treated patients that Sr is

present predominantly in the lower-mineralized (young)

bone packets, as demonstrated in Fig. 2. (#1, a–c). In adjacent

older bone packets (see Fig. 2, #2, a–c), the Sr content was

much lower (5- to 12-fold lower) so that it was not directly

visible (gray level close to black) in the applied gray-scale

setting.

8. Collagen cross-links ratio measurements of pyr/deH-DHLNL

in the selected trabecular features using the FTIRI method

did not detect significant alterations in cross-link patterns in

the trabecular bone of the 6 biopsies from SrR-treated

patients (mean pyr/deH-DHLNL¼ 3.49	 0.40) compared

with biopsies of the 6 placebo-treated patients (mean

pyr/deH-DHLNL¼ 3.40	 0.22) (Fig. 5).

9. Nanoindentation experiments on young compared with old

bone packets revealed a significantly lower indentation

modulus of young bone packets for the non-SrR-treated

group (�20.5%, p< .0001, n¼ 11) as well as for the

SrR-treated group (�24.3%, p< .001, n¼ 7). No selective

influence of SrR treatment on these mechanical character-

istics was observed in the dry conditions used (Fig. 6).

Discussion

Transiliac bone biopsies from postmenopausal osteoporotic

women supplemented with calcium and vitamin D and treated

for 3 years with or without SrR (placebo) were investigated by

complementary methods at the bone material level to study the

impact of strontium on bone material quality. A heterogeneous

Sr uptake into individual BSUs (bone packets or osteons)

was found with a distinct preference for bone packets formed

during SrR treatment. SrR altered neither the collagen cross-

links ratio nor the nanomechanical properties in the bones

analyzed.

Effects on BMDD

Considering the BMDD measurements of patients before SrR

treatment at baseline using qBEI, it is remarkable that their BMDD

peak position (Capeak) was rather similar to that of a normal adult

reference cohort,(21) except the heterogeneity of bone matrix

mineralization within patients (Cawidth), which was slightly

increased at baseline. This is somewhat different from earlier

studies, where the increased Cawidth in the osteoporotic patients

at baseline usually was accompanied by a shift toward lower

mineralization densities.(28–30) The difference between the latter

and the present observations is likely explained by the well-

controlled pretreatment period with calcium/vitamin D (up to 6

months), whereas in the previous risedronate study(29) the

calcium and vitamin D status was not adjusted to normal levels

before study entry. Thus it seems that already 6 months of

consequent calcium/vitamin D supplementation (in this SrR-

treatment study 1000mg Ca and 800 IU vitamin D daily) was

sufficient to shift the BMDD toward normal levels. In

consequence, after 3 years of placebo (plus calcium and vitamin

D) treatment, the BMDD curve did not show any further changes

compared with baseline. In our study, we observed in the SrR

Table 1. BMDD Parameters Derived From BMDD Calibrated in Units of Z (Average Atomic Number) of Normal Reference,(21) Baseline

(PL-0) 3 Years, Placebo (PL-3) and 3 Year Treated Patients

Ref PL0yrs PL3yrs SrR3yrs

(n¼ 52) (n¼ 4) (n¼ 7) (n¼ 7)

Zmean (Z) 10.50 10.49 10.49 10.65
,





(10.42; 10.56) (10.44; 10.50) (10.24; 10.54) (10.57; 10.75)

Zpeak (Z) 10.65 10.63 10.63 10.77
,





(10.60; 10.69) (10.60; 10.65) (10.39; 10.67) (10.70; 10.88)

Zwidth (Z) 6.68 6.78


 6.85



 6.64



(6.64; 6.71) (6.75; 6.82) (6.78; 6.85) (6.59; 6.73)

Zlow (%) 4.52 5.14 6.16 3.74

(3.87; 5.79) (4.89; 5.50) (4.52; 6.53) (3.43; 6.61)

Data shown are median (25th percentile; 75th percentile).

p< .05 and 

p< .01 level of significance of differences between 3 years of placebo and 3 years of SrR.



p< .05 and 



p< .001 level of significance of differences versus normal reference

Table 2. BMDD Parameters Derived From BMDD Calibrated in

Units of wt% Ca of Baseline, 3 Years Placebo-Treated Patients and

Normal Reference(21)

Ref PL0yrs PL3yrs

(n¼ 52) (n¼ 4) (n¼ 7)

Camean (wt% Ca) 22.23 22.15 22.14

(21.84; 22.50) (21.73; 22.25) (20.93; 22.42)

Capeak (wt% Ca) 22.96 22.88 22.88

(22.70; 23.14) (22.53; 23.05) (21.66; 23.0)

Cawidth (Dwt % Ca) 3.29 3.81
 4.16



(3.12; 3.47) (3.639; 3.986) (3.81; 4.16)

Calow (%) 4.52 5.14 6.16

(3.87; 5.79) (4.681; 5.825) (4.52; 6.53)

Data shown are median (25th percentile; 75th percentile).

p< .05 and 

p< .001 level of significance of differences versus normal

reference.
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group a shift in the BMDD corresponding to a bone material with

increased average atomic number (Zmean and Zpeak) and a

decrease in the range of variation in local atomic numbers

(Zwidth), as well as the amount of bone with low atomic numbers

(Zlow), compared with baseline or placebo treatment. Usually, an

increase in degree and homogeneity of mineralization can be

interpreted as a reduction in bone turnover.(20)

However, the changes in the BMDD curves in SrR-treated

patients have to be interpreted with caution. Independent of

potential effects on bone resorption or formation, the uptake of

Sr into the bone matrix generates a higher backscattered

electron signal than calcium (effect of atomic number Sr, Z¼ 38,

versus Ca, Z¼ 20) and has to be taken into account. The fact that

Sr is preferentially incorporated into the bone packets formed

during the 3 years of SrR treatment favors this type of change in

BMDD together with the amount (percentage) of these new

bone packets, as well as their age distribution, which influences

the extent of the atomic number effect on the individual BMDD.

It has to be mentioned that similar to the results of the

qBEI method, the atomic number effect of Sr can lead to an

overestimation of mineral content in microradiographic(15) as

well as dual-energy X-ray absorptiometry (DXA)(31) measure-

ments because of the higher absorbance for Sr by X-rays

compared with Ca. Thus observed increases in BMD(2,3) also have

to be interpreted with caution because they represent the sum of

changes in bone volume, degree of mineralization,(30) and

additionally, amount of incorporated Sr.(31,34)

Moreover, the qBEI analysis revealed that neither rickets nor a

decrease in mineralization was induced by SrR treatment in any

of the samples we have investigated. This confirms results from

the histomorphometric evaluation carried out on a much higher

number of samples (>30), which showed the absence of a

deleterious effect of SrR on the primary mineralization of bone.(6)

This can be related to the calcium/vitamin D supplementation

before and during the whole study period, together with the

relatively low SrR dose used. Indeed, the importance of an

adequate Ca intake in SrR treatment has to be emphasized

because high doses of strontium induced mineralization defects

in animals with a Ca-depleted diet.(35–37) In a rat study of SrR

treatment, it has been demonstrated recently that insufficient Ca

intake can lead to an absorption of up to 6 times more Sr than

under a normal Ca diet.(7)

Fig. 2. Analysis of an identical trabecular bone feature from a patient

treated with strontium ranelate by qBEI, ERF-EDX, and SR-mXRF. (a) qBEI

displays a young bone packet (#2, less mineralized, darker gray levels)

and adjacent older bone packet (#1, higher mineralized, brighter gray

levels). (b) Elemental mapping of Ca using SR m-XRF. (c) Elemental

mapping of Sr using SR-mXRF; cts¼ normalized count rate of X-ray

photons at Ca K-line and Sr K-line, respectively; packet #2 exhibited

an average Sr intensity of 3066 cts and packet #1 an intensity of only 438

cts (intensity not visible because of gray level close to black/zero). (d) EDX

spectra of area (within rectangular frames) #1 and #2 in (a) using ERF in

the scanning electron microscope.

Fig. 3. Analysis of Sr and Ca content in single bone packets by ERF-EDX in

one biopsy from a SrR-treated patient (SrR3yrs, black triangle symbols). Sr

at% [Sr/(SrþCa)] values (y axis) are plotted versus Ca content (wt%)

values (x axis): Young bone packets of relatively low Ca content have a

measurable Sr content, whereas old bone packets exhibiting higher Ca

content have only an Sr content that is at the limit of sensitivity of the

ERF-EDX method (at 0.5 wt% Sr). Additional data points from placebo-

treated patients (PL3yrs, white circles symbols) are indicated. All the data

points are scattered around the zero level of Sr at% independently of Ca

content. Thus the physiologic endogenous Sr content in non-SrR-treated

bone is below the limit of sensitivity of the EFR-EDX method and

therefore could not be quantified.
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Distribution of Sr in bone tissue

Electron-induced X-ray fluorescence analysis in combination

with backscattered electron imaging in the scanning electron

microscope of individual bone packets revealed an Sr uptake of

up to 6% atom fraction [Sr/(SrþCa)], which would correspond to

the replacement of 1 Ca ion by 1 Sr ion out of 16 Ca atoms in the

mineral crystal lattice or 0.6 Sr ions per 10 Ca ions. This is about

half themaximum reported in themonkey treatment model with

1.2 Sr ions per 10 Ca ions, which can be accounted for by the

higher dose levels used in monkeys.(15) The major Sr uptake

occurred in the newly formed bone packets (formed during SrR

treatment), consistent with previously described outcomes in

human patients(17,32) and in animal studies.(14,15) This preferential

uptake in relatively young bone packets also was confirmed by

the applied highly sensitive and spatially resolved elemental

mapping method using SR-mXRF. Moreover, it has to be

emphasized that the atomic fraction of Sr remains constant

and is independent of the actual Ca content of the bone packets

formed during SrR treatment within an individual patient.

However, the Sr fraction value is positively correlated with the Sr

serum level found in individual patients. These results are in

agreement with previous studies of Sr uptake in animal

models(16) and a recent human study.(17) All together, the data

suggest that when the BSU is formed and the osteoid starts to be

mineralized in the presence of a certain Sr to Ca fraction in the

interstitial fluid of bone tissue, Sr is incorporated with a certain

fraction into the crystal from the beginning of crystal growth but

is not a result of long-lasting diffusion exchange processes after

crystal growth has occurred. As a consequence, the Sr fraction

remains constant during the entire growth period of the mineral

crystal in the phase of primary and secondarymineralization. This

also may explain why bone packets formed under SrR treatment,

having different age/mineral content, exhibited a similar Sr

fraction within one individual, whereas in older bone packets

that have passed a long period of secondary mineralization

Fig. 6. Comparison of nanoindentation modulus on bone packets from

PL0yrs (n¼ 3), SrR0yrs (n¼ 1), PL3yrs (n¼ 7), and SrR3yrs (n¼ 7) patients

(in total, n¼ 18). Number of indents within each bone packet category

(young versus old) was around 50 (total of 100 indents per sample). Open

symbols¼ young bone packets; full symbols¼ old bone packets, as

judged from gray levels of qBEI. Error bars of SEM are mostly smaller

than symbol size. Dashed line indicates mean level of old bone; dashed-

pointed line indicates mean level of young bone.

Fig. 5. Collagen cross-links ratio (pyr/deH-DHLNL) mapping (images) and quantification (bar diagram) of trabecular bone features using FTIRI. PL3yrs¼ 3

years placebo treatment of patients (n¼ 6), SrR3yrs¼ 3yrs SrR treatment of patients (n¼ 6). Trabeculae analyzed were selected based on previously

acquired qBEI images. The surfaces were devoid of resorption pits, and at least one surface exhibited primary mineralization.

Fig. 4. Relationship between average Sr at% [Sr/(SrþCa)] in bone pack-

ets (nffi 10) newly formed during SrR treatment and the corresponding Sr

serum level found in the patients (n¼ 7) after a 3-year treatment. Error

bars of SEM are smaller than symbol size.
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without being exposed to Sr in the serum had relatively small

amounts of Sr. It is likely that in older bone packets crystal growth

has been slowed down, and only a few atoms are added to the

surface of preexisting crystals. In addition, potential ion

exchanges by diffusion are assumed to be slow. However, to

clarify the nature of Sr incorporation in the young bone packets,

spatially resolved techniques such as scanning X-ray diffraction

(XRD) by synchrotron radiation experiments were performed and

are reported in Li and colleagues.(33) The latter and present

studies taken together show that Sr is taken up during bone

formation and that the amount being incorporated into the

mineral crystal depends on the serum level of Sr during

treatment. In our patients group, a serum Sr level of up to

250mmol/L was found, which generated an average Sr content

in bone packets formed during SrR treatment of up to 5 at%, as

measured focally by ERF-EDX. Consistently, scanning synchro-

tron X-ray diffraction by Li and colleagues(33) revealed changes in

the crystal lattice constant corresponding to a 5 at% incorpora-

tion of Sr. In consequence, for the whole Sr content in bone

accumulated during SrR treatment, two mechanism have to be

taken into account: First, as stated earlier, every bone packet

formed during SrR treatment within an individual will have the

same characteristic Sr to Ca fraction, and the absolute Sr value is

increasing according to the increase in the Ca content with

duration of secondary mineralization of the bone packet.

Second, since bone remodeling is an ongoing process, it has

to be assumed that, theoretically, at some time point (depending

on the bone turnover rate) all ‘‘old’’ bone packets (preexisting SrR

treatment) will have been removed and replaced by ‘‘new’’ bone

packets (formed during SrR treatment) with a characteristic Sr to

Ca fraction within their mineral crystals. This would represent the

maximal level of Sr that can be achieved in bone. Hence the

resulting Sr content depends strongly on local bone remodeling

activity and duration of treatment at specific serum level of Sr.

Indeed, the Sr content has been found to be variable at different

skeletal sites depending on bone turnover(16) and to be

increasing in transiliac bone with duration of SrR treatment. A

progressive increase in global Sr content (measured chemically)

from 1 to 3 years with no further increase from 3 to 5 years was

reported.(17) In contradiction, measurements on ultra–distal

radius using a special noninvasive DXA method revealed,

however, a continuous increase in Sr for up to 8 years of

treatment, which is very controversial and remains an open

matter.(38–40)

Sr uptake and collagen cross-linking

Using a FTIRI technique, the average collagen cross-link ratio of

the trabecular bone features formed under SrR and placebo

treatment was studied. No changes compared with placebo

treatment could be detected. This is in contrast to other

treatments, where significant changes were observed,(41,42) and

indicates that SrR does not seem to interfere with collagen cross-

link formation.

Sr incorporation and bone material elastic modulus

Nanoindentation analysis was performed to determine the mech-

anical properties of the collagen/mineral bone nanocomposite

material after SrR treatment. Therewas a lower indentationmodulus

for young compared with old bone packets that was significant, as

classified by their lower or higher mineral content, respectively. No

differences were observed between the placebo and SrR groups,

meaning that the newly deposited bone matrix, which is added

to and/or is exchanged with the old bone matrix in patients

treated with SrR, is of the same quality, and hence SrR does not

compromise the nanomechanical properties of bone material.

Furthermore, it has to be emphasized that the entire study is

based on undecalcified PMMA-embedded bone tissue. This

preparationmethod includes fixation in 70% ethanol followed by

dehydration using 100% ethanol. Thus Ca and Sr of the soluble

phase and the fast exchangeable pool in the interstitial fluid and

intrinsic surfaces in the bone tissue containing about 0.65% of

the total skeletal Ca(11) might be lost, and predominantly, the

substituted Sr is present in the sample blocks for measurement.

Moreover, it is known that the bone material exhibits different

mechanical behaviors, depending on the hydration state of the

sample.(43) While in wet condition, altered nanomechanical

parameters were observed in SrR-treated rat bone compared

with nontreated bone,(8,44) there was no such difference

between the groups in dry bone samples,(44) which is consistent

with our results.

Conclusion

In conclusion, strontium ranelate (SrR) treatment does not alter

determinants of bone material quality such as degree of

mineralization, collagen cross-linking, and indentation modulus

compared with the placebo-treated group. Only the bone tissue

formed during SrR treatment (2 g/d) shows Sr incorporation up

to 6 at% [Sr/(SrþCa)] after 3 years of treatment. Taken together,

these data provide evidence that the bone quality determinants

at the tissue level, including degree of mineralization, collagen

cross-linking, and intrinsic bone mechanical characteristics, are

preserved after a 3-year SrR treatment in postmenopausal

osteoporotic women.
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40. Bärenholdt O, Kolthoff N, Nielsen SP. Reply to Letter Re: ‘‘Effect of

long term treatment with strontium ranelate on bone strontium

BONE QUALITY AFTER STRONTIUM RANELATE TREATMENT Journal of Bone and Mineral Research 899
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