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a b s t r a c t
It has been suggested that age-related deterioration in trabecular microarchitecture and changes in collagen
cross-link concentrations may contribute to skeletal fragility. To further explore this hypothesis, we
determined the relationships among trabecular bone volume fraction (BV/TV), microarchitecture, collagen
cross-link content, and bone turnover in human vertebral trabecular bone. Trabecular bone specimens from
L2 vertebrae were collected from 51 recently deceased donors (54–95 years of age; 20 men and 30 women).
Trabecular bone volume and microarchitecture was assessed by microCT and bone formation, reﬂected by
osteoid surface (OS/BS, %), was measured by 2D histomorphometry. Pyridinoline (PYD), deoxypyridinoline
(DPD), pentosidine (PEN) and collagen content in the cancellous bone were analysed by high-performance
liquid chromatography. Associations between variables were investigated by Pearson correlations and
multiple regression models, which were constructed with BV/TV and collagen cross-links as explanatory
variables and microarchitecture parameters as the dependent variables. Results: Microarchitecture
parameters were modestly to strongly correlated with BV/TV (r2 = 0.10–0.71). The amount of mature
enzymatic PYD and DPD cross-links were not associated with the microarchitecture, either before or after
adjustment for BV/TV. However, there was a positive correlation between PEN content and trabecular
number (r = 0.45, p = 0.001) and connectivity density (r = 0.40, p = 0.004), and a negative correlation
between PEN content and trabecular separation (r = −0.29, p = 0.04). In the multiple regression models
including BV/TV, age and PEN content was still signiﬁcantly associated with several of the microarchitecture
variables. In summary, this study suggests a link between trabecular microarchitecture and the collagen
cross-link proﬁle. As PEN reﬂects non-enzymatic glycation of collagen and generally increases with bone age,
the association between PEN and trabecular architecture suggests that the preserved trabeculae may contain
mainly old bone and have undergone little remodeling. Thus, vertebral fragility may not only be due to
alterations in bone architecture but also to modiﬁcation of collagen cross-link patterns thereby inﬂuencing
bone's mechanical behavior.
© 2009 Elsevier Inc. All rights reserved.

Introduction
In addition to bone mass, other factors may inﬂuence trabecular
bone strength, including microarchitecture, degree of mineralization,
presence of microdamage, and the type and the amount of collagen
cross-links [1]. In humans, vertebral bodies are constituted mainly by
trabecular bone with relatively low bone volume fraction (BV/TV
ranges from 5% to 30%) [2–5]. With such a small amount of trabecular
material, an optimal structural organization of the trabeculae is
important. Patients with vertebral fractures have signiﬁcantly
deteriorated cancellous bone structure compared with controls
matched for bone density [6].
⁎ Corresponding author. Nestle Research Center, P.O. Box 44, 1000 Lausanne 26,
Switzerland. Fax: +41 21 785 8544.
E-mail address: stephanie.viguet-carrin@rdls.nestle.com (S. Viguet-Carrin).

Type I collagen, the principal protein of the organic matrix, is
organized into ﬁbers. These ﬁbers are stabilized by trivalent mature
enzymatic cross-links called pyridinoline (PYD), deoxypyridinoline
(DPD) and pyrrole which result in a link between two telopeptides
and the helix part of another collagen molecule [7–9]. In addition, a
non-enzymatic process leads to the formation of advanced glycation
end products (AGEs), some of them forming cross-links between
collagen ﬁbers such as pentosidine (PEN) [10,11]. Since the initial
characterization of the pentosidine cross-link many AGEs (and more
recently advanced lipoxidation end products) have been identiﬁed
[11,12]. AGEs occur in tissues characterized by low turnover and
consequently containing long-lived proteins, such as collagen in the
extracellular matrix of connective tissues (e.g., cartilage, bone,
tendon, and skin) [13,14]. In contrast to the enzymatic cross-links,
reactions resulting in AGE cross-links occur at a late stage when the
matrix has been laid down. Once formed, AGEs are removed from the
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tissue only when the protein involved is degraded [15]. It has
previously been reported that cross-links inﬂuence bone mechanical
properties, and especially that accumulation of AGEs may contribute
to skeletal fragility with aging [16–19]. However, only one study has
analysed the relationship among trivalent mature enzymatic crosslinks, trabecular architecture and bone remodeling [20]. Speciﬁcally,
Banse et al. [20] reported that the concentration of pyrrole and PYD in
human lumbar vertebrae is associated with the trabecular microarchitecture, such that vertebrae having low pyrrole and high PYD
contents had relatively more thin trabeculae spread over a complex
network. In contrast, specimens with high pyrrole or low PYD content
had a relatively thick trabeculae and a simple structure. However, this
study investigated only immature and trivalent mature enzymatic
cross-links and was limited to 2D microarchitecture assessment by
histology. Thus, further investigation of relationship between both
enzymatic and non-enzymatic collagen cross-links and trabecular
microrchitecture is warranted.
To address these shortcomings, the aims of the present study were
to use human vertebral trabecular bone specimens to (1) describe the
age-related change in microarchitecture and collagen cross-link
characteristics and (2) assess the relationship between cross-links
derived from both enzymatic and non-enzymatic processes and the
trabecular bone microarchitecture. In particular we asked whether
trabecular bone volume and collagen cross-links are associated
independently with vertebral trabecular microarchitecture.
Material and methods
Sample collection
Lumbar vertebrae (L2) were collected from 51 human cadavers
including 20 men (75.4 ± 10 years, mean ± SD) and 30 women
(80.4 ± 10 years, mean ± SD). The sex of one sample was not
known. The age of the donors ranged from 54 to 95 years old. The
absence of prevalent fractures or signiﬁcant bone diseases (e.g.,
metastasis, Paget's disease, osteochondritis, spondylosis) was conﬁrmed by X-ray radiography of the vertebrae. No additional
information regarding donor disease status or medication history
was available. A core of trabecular bone, oriented according to the
supero-inferior direction of the vertebra was removed from each
vertebral body using a diamond tipped coring tool (diameter 8.25
mm; Starlite Industries). Trabecular bone adjacent to the cores was
kept frozen at −20 °C until collagen cross-link analysis. The cores
were kept in 70% ethanol until bone imaging and histological
processing.
Bone imaging
Bone mineral content (BMC, g) of the vertebral trabecular cores
were measured by dual-energy X-ray absorptiometry (pDXA;
PIXImus, GE-Lunar Corp., Madison, WI). Volumetric density
(vBMD) was then calculated by dividing the BMC by the specimen
volume, as measured by a digital caliper. Cores were then imaged
by high resolution microtomography (μCT 40; Scanco Medical AG,
Basserdorf, Switzerland), with an isotropic resolution of 20 μm.
Bone volume fraction and microarchitecture parameters were
computed from the reconstructed, thresholded images using 3D
algorithms, as previously described [21]. We quantiﬁed the bone
volume fraction (BV/TV; %), trabecular number (Tb.N, mm−1),
trabecular thickness (Tb.Th, μm), trabecular separation (Tb.Sp, μm),
connectivity density (ConnD., mm−3), degree of anisotropy (DA, #)
and the structure model index (SMI, #), which reﬂects the rodversus-plate-like nature of the structure. In order to minimize the
artifacts due to the coring, the deﬁned volume of interest for
morphometric measurements excluded 1 mm of bone at the
periphery of the biopsy.

Bone histomorphometry
After bone imaging analyses, specimens were dehydrated in 100%
ethanol, substituted in methylcyclohexane and embedded in methymethacrylate using a standard protocol [22]. For the histomorphometric analysis, three 8-μm sections were cut 200 μm apart parallel to
the long axis. Bone sections were stained with modiﬁed Goldner
Trichrome and a semiautomatic analyser (Tablet'measure, ExploraNova, La Rochelle, France) used to assess the ratio of osteoid surface to
bone surface (OS/BS, %).
Biochemical analysis
To avoid contaminating trabecular bone by other tissues, only the
central part of the vertebral body around the coring containing
exclusively trabecular bone was retained for biochemical analysis.
Trabecular bone samples were cut in small pieces and then defatted
with methanol chloroform (1:3). After extensive washing with
desionized water, pieces of bone were powdered in a liquid-cooled
freeze-mill and lyophilised. Trabecular bone was hydrolysed in 6N
HCl for 20 h at 110 °C. The amount of collagen was determined using
hydroxyproline HPLC assay (Bio-rad, Munich, Germany) from an
aliquot of bone hydrolysate. Collagen content was calculated on the
dry weight of the bone assuming 14% hydroxyproline in type I
collagen. The resulting data were then used to calculate the cross-link
values as mmoles per mole of collagen. The content of both mature
enzymatic cross-link PYD and DPD, and non-enzymatic cross-links
PEN were analysed by reversed-phase HPLC as previously described
in detail [23]. Brieﬂy, from an aliquot of the acid hydrolysate in which
internal standard (internal standard from Biorad) was added, crosslinks were extracted using solid phase extraction column (Chromabond cross-links®, Macherey Nagel, Düren, Germany). Then, PYD,
DPD and PEN were separated by HPLC by using an acetonitrile
gradient solution containing 0.12% n-heptaﬂuorobutyric acid. PYD
and DPD were monitored for ﬂuorescence with excitation at 295 nm
and emission at 395 nm and then the wavelengths of excitation and
emission were shifted to 335 nm and 385 nm for detection of PEN.
The pyridinium cross-links were quantiﬁed against a calibrator
supplied by Metra Biosystem Ltd. PEN standard was synthesized
[23] and the concentration was calibrated with a standard of
pentosidine kindly provided by Dr. Takahashi (University of Saitama,
Japan).
Statistical analysis
Kolmogorov-Smirnov tests were used to test the normality of the
distributions, and natural logarithmic transformation was performed
for several parameters (collagen content, PEN, Tb.Th, Tb.Sp, OS/BS).
Only the collagen content remained non-Gaussian, consequently
nonparametric tests were performed for this parameter. After
normalization, a Tukey's test (mean ± 3 SD) was applied to exclude
the outliers, resulting in exclusion of three values of osteoid surface.
Also, values of vBMD from two specimens were excluded from the
analysis because a piece of cortical bone, which would artiﬁcially
inﬂate the BMC, was observed on the periphery of the core after μCT
reconstruction. The other variables from these specimens were within
normal ranges and thus only those variables, and not the entire
specimen, were excluded. Differences between males and females
were investigated by unpaired t-tests. Associations between density
variables or collagen parameters and trabecular microarchitecture
parameters were investigated by Pearson correlations. Finally, relationships among microarchitecture, bone volume fraction, age and
collagen characteristics were analysed by multiple regression models.
These models were constructed with BV/TV, age and collagen crosslinks as explanatory variables and microarchitecture parameters as the
dependent variable. Data are presented as mean ± standard deviation
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Table 1
Values of age, osteoid surface, collagen characteristics, microarchitecture and density variables measured from male and female human vertebral trabecular bone.
Overall (n = 51)
Range

Age (years)
Collagen (%)
PYD (mmol/mol coll)
DPD (mmol/mol coll)
PEN (mmol/mol coll)
OS/BS (%)
BV/TV (%)
Tb.Th (μm)
Tb.N (mm−1)
Tb.Sp (μm)
Conn.D (mm−3)
DA
SMI
vBMD (g/cm3)

Women (n = 30)

Men (n = 20)

p

Mean

Standard deviation

Minimum

Maximum

Mean

Standard deviation

Mean

Standard deviation

78.4
22.8
234.3
104.5
20.7
4.6
7.9
116.8
0.84
1265.7
2.03
1.68
1.77
0.08

10.1
2.5
61.6
26.1
9.5
4.3
2.8
23.6
0.12
336.7
0.80
0.20
0.49
0.03

54
15.3
126
61
6.2
0.2
4.4
75.1
0.5
834
0.74
1.28
0.33
0.03

95
28.7
406
192
54.5
15.5
17.6
186.6
1.1
2247
4.32
2.36
2.52
0.16

80.4
23.3
226.2
101.5
19.6
4.2
7.6
115.6
0.83
1337.4
2.04
1.67
1.83
0.07

10.2
2.0
58.1
23.2
8.2
3.8
3.0
25.9
0.12
366.5
0.93
0.23
0.51
0.03

75.4
21.9
248.5
108.5
22.0
5.1
8.3
119.5
0.85
1167.9
1.98
1.68
1.69
0.09

9.7
3.0
66.6
30.4
11.3
5.0
2.4
20.4
0.12
270.8
0.57
0.17
0.48
0.03

0.09
0.03⁎
NS
NS
NS
NS
NS
NS
NS
0.08
NS
NS
NS
0.02⁎

Note. Mann-Whitney test was performed for collagen content (non-Gaussian variable).
NS: nonsigniﬁcant.
⁎ p b 0.05 for men vs. women.

(SD) unless otherwise noted. Differences and associations were
considered signiﬁcant if p value b of 0.05. All statistical analyses
were performed using the Statistical Analysis Software (SAS V8; SAS
Institute, Cary, NC, USA).
Results

tertile. There were no differences between the middle and older
tertile, suggesting that perhaps the age-related impairment had
plateaued. Neither enzymatic cross-link content (PYD, DPD), or nonenzymatic glycation cross-link content (PEN) were associated with
age (Table 3). However, PYD and DPD values tended to be lower in the
youngest subjects (tertile 1).

Inﬂuence of sex

Relationships among density and microarchitecture parameters

Overall, there were no signiﬁcant differences between men and
women, except that women had higher collagen content and lower
vBMD than men (Table 1). Also, women tended to be older (p = 0.09)
and have increased Tb.Sp (p = 0.08) compared to men.

vBMD and trabecular microarchitecture parameters were moderately to strongly correlated with BV/TV, r2 = 0.10–0.76. (Table 3).
Relationships among density, osteoid surface, collagen cross-links and
microarchitecture parameters

Inﬂuence of age
Table 2 shows the mean values of microarchitecture, density and
biochemical parameters in the three age groups. As expected,
individuals b75 years (tertile 1) had the highest values of BV/TV
and vBMD, as well as the most robust trabecular architecture.
Whereas vBMD, BV/TV, TbN, and degree of anisotropy declined with
age (r = −0.29 to −0.53, p b 0.05 for all, Table 3), and TbSp and SMI
increased with age (r = 0.53 and 0.50, respectively, p b 0.001, Table 3),
the tertile analysis showed that most of age-related differences were
between the youngest tertile (i.e., tertile 1) and the middle and older

None of the collagen characteristics correlated with BV/TV, vBMD
or OS/BS (Table 3). Enzymatic trivalent mature cross-link content
(PYD, DPD) or the combinations of the two cross-links (PYD + DPD,
PYD/DPD) were not associated with microarchitecture parameters,
neither before or after adjusting for BV/TV. In contrast, there was a
positive association between PEN content and Tb.N (r = 0.45,
p = 0.001) and connectivity density (r = 0.40, p = 0.004) and a
negative association with Tb.Sp (r = −0.29, p = 0.04) (Fig. 1). By
using a multiple regression model (Table 4) after adjusting for the
contribution of BV/TV and age, PEN content was still signiﬁcantly

Table 2
Collagen characteristics, osteoid surface, microarchitecture and density parameters as a function of age.

Coll. (%)
PYD (mmol/mol coll)
DPD (mmol/mol coll)
PEN (mmol/mol coll)
OS/BS (%)
BV/TV (%)
Tb.Th (μm)
Tb.N (mm−1)
Tb.Sp (μm)
Conn.D (mm−3)
DA (#)
SMI (#)
vBMD (g/cm3)

Tertile 1 (54–75 years) (n = 17)

Tertile 2 (76–84 years) (n = 18)

Tertile 3 (85–95 years) (n = 14)

ANOVA (p value)

23.6 ± 2.1
218 ± 77
96 ± 24
20.4 ± 11.5
4.6 ± 4.0
9.46 ± 2.4a,b
121 ± 20
0.88 ± 0.11
1096 ± 180a,b
2.11 ± 0.71
1.75 ± 0.17b
1.45 ± 0.46a,b
0.101 ± 0.020a,b

22.5 ± 3.1
237 ± 49
113± 31
20.0 ± 8.4
3.8 ± 4.1
7.06 ± 2.4
117 ± 30
0.82 ± 0.13
1290 ± 349
1.96 ± 0.79
1.79 ± 0.24b
1.88 ± 0.40
0.076 ± 0.031

22.5 ± 2.0
244 ± 56
103 ± 20
22.0 ± 9.4
6.4 ± 5.1
7.08 ± 3.3
111 ± 20
0.81 ± 0.12
1461 ± 388
2.01 ± 1.01
1.56 ± 0.16
2.01 ± 0.49
0.069 ± 0.027

0.57
0.20
0.17
0.65
0.29
0.003
0.31
0.25
0.008
0.73
0.03
0.002
0.005

Note. Mann-Whitney test was performed for collagen content (non-Gaussian distribution).
a
Statistically signiﬁcant difference compared with tertile 2 (p b 0.05).
b
Statistically signiﬁcant difference compared with tertile 3 (p b 0.05).
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Table 3
Correlation coefﬁcients between age, collagen characteristics, osteoid surface, microarchitecture and density variables measured from human vertebral trabecular bone.
Age
Age
Collagen
PYD
DPD
PEN
OS/BS
BV/TV
Tb.Th
Tb.N
Tb.Sp
Conn.D
DA
SMI
vBMD

(n = 50)
(n = 51)
(n = 51)
(n = 51)
(n = 51)
(n = 48)
(n = 51)
(n = 51)
(n = 51)
(n = 51)
(n = 51)
(n = 51)
(n = 51)
(n = 49)

PYD

DPD

PEN

Collagen

BV/TV

Tb.Th

Tb.N

Tb.Sp

Conn.D

DA

SMI

vBMD

–
−0.06
−0.22
−0.05
0.06
−0.16
0.23

–
−0.82⁎⁎
0.83⁎⁎
−0.08
−0.44⁎⁎
0.61⁎⁎

–
−0.72⁎⁎
−0.09
0.60⁎⁎
−0.75⁎⁎

–
−0.26
−0.34⁎
0.42⁎⁎

–
−0.53⁎⁎
0.33⁎

–
−0.69⁎⁎

–

–
0.004
0.25
0.07
0.15
0.05
−0.43⁎
−0.16
−0.29⁎
0.53⁎⁎
−0.14
−0.31⁎
0.50⁎⁎
−0.53⁎⁎

–

0.52⁎⁎
−0.2
−0.02
−0.08
0.10
−0.06
0.07
−0.03
−0.25
0.02
−0.17

–
−0.04
−0.25
−0.06
0.18
−0.02
−0.05
−0.01
−0.17
−0.13
−0.14

–
−0.18
0.10
0.09
0.45⁎⁎
−0.29⁎
0.40⁎⁎
−0.19
0.13
0.13

0.08
0.06
−0.17
−0.12
0.006
0.06
0.21
−0.09
−0.03

–

0.34⁎
0.71⁎⁎
−0.76⁎⁎
0.59⁎⁎
0.32⁎
−0.84⁎⁎
0.87⁎⁎

Note. Pearson correlation coefﬁcients for all parameters except for collagen (Spearman correlations).
⁎ p ≤ 0.05.
⁎⁎ p b 0.001.

associated with Tb.N (R2 = 0.65, p b 0.0001), Tb.Sp (R2 = 0.70, p b
0.0001), connectivity density (R2 = 0.47, p b 0.0001) and SMI (R2 =
0.79, p b 0.0001).
Discussion
In this study we asked whether collagen cross-link content,
including enzymatic and non-enzymatic cross-links, was associated
with vertebral trabecular microarchitecture. We found that independent of trabecular bone volume, PEN content was positively associated
with trabecular number, connectivity density, and structure model
index; and negatively associated with trabecular separation. Thus, PEN
is associated with denser and rod-like, rather than plate-like
trabecular network. This ﬁnding implies that the preserved trabeculae
contains mostly aged bone that has undergone little remodeling and
thus contains higher amounts of AGE cross-links such as PEN. In
contrast, the contents of enzymatic PYD and DPD cross-links were not
related to the microarchitecture parameters nor were combinations of
the two (PYD + DPD, PYD/DPD), either before or after adjustment for
BV/TV.
This study highlights an association between PEN content and
bone microarchitecture. The PEN concentrations reported here are
comparable to those previously published for human femurs and
vertebrae [17,19,24]. In our study, PEN content (a marker of nonenzymatic glycation induced cross-links) did not increase with aging.
This is in contrast to previous studies that have reported an agerelated increase in AGEs [18,24,25]. However, these previous studies
were performed in subjects with a wide age range (0–80 years old)
which likely enhanced the ability to detect age-related differences. To
illustrate this, we analysed a vertebra from a 26-year-old donor (not
included in this study) and found that it contained 7-fold lower PEN
content when compared to the mean PEN content of the elderly

donors in our current study. This is in agreement with Hernandez et
al. [19] who also found no increase in PEN content with age in human
vertebral trabecular bone in the same age range (54–94 years old) as
our specimens. Altogether, these ﬁndings suggest that the age-related
increase in PEN content occurs mainly before the 6th decade.
Our data indicate that the degree of non-enzymatic glycation is
related to the microarchitecture of vertebral trabecular bone. In
contrast to the enzymatic cross-links which occur during formation of
the collagen ﬁber matrix, the glycation reaction resulting in AGE
cross-links occurs at a late stage when the matrix has been laid down.
Indeed, the low bone turnover during aging allows the accumulation
of the products of the Maillard reaction of glucose, some of which
form intermolecular cross-links. Although AGEs seem hardly likely to
be involved in determining the microarchitecture of bone, the
evidence that AGEs accumulate in tissues with low turnover such as
bone, cartilage and tendon [26], has led to studies on the effects of
AGEs on osteoblast and osteoclast behavior and the relationship
between tissue turnover and AGE accumulation. At the cellular level, it
has been shown that AGEs and more particularly PEN, inhibit
osteoblastic proliferation and differentiation [27–29] while increasing
or decreasing osteoclastic bone resorption [30]. An increase in
osteoclastic bone resorption, combined with decreased bone formation, indicates that AGEs will not accumulate in vivo. In contrast, in
cases of low bone turnover characterized by reductions in both
resorption and formation will result in reducing AGEs removal, and
consequently increasing their accumulation.
Furthermore, the glycation of collagen may impact bone turnover
by modifying the reactivity of the collagen ﬁbers with cell receptors
and other matrix components. Indeed, Paul and Bailey have reported
that the speciﬁc modiﬁcation by glycation of arginine residues of type
I collagen involved in integrin mediated cell attachment reduces both
the adhesion and spreading of the osteosarcoma cell line MG-63 [31].

Fig. 1. Correlations between Conn.D (A), Tb.N (B), Tb.Sp (C) and pentosidine measured from human cadaver donors.
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Table 4
Multiple predictions of microarchitecture parameters (Tb.N, Tb.Sp, Conn.D and SMI)
from trabecular bone by BV/TV, age and pentosidine.
Final R2

Variable
Dependent

Independent

Tb.N

BV/TV
Age
Log PEN

Log Tb.Sp

BV/TV
Age
Log PEN

Conn.D

BV/TV
Age
Log PEN

SMI

BV/TV
Age
Log PEN

Standardized
coefﬁcient (β)

p

0.027
−0.001
0.25

b0.0001
0.41
b0.0001
b0.0001
b0.0001
0.001
0.002
b0.0001
b0.0001
0.67
0.004
b0.0001
b0.0001
0.14
0.007
b0.0001

0.65
−0.023
0.003
−0.16
0.70
0.16
0.004
1.42
0.47
−0.15
0.006
0.53
0.79

The table shows for each model the standardized coefﬁcient of the regression of
each variable (β), the associated p value, and the square of the ﬁnal correlation
coefﬁcient (R2).

Thus, the accumulation of AGEs in bone matrix may modify the cell
behavior and consequently inﬂuence bone remodeling. Moreover, in
vivo studies have reported a relationship between the accumulation of
AGEs in bone matrix and bone turnover reduction after bisphosphonate therapy. Indeed, the accumulation of AGEs with reduced
bone turnover seen in bisphosphonate-treated animals, and in aging
humans seems to support this hypothesis. Two studies reported a
signiﬁcant negative correlation between PEN content and the
activation frequency in young dogs treated with different bisphosphonates [32,33]. The accumulation of PEN throughout the bone
matrix may be due to the prolonged lifetime of bone structural units,
caused by the decrease in bone remodeling during bisphosphonate
treatments. Moreover, in a recent study, Saito et al. [34,41] used
human femur cortical and trabecular bone to demonstrate that PEN
accumulates more in older, mineralized osteons compared to younger
osteons. The present ﬁndings would suggest that an increase in AGEs
may not just be a result of tissue aging in situ, but a consequence of
alterations in bone remodeling.
In addition to the AGEs, we also investigated the association
between trivalent mature cross-links and bone microarchitecture. We
found concentrations of PYD and DPD similar to those previously
reported in human femurs and vertebrae [17,24,35]. Furthermore, the
content of PYD tends to increase in elderly subjects, whereas DPD
content showed no age-related changes. The slight increase in PYD
rather than DPD content may be due to increased lysine hydroxylation. This age-related modiﬁcation was already reported by Bailey et
al. [36] in iliac trabecular human bone.
Only one prior study has investigated the association between
collagen characteristics and human vertebral trabecular microrchitecture. Banse et al. [20] found that the pyrrole/PYD ratio reﬂects the
structural organization of the trabeculae. They collected three
vertebral bodies (T9; T12-L1 and L4) from nine different subjects
(six women and three men; ages 44–88). Several samples were taken
from each vertebral body to obtain 68 trabecular bone specimens.
Then, they quantiﬁed immature and trivalent mature enzymatic
cross-links PYD, DPD, pyrrole and collagen content, but not AGEs in
the vertebral specimens. In parallel, they analysed the microarchitecture and measured bone formation parameters such as osteoid
surface by histomorphometry. They found that bone biopsies with
high pyrrole and low PYD content had relatively thick and
disconnected trabecular architecture. Inversely, those with low
pyrrole and high PYD content had relatively thin trabeculae which
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were more numerous and spread over a complex network. In our
study using only mature pyrididinium cross-links, we observed no
association between PYD and vertebral trabecular microarchitecture
but we found interesting relationships between PEN and bone
microarchitecture. The discrepancies between the two studies may
be explained by several methodological differences: (1) Banse et al.
quantiﬁed immature and mature cross-links, whereas we quantiﬁed
only the mature enzymatic cross-links; (2) we used only L2 vertebral
trabecular specimen whereas lumbar and thoracic vertebrae were
used in Banse's study; and (3) Banse et al. used histomorphometry to
analyse the 2D microarchitecture, whereas in our study, the
microarchitecture was evaluated by 3D μCT.
Although we expected that bone remodeling would be related to
collagen cross-link pattern and trabecular microstructure, there was
no association between osteoid surface, an index of bone formation,
and collagen cross-link content. However, this absence of correlation
was also reported in human vertebral cores and iliac crests from
osteoporotic patients [20,37]. This lack of association may be
attributed to the fact that due to specimen origin (which were not
double labeled before subject death and not ﬁxed to preserve
cellularity) we were unable to analyse all formation and resorption
parameters including activation frequency, bone formation rate, and
the number of osteoblasts and osteoclasts. Furthermore, our crosssectional sample of middle age to elderly donors may have had too
narrow of an age range to see signiﬁcant age changes, which may be
more clearly observed between the young and old, rather than
between the middle aged and old. Indeed, OS/BS did not reﬂect bone
turnover, especially not in these elderly subjects who may have had
subtle mineralization defects from vitamin D insufﬁciency or other
potential underlying diseases.
This study has both strengths and limitations. A strength of our
study was that we used human vertebral specimens from a relatively
large number of donors (n = 51) and performed both the structural
organization and biochemical analyses on the same samples, allowing
the analysis of the relationship between collagen characteristics of
human vertebral trabecular bone and the microarchitecture of the
trabeculae. However, this study also had several limitations. First, we
did not have access to the clinical situation before death or the cause
of the death. Furthermore, as previously mentioned we could not
measure the full complement of histomorphometric variables and
immature cross-links and thus, we could not examine all possible
associations between collagen cross-links, microstructure, bone
cellularity and bone remodeling. Lastly, PEN is just one of many
AGEs that accumulates with tissue age. We quantiﬁed PEN content in
bone tissue because it forms covalent cross-links between adjacent
collagen molecules [12,23] and can be accurately measured. However,
it is not yet known whether the change in PEN content (one
pentosidine cross-link per 50/100 collagen molecules) quantitatively
reﬂects the content of other more abundant AGEs such as glucosepane
[38–40], or whether an alternative AGE may have a greater impact on
bone microarchitecture variables.
In conclusion, the relationship between bone microarchitecture
and collagen cross-link characteristics is complex. Our data suggest an
association between the microarchitecture of the trabeculae and the
nature of the cross-links that compose the bone matrix. There was no
association between trivalent mature enzymatic cross-links and
microarchitecture with or without BV/TV adjustment. However, we
did ﬁnd signiﬁcant associations between the non-enzymatic crosslink pentosidine and microarchitecture parameters. PEN content is
associated with dense and more complex rod-like trabecular
architecture, independently of bone volume fraction. As pentosidine
reﬂects collagen glycation and generally increases with bone age, the
association between pentosidine and trabecular architecture suggests
that the preserved trabeculae contain primarily old bone and have
undergone little remodeling. Although glycation reactions resulting in
AGE cross-links occur at a late stage when the matrix has been laid
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down, the accumulation of these kinds of cross-links may qualitatively
inﬂuence bone remodeling and therefore alter the ﬁnal architecture of
vertebral trabecular bone. Thus, vertebral fragility may not only be
due to the deterioration of bone architecture, but we speculate it may
also be due to the modiﬁcation of collagen cross-link patterns thereby
inﬂuencing bone mechanical behavior.
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