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Background: Osteoporotic fractures commonly occur after low-energy trauma in postmenopausal women with reduced
bone quantity documented by low bone mineral density (BMD). Low-energy fractures, however, have also been reported to
occur in premenopausal women with normal or near-normal BMD, suggesting the existence of a bone quality abnormality.

Methods: Bone quality and quantity were evaluated in a cross-sectional study of three groups of premenopausal white
females: (1) twenty-five subjects with low-energy fracture(s) and BMD in the normal range (t-scores > 22.0), (2) eighteen
subjects with low-energy fracture(s) and BMD in the osteoporotic range (t-scores £ 22.5), and (3) fourteen healthy
volunteers (controls). Bone quality was assessed with use of Fourier transform infrared spectroscopy and histomor-
phometry in iliac crest bone samples obtained from all subjects; bone quantity was assessed by dual x-ray absorptiometry
and histomorphometry.

Results: The collagen crosslinking ratio in the non-low-BMD subjects with fractures was 13% greater than the ratio in the
low-BMD subjects with fractures and 14% greater than the ratio in the controls (p < 0.001 for both). Cancellous bone
volume was 29% greater (p < 0.01) and trabecular separation was 31% less (p < 0.01) in the non-low-BMD subjects with
fractures than in the low-BMD subjects with fractures; the values in the non-low-BMD subjects did not differ from those in
the controls. Bone turnover did not differ among the groups, and osteomalacia was not present in any subject. Thus, the
non-low-BMD subjects with fractures maintained bone quantity, but the collagen crosslinking ratio, a parameter of bone
quality, was abnormal. In contrast, the low-BMD subjects with fractures did not have this collagen crosslinking abnormality
but did have abnormal bone quantity.

Conclusions: This study highlights a collagen crosslinking abnormality in patients with low-energy fractures and non-
osteoporotic t-scores. Reports have indicated that altered collagen crosslinking is associated with subnormal fracture
resistance. A finding of nonosteoporotic bone mass in a patient with low-energy fractures would justify assessment of
bone material quality, which currently requires a bone biopsy. Further studies are needed to search for possible nonin-
vasive tests to diagnose abnormal crosslinking. Since no specific therapies for abnormal collagen crosslinking are
currently available, studies are also needed to explore novel therapeutic modalities to reverse the underlying collagen
crosslinking abnormality.

Level of Evidence: Prognostic Level III. See Instructions for Authors for a complete description of levels of evidence.

B
efore the advent of routine measurement of bone mineral
density (BMD) by x-ray absorptiometry, osteoporosis
was defined as a clinical syndrome in postmenopausal

women with low-energy fracture(s) accompanied by low bone
mass. Given the ease of use and widespread availability of dual
x-ray absorptiometry (DXA), the World Health Organization
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subsequently defined osteoporosis as a reduction in BMD
t-scores of ‡2.5 standard deviations from the mean value in
young adults1. This definition is now routinely used worldwide
in clinical practice for the diagnosis of osteoporosis. Fractures
may also occur, however, with low-energy trauma in premen-
opausal women who are nonosteoporotic as classified on the
basis of their BMD t-scores2-4.

It is easy to understand the occurrence of low-energy
fractures in patients with osteoporotic t-scores, but it remains
unclear why low-energy fractures occur in premenopausal
women with nonosteoporotic t-scores. Factors other than low
bone quantity characteristic of osteoporosis must be consid-
ered, and chief among these is abnormal bone quality. Bone
quality includes material properties and microarchitectural
features, which are major contributors to the load-bearing capa-
bilities of bone5-8. Low-energy fractures associated with abnormal
bone quality have been reported to occur in premenopausal
women with idiopathic osteoporosis9-13. There is limited in-
formation evaluating bone quality in premenopausal women
with fractures but without osteoporotic BMD or secondary
osteoporosis while controlling for the potentially confounding
effects of sex or race. The present study was designed to test the
hypothesis that, in the absence of bone quantity abnormalities,
abnormal bone quality in premenopausal women is associated
with low-energy fracture.

Materials and Methods
Study Design

This cross-sectional study was designed to quantify bone quality and
quantity in three groups of premenopausal women: (1) those with low-

energy fractures and nonosteoporotic BMD t-scores (the non-low-BMD frac-
ture group), (2) those with low-energy fractures and osteoporotic BMD
t-scores (the low-BMD fracture group), and (3) healthy volunteers (the control
group). Bone samples for the study were obtained from subjects undergoing
iliac crest biopsy for work-up of low-energy fractures at our institution. Bone
from the iliac crest serves as a useful model of the skeleton because histological
and mechanical changes in this tissue are also associated with histological

14
and

mechanical
15

changes in bone at other skeletal sites. The two primary study
groups included premenopausal adult white women with one or more low-
energy fractures; those in the non-low-BMD group had a nonosteoporotic
BMD as indicated by a t-score of >22.0 at both the hip and the lumbar spine,
and those in the low-BMD group had an osteoporotic BMD as indicated by a
t-score of £22.5 at the hip or lumbar spine. Low-energy fractures were defined
as those occurring without trauma during normal activities of daily living.
Control bone samples were obtained from biopsies performed in healthy
premenopausal white women volunteers with BMD t-scores of >22.0 and no
fractures.

Subjects were excluded if they had a diagnosis of osteogenesis im-
perfecta or other genetic bone disease, histologically proven osteomalacia
(osteoid thickness of >20 mm and mineralization lag time of >100 days),
hyperparathyroid bone disease or other disorders associated with secondary
osteoporosis, chronic kidney disease, abnormal mineral metabolism, Marfan
syndrome, endocrine abnormalities, celiac or other gastrointestinal disorders,
bariatric procedures, diabetes, Paget disease of bone, amenorrhea, eating dis-
orders, or malignancies. Subjects were also excluded if they had a history of
drug or alcohol abuse or of prior use of bisphosphonates, teriparatide, selective
estrogen receptor modulators, sex steroids, or any other medications known
to alter bone metabolism. The protocol of this institutional review board-
approved cross-sectional study adhered to the Declaration of Helsinki.

Bone Mineral Density
Bone mineral density was measured at the hip and at the lumbar spine (L2-L4)
in all study subjects with use of DXA (Lunar iDXA; GE Healthcare, Madison,
Wisconsin). The coefficient of variation of the BMD measurements was 1.2%
at the spine and 0.9% at the hip.

Serum Biochemistry
A renal metabolic panel was obtained and serum alkaline phosphatase was
measured by routine laboratory techniques. In addition, serum parathyroid
hormone (PTH) levels were measured by radioimmunoassay (Total Intact
PTH; Scantibodies, Santee, California), serum calcidiol was measured by
liquid chromatography-tandem mass spectrometry (API 3200; AB SCIEX,
Framingham, Massachusetts), serum bone-specific alkaline phosphatase was
measured by immunocapture enzyme activity assay (Quidel, San Diego,
California), serum N-terminal telopeptide was measured by ELISA (enzyme-
linked immunosorbent assay) (Osteomark NTX; Inverness Medical Innova-
tions, Waltham, Massachusetts), and serum osteocalcin was measured by
ELISA (Quidel).

Mineralized Bone Histology and Bone Histomorphometry
Bone samples, obtained after tetracycline double-labeling

16
, were processed

without mineral removal and were embedded in methylmethacrylate. Serial
sections (thicknesses, 4 and 7 mm) were cut and were stained with modified
Masson-Goldner trichrome stain. Unstained sections were prepared for fluo-
rescent and polarized light microscopy

17
.

Histomorphometry was performed at standardized sites in cancellous
bone to obtain quantitative static and dynamic parameters reflecting bone
structure (cancellous bone volume/tissue volume), microarchitecture (trabec-
ular separation, trabecular thickness), bone turnover (bone formation rate/
bone surface area), and mineralization (osteoid thickness, mineralization lag
time)

18,19
. Measurements were made at ·200 magnification (Osteoplan II

System; Kontron, Munich, Germany). All measured parameters were defined in
accordance with the Histomorphometry Nomenclature Committee of the
American Society for Bone and Mineral Research

20
.

Bone Material (Mineral and Matrix) Properties
Bone material properties were measured with use of a Fourier transform in-
frared (FTIR) spectrometer (Nexus 670; Thermo Electron, Waltham, Massa-
chusetts) on sections prepared from anterior iliac crest bone samples. A
4-mm-thick undecalcified section was cut from each bone sample and placed
between two barium fluoride discs for FTIR analysis

21
. Infrared spectra were

collected from these ‘‘sandwiched’’ bone sections with use of a microscope that
was attached to the spectrometer and operated in transmission mode for 200
scans at 4 cm21 resolution. Three trabeculae were chosen from each section.
Trabeculae were evaluated beginning at a distance of five to seven optical fields
(at ·200) below the cortex. Spectroscopic measurements were made in the
center of each of these three trabeculae. Background scans were used to correct
for the spectral contributions of the barium fluoride discs and the methyl-
methacrylate mount.

Established parameters reflecting bone quality were determined
22

.
Specifically, the mineral-to-matrix ratio was obtained by dividing the area
under the phosphate (mineral) peak (900 to 1200 cm21) by the area under the
amide I (matrix) peak (1590 to 1720 cm21) after baseline correction of both
peaks (see Appendix). The carbonate-to-phosphate ratio (i.e., the amount of
carbonate substituted in the hydroxyapatite crystal) was obtained by dividing
the area under the carbonate peak (850 to 890 cm21) by the area under the
phosphate peak. Crystallinity, a measure of crystal size and perfection, was
obtained by dividing the area under the 1020 cm21 peak by the area under the
1030 cm21 peak

23
. The collagen crosslinking ratio, a measure of collagen

maturity, was the ratio of the areas under the 1660 cm21 (mature crosslinks)
and 1690 cm21 (immature crosslinks) peaks

24
. The coefficient of variation was

4.3% for the mineral-to-matrix ratio, 2.0% for the carbonate-to-phosphate
ratio, 1.7% for the crystallinity, and 4.1% for the crosslinking ratio.
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Data Analyses
Data were tested for normality with use of the Kolmogorov-Smirnov test and
for equality of variances with use of the Levene test. Multiple-group compar-
isons were performed with use of analysis of variance (ANOVA) with Scheffe
post-hoc correction. Two-group comparisons were made with use of the Stu-
dent t test. Univariate analyses (Pearson tests) were used to determine whether
BMD and age were correlated with the material and histomorphometric pa-
rameters of bone. A p value of <0.05 was considered significant.

Source of Funding
This study was supported by the National Institutes of Health (1RO1AR061578-
01A1) and the Kentucky Nephrology Research Trust.

Results
Subject Characteristics and Biochemical Results

Fifty-seven premenopausal adult female white subjects met
the selection criteria and were included in the study;

twenty-five were in the non-low-BMD fracture group, eighteen
were in the low-BMD fracture group, and fourteen were
healthy volunteers (controls).

Subjects in the non-low-BMD group first presented with
a mean of 3.6 low-energy fractures during adulthood compared
with 1.4 low-energy fractures in the low-BMD group (p <
0.05). A hallmark of these low-energy fractures was that sub-
jects were unable to identify a specific mechanical event asso-
ciated with the fracture. The number of patients who sustained
fractures in particular bones differed between the two fracture
groups (Table I). Nondisplaced metatarsal fractures (Fig. 1)
were the most common fractures in the non-low-BMD group
(experienced by 56% of the subjects), whereas spinal fractures
were the most common fractures in the low-BMD group (ex-
perienced by 28% of the subjects) (Table I). No atypical fem-
oral fractures occurred in any of the study subjects.

The BMD values in the groups were consistent with those
defined by the inclusion criteria. Subjects in the two fracture groups
were younger than the controls, and no differences were detected
among the three groups with respect to serum concentrations
of calcium, phosphorus, creatinine, glucose, sodium, alkaline

phosphatase, parathyroid hormone, calcidiol, bone-specific alka-
line phosphatase, N-terminal telopeptide, or osteocalcin (Table II).

Histomorphometric Parameters of Bone Structure,
Microarchitecture, Turnover, and Mineralization
Cancellous bone volume was 29% greater (p < 0.01) and tra-
becular separation was 31% less (p < 0.01) in the non-low-
BMD subjects with fractures than in the low-BMD subjects
with fractures; the values in the non-low-BMD subjects did not
differ from those in the controls (Figs. 2 and 3). Trabecular
thickness did not differ significantly among the three groups
(see Appendix).

Bone turnover and bone mineralization parameters did
not different significantly among the three groups (see Ap-
pendix). None of the measured histomorphometric parameters
were correlated with BMD or age.

Bone Material (Mineral and Matrix) Properties
The mean collagen crosslinking ratio in the non-low-BMD
group was 13% greater (p < 0.001) that that in the low-BMD
group and 14% greater (p < 0.001) than that in the controls
(Fig. 4). The collagen crosslinking ratio did not differ signifi-
cantly between the low-BMD group and the controls. No dif-
ferences were observed among the three groups with respect to
any other measured bone mineral parameter (see Appendix).
None of the measured mineral or matrix properties were cor-
related with BMD, age, or any histomorphometric parameter.

Fig. 1

Oblique radiograph of a nondisplaced transverse fracture of the proximal

fifth metatarsal (arrow) in a premenopausal subject with non-low BMD.

TABLE I Number of Patients with Low-Energy Fractures
According to Bone Site

Bone Site
Non-Low-BMD

Group (N = 25)
Low-BMD

Group (N = 18)

Metatarsal 14 3

Tibia 7 1

Femoral neck 6 3

Spine 3 5

Pelvis 3 1

Wrist 2 1

Calcaneus 2 0

Rib 1 3

Forearm 1 1

Talus 1 0

Metacarpal 1 0
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Fig. 2 Fig. 3

Fig. 2 Box plots of cancellous bone volume/tissue volume in bone from subjects with non-low BMD (t-score > 22.0) and low-energy fractures, subjects with

low BMD (t-score £ 22.5) and low-energy fractures, and healthy volunteers (controls). Box plots labeled with the same letters do not differ significantly. The

bottom and top of the box represent the interquartile range (25% to 75%), the line within the box denotes the median (50%), and the upper and lower bounds

of the error bars denote the range. Fig. 3 Box plots of trabecular separation in bone from subjects with non-low BMD (t-score > 22.0) and low-energy

fractures, subjects with low BMD (t-score £ 22.5) and low-energy fractures, and healthy volunteers (controls). Box plots labeled with the same letters do not

differ significantly. The bottom and top of the box represent the interquartile range (25% to 75%), the line within the box denotes the median (50%), and the

upper and lower bounds of the error bars denote the range.

TABLE II Subject Characteristics and Biochemical Results

Non-Low BMD
(Group 1,
N = 25)*

P Value,
1 vs. 2

Low BMD
(Group 2,
N = 18)*

P Value,
2 vs. 3

Controls
(Group 3,
N = 14)*

P Value,
1 vs. 3

BMD, total hip (t-score) 20.42 ± 0.97 0.001 22.28 ± 0.79 0.001 20.67 ± 0.98 >0.1

BMD, lumbar spine (t-score) 20.53 ± 0.97 0.001 22.79 ± 0.85 0.001 20.53 ± 0.92 >0.1

Age (yr) 37.2 ± 8.6 >0.1 40.7 ± 9.9 0.001 52.6 ± 3.5 0.001

Serum analysis

Calcium (mg/dL) 9.43 ± 0.26 >0.1 9.37 ± 0.37 >0.1 9.27 ± 0.39 >0.1

Phosphorus (mg/dL) 3.45 ± 0.54 >0.1 3.54 ± 0.62 >0.1 3.64 ± 0.55 >0.1

Creatinine (mg/dL) 0.77 ± 0.08 >0.1 0.72 ± 0.13 0.074 0.85 ± 0.16 >0.1

Glucose (mg/dL) 88.7 ± 8.4 >0.1 93.7 ± 7.63 >0.1 92.8 ± 10.5 >0.1

Sodium (mmol/L) 139 ± 1.71 >0.1 138 ± 1.95 >0.1 137 ± 4.47 >0.1

Alkaline phosphatase (U/L) 65.3 ± 21.3 >0.1 70.8 ± 25.4 >0.1 91.1 ± 44.4 >0.1

Parathyroid hormone (pg/mL) 31.1 ± 18.5 >0.1 29.7 ± 15.7 >0.1 28.4 ± 10.5 >0.1

Calcidiol (ng/mL) 35.1 ± 11.8 >0.1 36.9 ± 13.7 >0.1 42.6 ± 10.7 >0.1

Bone-specific alkaline phosphatase (mg/L) 14.2 ± 6.61 >0.1 19.9 ± 8.12 0.068 12.1 ± 4.38 >0.1

N-terminal telopeptide (nM bone collagen
equivalent)

12.6 ± 6.44 >0.1 14.8 ± 9.22 >0.1 10.8 ± 4.11 >0.1

Osteocalcin (ng/mL) 17.6 ± 8.85 >0.1 20.6 ± 6.17 >0.1 14.7 ± 7.06 >0.1

*The values are given as the mean and the standard deviation.
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Discussion

The novel result of this study is the greater collagen cross-
linking ratio, a bone quality parameter, in non-low-BMD

subjects with low-energy fractures. It is important to note that
such fractures in the non-low-BMD subjects could not be
attributed to abnormal bone structure or microarchitecture
(including lower cancellous bone volume, thinner trabeculae,
or greater trabecular separation). In contrast, such fractures in
the low-BMD group could be attributed to reduced bone
quantity, and the subjects in this group did not have the ma-
terial quality abnormality observed in the non-low-BMD
group. These findings confirmed our hypothesis that low-energy
fractures in premenopausal women with nonosteoporotic BMD
are associated with an abnormality in bone quality evidenced
by increased collagen crosslinking.

Clinically, patients who sustain low-energy fractures are
considered osteoporotic regardless of their BMD t-score; how-
ever, the present findings of a different fracture distribution and
of greater collagen crosslinking in the non-low-BMD group
compared with the low-BMD group suggests that these two
groups manifest different disease entities. One disease entity
(seen in the low-BMD group) is attributable to abnormal bone
quantity; the other (seen in the non-low-BMD group) is at-
tributable to abnormal bone quality as manifested by abnormal
collagen crosslinking. Reduced bone quantity is known to di-
minish bone fracture resistance, as demonstrated by the finding
that spinal fractures, a typical manifestation of classic osteopo-
rosis, were the most prevalent fractures in the low-BMD group.

The most prevalent fracture site in the non-low-BMD group was
the metatarsals, an uncommon site in classic osteoporosis.

Crosslinking is an important structural feature that affects
mechanical performance. The types and extent of collagen
crosslinking in bone have only recently been appreciated.
Crosslinks alter the mechanical properties of bone25,26. Collagen
crosslinking abnormalities have been linked to altered bone bi-
omechanics and diminished fracture resistance in both
animal25,27 and clinical studies9,13,28-30. In Wistar rats, beta-
aminopropionitrile administered to inhibit lysyl oxidase and
thereby induce increased collagen crosslinking resulted in a 27%
increase in the collagen crosslinking ratio and a 14% decrease in
lumbar bone stiffness25. The present study, however, did not have
the ability to establish a cause-and-effect relationship between
changes in the collagen crosslinking ratio and reduced bone
strength. Abnormally high collagen crosslinking has also been
observed in diabetic Wistar Bonn/Kobori rats whose femora had
diminished mechanical competence27, but the results of the pres-
ent study cannot be explained by diabetes since diabetes was an
exclusion criterion and morning blood glucose levels were nor-
mal. Misof et al. studied premenopausal women, regardless of
BMD, who had fragility fractures and compared them with pre-
menopausal women with low BMD and no fractures13. They
found an increased collagen crosslinking ratio in subjects with
fragility fractures and a significantly lower BMD when subjects
with and without fractures were combined and compared with
normal controls. The present study separated premenopausal
women with fractures into two groups: those with osteopo-
rotic BMD t-scores and those with nonosteoporotic t-scores.
The findings showed that an increased collagen crosslinking
ratio was associated with the occurrence of low-energy frac-
tures in premenopausal women despite nonosteoporotic BMD
that was not significantly different from that in normal con-
trols. Thus, our design controlled for BMD and thereby iso-
lated the effects of alteration in the collagen crosslinking ratio.

The greater collagen crosslinking ratio in the non-low-
BMD group cannot be explained by lower bone turnover
because turnover did not differ significantly between the two
fracture groups, nor can it be attributed to age because no as-
sociations between age and collagen crosslinking were found.
A recent study showed an association between chronic hypo-
natremia and fractures in subjects with nonosteoporotic BMD31.
Hyponatremia, however, was not observed in non-low-BMD
subjects in the present study and there were no differences in
serum sodium among the three study groups.

The present study was limited to white women; men and
non-white women were excluded to focus on individuals at
greatest risk for low-energy fracture. The external validity of
these findings will be enhanced by additional data obtained
from men and from women of other races.

In conclusion, the key finding of this study confirmed the
hypothesis that, in the absence of osteoporotic t-scores, an ab-
normality in a particular bone quality (the collagen crosslinking
ratio) is associated with low-energy fractures in premenopausal
women. A finding of nonosteoporotic bone mass with low-energy
fractures would justify assessment of bone material quality,

Fig. 4

Box plots of the collagen crosslinking ratio in bone from subjects with non-

low BMD (t-score > 22.0) and low-energy fractures, subjects with low BMD

(t-score £ 22.5) and low-energy fractures, and healthy volunteers (con-

trols). Box plots labeled with the same letters do not differ significantly. The

bottom and top of the box represent the interquartile range (25% to 75%),

the line within the box denotes the median (50%), and the upper and lower

bounds of the error bars denote the range.
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which currently requires a bone biopsy. Further studies are
needed to search for possible noninvasive tests to diagnose ab-
normal collagen crosslinking. Since no specific therapies for ab-
normal collagen crosslinking are available at this time, studies are
also needed to explore novel therapeutic modalities to reverse the
underlying collagen crosslinking abnormality.

Appendix
Tables comparing properties of bone among the groups
and a figure showing a typical FTIR spectrum of bone are

available with the online version of this article as a data sup-
plement at jbjs.org. n
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