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Effect of Hormone Replacement Therapy on Bone Quality in
Early Postmenopausal Women
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ABSTRACT
HRT is an effective prophylaxis against postmenopausal bone loss. Infrared imaging of paired iliac crest
biopsies obtained at baseline and after 2 years of HRT therapy demonstrate an effect on the mineral
crystallinity and collagen cross-links that may affect bone quality.
Several studies have demonstrated that hormonal replacement therapy (HRT) is an effective prophylaxis
against postmenopausal bone loss, although the underlying mechanisms are still debated. Infrared spectroscopy has been used previously for analyzing bone mineral crystallinity and three-dimensional structures of
collagen and other proteins. In the present study, the technique of Fourier transform infrared microscopic
imaging (FTIRI) was used to investigate the effect of estrogen on bone quality (arbitrarily defined as
mineral/matrix ratio, mineral crystallinity/maturity, and relative ratio of collagen cross-links [pyridinoline/
deH-DHLNL]) at the ultrastructural level, in mineralized, thin tissue sections from double (before and after
administration of HRT regimen; cyclic estrogen and progestogen [norethisterone acetate]) iliac crest biopsy
specimens from 10 healthy, early postmenopausal women who were not on any medication with known
influence on calcium metabolism. FTIRI allows the analysis of undemineralized thin tissue sections (each
image analyzes a 400 ⴛ 400 m2 area with a spatial resolution of ⬃6.3 mm). For each bone quality variable
considered, the after-treatment data exhibited an increase in the mean value, signifying definite changes in
bone properties at the molecular level after HRT treatment. Furthermore, these findings are consistent with
suppressed osteoclastic activity. (J Bone Miner Res 2003;18:955–959)
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INTRODUCTION

ORMONE REPLACEMENT THERAPY (HRT) has been shown
to be an effective prophylaxis against postmenopausal
bone loss.(1– 4) The exact mechanism of this protective effect
is still the subject of debate. In a study on osteoporotic
women, it was reported that the main effects of cyclical
HRT on bone remodeling was a 50% reduction in turnover
as reflected in a 50% decrease in activation frequency.(5) No
significant changes in bone multicellular unit (BMU) balance were demonstrable in the HRT group. Women with
senile osteoporosis are characterized by osteoblastic insufficiency; thus, they may not display possible effects of HRT
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on osteoblast function (osteoporotic women showed an increase in bone resorption rate and mean wall thickness was
reduced.).(6,7) In a recent study, it was shown that that bone
remodeling in early postmenopausal women is characterized by progressive osteoclastic hyperactivity, which is reduced by cyclic HRT. Furthermore, the reduction of resorptive activity at the BMU level after HRT seems to precede
the reduction in activation frequency evident in studies on
older postmenopausal women.(8)
Loss of bone mass (bone mineral density [BMD]) is an
important feature related to osteoporotic fractures, accounting for a significant portion of osteoporotic fracture risk.(9 –11)
Furthermore, BMD has been shown to correlate significantly with bone strength.(12–17) On the other hand, BMD
alone does not determine whether an individual will sustain
a fracture.(18,19) There is a considerable overlap between
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normal and osteoporotic populations.(20) Moreover, the correlation between BMD and fracture risk has been reported
to be site-specific, because it has been reported to be less
consistent for vertebral than for hip fractures.(17) It is becoming clear that when assessing fracture risk, in addition to
BMD, factors such as geometry and bone mass distribution,
trabecular bone microarchitecture, microdamage and/or increased remodeling density, genetics, body size, environmental factors, and changes in bone tissue properties should
also be taken into account.(21)
In the present study, Fourier transform infrared imaging
(FTIRI) analysis was used to evaluate bone quantity (expressed as mineral:matrix ratio) and quality (expressed as
mineral crystallinity and collagen cross-link ratio) in mineralized, thin tissue sections from double (before and after
administration of HRT regimen) iliac crest biopsy specimens from 10 healthy, early postmenopausal women who
were not on any medication with known influence on calcium metabolism. The results of the present study are in
agreement with previously reported results based on histomorphometry on the same biopsy specimens(8) and are
consistent with an osteoclast suppression mechanism of
action for the HRT regimen.

MATERIALS AND METHODS
Double iliac crest biopsy specimens from 10 healthy (total
number of biopsy specimens ⫽ 20), early postmenopausal
(cessation of menstrual bleeding within 6 –24 months before
inclusion) women, 45–55 years of age, who were not on any
medication with known influence on calcium metabolism were
obtained. The first biopsy was obtained before the administration of the therapeutic regimen, and the second after 2 years on
a cyclic HRT (estradiol [2 mg]/norethisterone acetate [1 mg])
regimen (Trisequence; NOVO-Nordisk A/S, Copenhagen,
Denmark). These biopsy specimens were part of a larger study
that has already been reported.(8) The tissues, embedded in
methylmethacrylate, were cut into ⬃5-mm-thick sections, and
the trabecular bone was analyzed by FTIRI.
FTIRI spectral images were acquired on the BioRad
(Cambridge, MA, USA) “Sting-Ray” system, consisting of
a step-scan interferometer interfaced to a mercurycadmium-telluride (MCT) focal plane array detector imaged
to the focal plane of an IR microscope. Interferograms were
simultaneously collected from each element of the 64 ⫻ 64
array to provide 4096 spectra at a spectral resolution of 8
cm⫺1. In this configuration, each spectral image corresponds to an area of 400 ⫻ 400 m2, and each spectrum to
an area of ⬃6.3 ⫻ 6.3 m2.(22–25) Background imaging
spectra were acquired under identical conditions with only
the BaF2 windows on which the sections were placed.
Three spectral images were acquired per section in the area
of trabecular bone. A histological slide stained with Goldner’s
trichrome was provided for each biopsy examined in this
study. Based on these, only trabeculae devoid of resorbing
surfaces (as evidenced by the lack of resorption pits) were
considered. For each spectral image, three parameters were
calculated. The mineral/matrix ratio based on the integrated
area ratio of the phosphate (900 –1200 cm⫺1) and amide I
(1585–1700 cm⫺1) peaks corresponds to ash-weight measure-

ments.(26) Mineral crystallinity (calculated based on the spectra
absorbance ratio at 1030 and 1020 cm⫺1(22–24)) corresponds to
the c-axis crystallite size and perfection as determined from
X-ray diffraction line-broadening analysis. The ratio of two of
the major mineralized tissues collagen cross-links (pyridinoline
[Pyr] and dehydro-dihydroxylysinonorleucine [deH-DHLNL])
was calculated based on the spectra absorbance ratio at 1660
and 1690 cm⫺1.(25) The results were expressed both as colorcoded images (Origin 6.0; Microcal Software, Northampton,
MA, USA) and as histogram population distributions, where
the x axis is the range of the parameter under investigation and
the y axis is the number of pixels in each image with a specific
value in that range. Detailed methodology and technique validation have been published elsewhere.(22–25)
The sections were received and analyzed number-coded
(no prior knowledge of pairs). The values from the three
images/section and for each section were averaged for each
parameter monitored, and the resulting mean value and SD
were treated as a single statistical unit. At the conclusion of
this, the number code was provided. Data were compared in
two ways: (1) the average values and SDs among the two
groups (encompassing all cases analyzed) for the three
parameters monitored were compared before and after
2-year treatment with HRT using the Wilcoxon signed rank
test, and (2) data obtained in paired sections from the same
patient before and after treatment compared using Student’s
paired t-test (SigmaStat 2.03, SPSS, and JMP 4.0 and StatView 5.01; SAS Institute, Cary, NC, USA). Statistical significance was assigned for p ⬍ 0.01.

RESULTS
The data for all parameters examined for all the biopsy pairs
analyzed are summarized in Table 1. Values are presented as
mean and SD. Values that are statistically similar (p ⬎ 0.01)
are listed in bold. In all 10 paired cases analyzed, the mineral/
matrix ratio was higher after HRT administration in a statistically significant manner. Of the 10 cases analyzed, 8 exhibited
greater mineral crystallinity values after HRT treatment,
whereas the other 2 were statistically similar before and after
treatment, albeit in both cases the values were higher after
treatment. When collagen cross-links ratio (pyr/deH-DHLNL)
were compared, 9 of the 10 cases analyzed exhibited greater
collagen cross-link ratio values after HRT treatment, while the
other was statistically similar before and after treatment, although the values after treatment were higher. When the data
between the two groups were compared in a non-paired fashion, the mineral/matrix ratio, the mineral crystallinity, and the
collagen cross-links ratio (pyr/deH-DHLNL) were different
after 2-year HRT treatment in a highly statistical significant
manner (p ⱕ 0.001). The specific values are listed in Table 2.
Figure 1 shows typical output of the FTIRI analysis for a
randomly selected pair of biopsy specimens before and after
HRT treatment. Each image represents a 400 ⫻ 400 m2
area, and the size of each pixel is ⬃6.3 ⫻ 6.3 m2. Figure
1A is the calculated spatial distribution of the mineral/
matrix ratio before (top) and after (bottom) treatment. The
images are presented in pseudo-color scaling (blue ⫽ minimum, red ⫽ maximum). Figure 1B is the determined
spatial distribution of mineral crystallinity (bone mineral
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TABLE 1. SUMMARY

OF STATISTICAL COMPARISONS OF THE MINERAL:MATRIX, MINERAL CRYSTALLINITY/MATURITY,
AND COLLAGEN CROSS-LINKS RATIO MEASURES AMONG THE PAIRED BIOPSIES

Biopsy number

Mineral:matrix

Mineral crystallinity index

Collagen cross-link ratio
(pyr/deH-DHLNL)

1849 vs. 2002

1.25 ⫾ 0.05
2.19 ⫾ 0.04
1.15 ⫾ 0.4
2.5 ⫾ 0.3
1.1 ⫾ 0.5
2.6 ⫾ 0.3
1.2 ⫾ 0.4
2.1 ⫾ 0.3
1.3 ⫾ 0.3
2.21 ⫾ 0.26
0.79 ⫾ 0.28
2.26 ⫾ 0.41
0.617 ⫾ 0.22
1.58 ⫾ 0.27
1.1 ⫾ 0.4
2.41 ⫾ 0.17
1.73 ⫾ 0.35
2.69 ⫾ 0.29
1.16 ⫾ 0.15
2.53 ⫾ 0.15

0.52 ⫾ 0.12
0.81 ⫾ 0.11
0.61 ⫾ 0.13
0.97 ⫾ 0.22
0.8 ⴞ 0.11
0.85 ⴞ 0.28
0.73 ⫾ 0.13
0.93 ⫾ 0.18
0.62 ⫾ 0.13
0.88 ⫾ 0.12
0.71 ⴞ 0.04
0.79 ⴞ 0.02
0.59 ⫾ 0.04
0.85 ⫾ 0.12
0.7 ⫾ 0.02
0.81 ⫾ 0.02
0.61 ⫾ 0.03
0.83 ⫾ 0.04
0.78 ⫾ 0.01
0.82 ⫾ 0.01

0.85 ⫾ 0.13
1.35 ⫾ 0.11
0.89 ⫾ 0.02
1.37 ⫾ 0.09
1.0 ⴞ 0.1
1.25 ⴞ 0.07
0.97 ⫾ 0.09
1.11 ⫾ 0.04
0.91 ⫾ 0.03
1.12 ⫾ 0.03
0.92 ⫾ 0.05
1.31 ⫾ 0.06
0.82 ⫾ 0.05
1.2 ⫾ 0.4
0.6 ⫾ 0.05
1.21 ⫾ 0.06
1.02 ⫾ 0.04
1.32 ⫾ 0.02
0.81 ⫾ 0.05
1.19 ⫾ 0.01

3674 vs. 4539
4682 vs. 4771
4849 vs. 7045
5026 vs. 5056
5027 vs. 4505
5378 vs. 4865
6670 vs. 6293
736 vs. 2525
7640 vs. 8135

Statistically similar values ( p ⬎ 0.01) are presented in bold.

TABLE 2. SUMMARY OF STATISTICAL COMPARISONS OF THE
MINERAL:MATRIX, MINERAL CRYSTALLINITY/MATURITY, AND
COLLAGEN CROSS-LINKS RATIO MEASURES AMONG THE
TWO GROUPS (BEFORE AND AFTER HRT THERAPY)

Before
After

Mineral:matrix

Mineral
crystallinity
index

Collagen crosslink ratio (pyr/
deH-DHLNL)

1.140 ⫾ 0.296
2.307 ⫾ 0.321

0.667 ⫾ 0.09
0.854 ⫾ 0.057

0.879 ⫾ 0.121
1.243 ⫾ 0.092

crystallite size in the crystallographic c-axis) before (top)
and after (bottom) HRT treatment. The scaling of the color
is the same as previously. Figure 1C is the computed spatial
distribution of the collagen cross-link ratio (pyr/deHDHLNL) before (top) and after (bottom) HRT treatment.
Color scaling is the same as previously.

DISCUSSION
In a randomized, double-blind, clinical prospective trial
comprising 35 women treated with either HRT (cyclic
estradiol/norethisterone acetate) or placebo, histomorphometric studies on paired bone biopsy specimens obtained
before and after 2 years of treatment were performed.(8) The
current FTIRI study expands our understanding of the accompanying changes in the mineral and matrix (collagen)
properties in a randomly selected subset of these patients
and shows the correspondence and complementarity between histomorphometric and spectroscopic parameters.
It has become increasingly apparent that BMD is not the sole
determining factor of fracture risk.(21,27,28) Additional factors

should be taken into consideration. This has led to the rise in
the use of the term “bone quality.” This term is a broad,
multifactorial one, encompassing factors such as geometry and
bone mass distribution, trabecular bone microarchitecture, microdamage and/or increased remodeling density, genetics,
body size, environmental factors, and changes in bone tissue
properties. Two of the bone tissue properties are mineral
crystallinity/maturity (bone mineral crystallite size in the crystallographic c-axis) and collagen cross-links ratio. The role of
the former becomes apparent when the effect of fluoride therapy in osteoporotic patients on bone fragility is considered.
Although fluoride increases bone mass, the newly formed bone
may have reduced strength.(29) Analyses of fluoride-treated
bones in humans and in animal models reveal changes in the
distribution, crystallinity, and crystal habit of the bone mineral
crystallites.(30 –32) The importance of collagen intermolecular
cross-links to the mechanical performance of bone is very
apparent in lathyrism,(33,34) as well as in the pyridoxinedeficient chick animal model. In this B6-deficient chick, the
mineral in the cortical bone of the deficient animals remains
unaltered (both quantity and composition) compared with controls, whereas the deficient animals exhibit higher amounts of
extractable collagen and altered cross-links. The B6-deficient
animals exhibited a decreased fracture load and offset yield
load. These data suggest that although proper cortical bone
mineralization occurred, the alterations of the collagen and
collagen cross-links resulted in changes to bone mechanical
performance.(35)
The histomorphometric study already reported in the literature has shown that untreated women developed a progressively more negative balance at individual BMUs,
while women on HRT preserved bone balance.(8) No significant differences in wall thickness between the two
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FIG. 1. Representative data of
the spatial variation of the (A)
mineral:matrix, (B) mineral crystallinity, and (C) collagen crosslinks ratio parameters in a randomly selected pair of biopsy
specimens before (top) and after
(bottom) HRT treatment, in the
area of trabecular bone. The data
are presented as reconstructed
color-coded images (each image
represents a 400 ⫻ 400 m2 area,
and each image pixel a ⬃6.3 ⫻
6.3 m2 one; black ⫽ 0, blue ⫽
minimum, red ⫽ maximum).

groups were demonstrated, but the untreated women developed a pronounced increase morphometrically defined in
erosion depth over 2 years, while the HRT group revealed
no change. Furthermore, the placebo group displayed an
increased osteoclastic erosion depth compared with unchanged values in the HRT group. While the placebo group
revealed a slight increase in volume referent resorption rate,
the HRT group revealed a pronounced decrease. No significant changes in marrow star volume (an index of trabecular
perforations) were demonstrated in either group.
The FTIRI data obtained in a randomly selected subset of
biopsy specimens revealed additional information about tissue properties alterations. Specifically, statistically significant increase in mineral/matrix ratios after treatment in all
cases, increases in mineral crystallinity in 8 of 10 cases, and
increases in collagen cross-link ratio in 9 of 10 cases, were
demonstrated. These results suggest a prevalence of more
mature bone(22–26,36 – 40) after the HRT regimen. Each of
these parameters’ value is known to increase with bone
tissue age. Moreover, both mineral and collagen may mature even in the absence of direct cellular activity in biological environments.(41– 43) Characteristics of more mature
mineral and collagen include higher crystallinity/maturity
and higher pyr/deH-DHLNL cross-links ratio, respectively.
The results of the present study exhibit a shift in mineral
crystallinity and collagen cross-links ratio toward higher
values when paired biopsy specimens were compared before and after 2-year HRT treatment. This would be consistent with either diminished osteoblastic activity (less
“young” tissue is being laid down thus the shift towards
higher values) and/or diminished osteoclastic activity (the
bone tissue is not resorbed as fast, thus stays around longer
and both mineral and collagen mature causing the shift to
higher values in mineral crystallinity and collagen crosslinks ratio). Because, in the present study, trabeculae with
bone forming and/or quiescent surfaces were analyzed, it is
reasonable to assume that the observed differences observed
in the mineral and collagen properties of the paired biopsy
specimens are caused by suppressed osteoclastic activity.
This would be in agreement with the previously published
histomorphometric results on the same patients.(8)

In conclusion, this investigation show the advantages of
coupling histomorphometric evaluation with infrared imaging analysis. FTIRI is a nondestructive technique from
which multiple parameters concerning tissue components
molecular properties can be obtained from a single section.
Moreover, the spatial distribution of these parameters may
be described. Analyses can provide information on changes
in bone mineral and matrix properties at forming, resorptive, reversal, and quiescent surfaces with ⬃6.3 ⫻ 6.3 m2
spatial resolution.(22–25) The results of the present study
show that HRT therapy has an effect on the mineral crystallinity and collagen cross-links ratio properties of bone
tissue, two parameters involved in bone quality rather than
quantity considerations.

ACKNOWLEDGMENTS
This work was supported by National Institutes of Health
Grants AR 46505 (to EPP), AR 41325 (to ALB), and AR
46121 (Musculoskeletal Core).

REFERENCES
1. Al Azzawi F, Hart DM, Lindsay R 1987 Long term effect of
oestrogen replacement therapy on bone mass as measured by dual
photon absorptiometry. BMJ 294:1261–1262.
2. Christiansen C 1986 Estrogen/progestogen as a prophylactic treatment of postmenopausal osteoporosis. Acta Pharmacol Toxicol
59:305–310.
3. Ettinger B, Genant HK, Cann CE 1985 Long-term estrogen replacement therapy prevents bone loss and fractures. Ann Intern
Med 102:319 –324.
4. Lufkin EG, Wahner HW, O’Fallon WM, Hodgson SF, Kotowicz
MA, Lane AW, Judd HL, Caplan RH, Riggs BL 1992 Treatment
of postmenopausal osteoporosis with transdermal estrogen. Ann
Intern Med 117:1–9.
5. Steiniche T, Hasling C, Charles P, Eriksen EF, Mosekilde L,
Melsen F 1989 A randomized study on the effects of estrogen/
gestagen or high dose oral calcium on trabecular bone remodeling
in postmenopausal osteoporosis. Bone 10:313–320.
6. Eriksen EF, Hodgson SF, Eastell R, Cedel SL, O’Fallon WM,
Riggs BL 1990 Cancellous bone remodeling in type I (postmenopausal) osteoporosis: Quantitative assessment of rates of formation
resorption, and bone loss at tissue and cellular levels. J Bone Miner
Res 5:311–319.
7. Cohen Solal ME, Shih MS, Lundy MW, Parfitt AM 1991 A new
method for measuring cancellous bone erosion depth: Application

BONE QUALITY IN HRT-TREATED HUMANS

8.

9.
10.
11.

12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.

23.

24.
25.
26.

27.

28.

to the cellular mechanisms of bone loss in postmenopausal osteoporosis. J Bone Miner Res 6:1331–1338.
Eriksen EF, Langdahl B, Vesterby A, Rungby J, Kassem M 1999
Hormone replacement therapy prevents osteoclastic hyperactivity:
A histomorphometric study in early postmenopausal women.
J Bone Miner Res 14:1217–1221.
Melton LJI, Atkinson EJ, O’Fallon WM, Wahner HW, Riggs BL
1993 Long-term fracture prediction by bone mineral assessed at
different skeletal sites. J Bone Miner Res 8:1227–1233.
Melton LJI, Atkinson EJ, O’Connor MK, O’Fallon WM, Riggs BL
2000 Determinants of bone loss from the femoral neck in women
of different ages. J Bone Miner Res 15:24 –31.
Faulkner KG, Cummings SR, Black D, Palermo L, Gluer CC,
Genant HK 1993 Simple measurement of femoral geometry predicts hip fracture: The study of osteoporotic fractures. J Bone
Miner Res 8:1211–1217.
Mosekilde L, Bentzen SM, Ortoft G, Jorgensen J 1989 The predictive value of quantitative computed tomography for vertebral
body compressive strength and ash density. Bone 10:465– 470.
Hansson T, Roos B 1980 The influence of age, height, and weight
on the bone mineral content of lumbar vertebrae. Spine 5:545–551.
Hansson T, Roos B, Nachemson A 1980 The bone mineral content
and ultimate compressive strength of lumbar vertebrae. Spine
5:46 –55.
Veenland JF, Link TM, Konermann W, Meier N, Grashuis JL,
Gelsema ES 1997 Unraveling the role of structure and density in
determining vertebral bone strength. Calcif Tissue Int 61:474 –
479.
Carter DR, Hayes WC 1977 The compressive behavior of bone as
a two-phase porous structure. J Bone Joint Surg Am 59:954 –962.
Faulkner KG 2000 Bone matters: Are density increases necessary
to reduce fracture risk? J Bone Miner Res 15:183–187.
Boyce TM, Bloebaum RD 1993 Cortical aging differences and
fracture implications for the human femoral neck. Bone 14:769 –
778.
Marshall D, Johnell O, Wedel H 1996 Meta-analysis of how well
measures of bone mineral density predict occurrence of osteoporotic fractures. BMJ 312:1254 –1259.
Cummings SR 1985 Are patients with hip fractures more osteoporotic? Review of the evidence. Am J Med 78:487– 494.
McCreade RB, Goldstein AS 2000 Biomechanics of fracture: Is
bone mineral density sufficient to assess risk? J Bone Miner Res
15:2305–2308.
Marcott C, Reeder RC, Paschalis EP, Tatakis DN, Boskey AL,
Mendelsohn R 1998 Infrared microspectroscopic imaging of biomineralized tissues using a mercury-cadmium-telluride focalplane array detector. Cell Mol Biol (Noisy-le-grand) 44:109 –115.
Mendelsohn R, Paschalis EP, Boskey AL 1999 Infrared spectroscopy microscopy, and microscopic imaging of mineralizing tissues. Spectra-structure correlations from human iliac crest biopsies. J Biomed Opt 4:14 –21.
Mendelsohn R, Paschalis EP, Sherman PJ, Boskey AL 2000 IR
microscopic imaging of pathological states and fracture healing of
bone. Appl Spectroscopy 54:1183–1191.
Paschalis EP, Verdelis K, Mendelsohn R, Boskey A, Yamauchi M
2001 Spectroscopic characterization of collagen cross-links in
bone. J Bone Miner Res 16:1821–1828.
Boskey AL, Pleshko N, Doty SB, Mendelsohn R 1992 Applications of Fourier Transform Infrared (FT-IR) microscopy to the
study of mineralization in bone and cartilage. Cells Mater 2:209 –
220.
Riggs BL, Melton LJ III 2002 Bone turnover matters: The raloxifene treatment paradox of dramatic decreases in vertebral fractures
without commensurate increases in bone density. J Bone Miner
Res 17:11–14.
Manolagas SC 2000 Corticosteroids and fractures: A close encounter of the third cell kind. J Bone Miner Res 15:1001–1005.

959
29. Riggs BL, Hodgson SF, O’Fallon WM, Chao EY, Wahner HW,
Muhs JM, Cedel SL, Melton LJ III 1990 Effect of fluoride treatment on the fracture rate in postmenopausal women with osteoporosis. N Engl J Med 322:802– 809.
30. Roschger P, Fratzl P, Klaushofer K, Rodan G 1997 Mineralization
of cancellous bone after alendronate and sodium fluoride treatment: A quantitative backscattered electron imaging study on
minipig ribs. Bone 20:393–397.
31. Fratzl P, Schreiber S, Roschger P, Lafage MH, Rodan G, Klaushofer K 1996 Effects of sodium fluoride and alendronate on the bone
mineral in minipigs: A small-angle X-ray scattering and backscattered electron imaging study. J Bone Miner Res 11:248 –253.
32. Fratzl P, Roschger P, Eschberger J, Abendroth B, Klaushofer K
1994 Abnormal bone mineralization after fluoride treatment in
osteoporosis: A small-angle x-ray-scattering study. J Bone Miner
Res 9:1541–1549.
33. Oxlund H, Barckman M, Ortoft G, Andreassen TT 1995 Reduced
concentrations of collagen cross-links are associated with reduced
strength of bone. Bone 17:365S–371S.
34. Spengler DM, Baylink DJ, Rosenquist JB 1977 Effect of betaaminopropionitrile on bone mechanical properties. J Bone Joint
Surg Am 59:670 – 672.
35. Masse PG, Rimnac CM, Yamauchi M, Coburn PS, Rucker BR,
Howell SD, Boskey AL 1996 Pyridoxine deficiency affects biomechanical properties of chick tibial bone. Bone 18:567–574.
36. Camacho NP, Rinnerthaler S, Paschalis EP, Mendelsohn R, Boskey AL, Fratzl P 1999 Complementary information on bone ultrastructure from scanning small angle X-ray scattering and Fouriertransform infrared microspectroscopy. Bone 25:287–293.
37. Gadaleta SJ, Mendelsohn R, Paschalis EP, Camacho NP, Betts F,
Boskey AL 1995 Fourier transform infrared spectroscopy of synthetic and biological apatites: A review. In: Amjad Z (ed.) Mineral
Scale Formation and Inhibition. Plenum Press, New York, NY,
USA, pp. 283–297.
38. Gadaleta SJ, Paschalis EP, Betts F, Mendelsohn R, Boskey AL
1996 New infrared spectra structure correlations in the amorphous
calcium phosphate to hydroxyapatite conversion. Calcif Tissue Int
58:9 –16.
39. Gadaleta SJ, Paschalis EP, Betts F, Mendelsohn R, Boskey AL
1996 Fourier transform infrared spectroscopy of the solutionmediated conversion of amorphous calcium phosphate to hydroxyapatite: New correlations between X-ray diffraction and infrared
data. Calcif Tissue Int 58:9 –16.
40. Paschalis EP, DiCarlo E, Betts F, Sherman P, Mendelsohn R,
Boskey AL 1996 FTIR microspectroscopic analysis of human
osteonal bone. Calcif Tissue Int 59:480 – 487.
41. Rey C, Hina A, Glimcher MJ 1995 Maturation of poorly crystalline
apatites: Chemical and structural aspects in vivo and in vitro. Cells
Mater 5:345–356.
42. Walters C, Eyre DR 1983 Collagen crosslinks in human dentin:
Increasing content of hydroxypyridinium residues with age. Calcif
Tissue Int 35:401– 405.
43. Yamauchi M 1996 Collagen: The major matrix molecule in mineralized tissues. In: Anderson JJB, Garner SC (eds.) Calcium and
Phosphorus in Health and Disease. CRC Press, New York, NY,
USA, pp. 127–141.

Address reprint requests to:
Eleftherios P Paschalis, PhD
Hospital for Special Surgery
535 East 70th Street
New York, New York 10021, USA
Received in original form October 29, 2002; in revised form
December 6, 2002; accepted January 7, 2003.

