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Cross-link Profile of Bone Collagen Correlates With
Structural Organization of Trabeculae
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Little is known regarding the mechanisms that govern the
structural organization of cancellous bone. In this study, we
compare the nature of the collagen in vertebral cancellous
bone with the structural organization of its trabecular net-
work. Cylindrical specimens of cancellous bone from verte-
brae were obtained from nine autopsy subjects (ages 46—88).
In each subject, eight pairs of correspondipg samples were
obtained from three levels in the spine and three areas within
the vertebral body, leading to a total of 68 pairs of samples.
The cylinders from one side were used for morphometry and
the classical morphometrical parameters were obtained (BV/
TV, bone volume fraction; Th.Th, trabecular thickness;
Tb.N, number; Tb.Sp, trabecular spacing) and strut analysis
(TSL, total strut length; Nd, number of nodes; Fe, number of
free-ends). The amount of osteoid bone was also quantified.
The cylinders from the other side were powdered and used
for collagen assessment, including the amount of collagen (%
w/w), and its content in immature cross-links; such as hy-
droxylysinonorleucine (mol/mol of collagen) and dihydroxy-
lysinornorleucine, as well as stable mature cross-links, such
as hydroxylysylpyridinoline (HP), lysylpyridinoline (LP), and
the pyrrole cross-links. A random regression model was used
to explore the correlations. None of the biochemical param-
eters correlated with the BV/TV except the ratio between
immature and mature cross-links (n> = 0.34, p < 0.05).
There was no relationship between the amount of osteoid
bone and the cross-link profile. However, the concentration
of pyrrole and HP cross-links in the bone samples correlated
with the structural organization of its trabeculae, but in an
opposite direction. Hence, the pyrrole/HP ratio was a good
predictor of Tb.Th, Tb.N, Tb.Sp, and TSL (n> > 0.65 and p
< 0.01) as well as Fe and star marrow space (1]2 > 0.45 and
p < 0.05). The cylinders from subjects with high pyrrole or
low HP in their bone collagen had a relatively thick and
simple structure. Those with low pyrrole and high HP had
relatively thin trabeculae that were more numerous and
spread over a complex network. The relative concentrations
of the pyrrole and pyridinoline cross-links appear to reflect
the structural organization of the trabeculae. (Bone 31:
70-76; 2002) © 2002 by Elsevier Science Inc. All rights
reserved.
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Introduction
Nature of the Bone Matrix

Bone is a highly specialized connective tissue. It can be viewed as
a dense packing of collagen fibers in which large amounts of solid
mineral crystals are deposited. The relative amounts and properties
of both the mineral and the organic matrix influence the behavior of
the structure. Type I collagen is the principal constituent of the
organic matrix, representing 90% of its weight. The primary se-
quence of the molecule is identical in bones and elsewhere in the
body, but posttranscriptional modifications vary with the type of
tissue.'>? The formation of specific cross-links is controlled
enzymatically both through the hydroxylation of specific lysine
residues and their subsequent enzymatic conversion to alde-
hydes. When compared with other tissues (tendon, fascia, skin),
bone collagen has a specific cross-link profile due to the high
degree of lysyl hydroxylation in the telopeptide, whereas that in
the triple helix is low. The predominant cross-link in young bone
is the divalent hydroxylysino-keto-norleucine which is con-
verted, with increasing age, to the trivalent hydroxylysyl- and
lysylpyridinolines and pyrroles (Figure 1).'%*° The immature
divalent cross-links are still present to a limited extent in mature
bone due to the relatively high turnover of bone collagen. The
cross-link profile was found not to vary with age in adults,” but
seems to vary among patients.'® Overall, the fibrillogenesis and
maturation of the collagen is most certainly controlled by the
posttranslational modification of the molecule resulting in the
formation of a specific cross-link profile.>

Structural Organization of Vertebral Cancellous Bone

Vertebral cancellous bone has an especially low bone volume
fraction (BV/TV): only 7%—14% of the total volume is occupied by
bone tissue, the rest being marrow. With such a small amount of
material, an optimal structural organization (called microarchitec-
ture) is of primary importance.'® It may affect (by itself) both
static and dynamic mechanical properties of the cancellous bone.
Patients with osteoporotic vertebral crush fractures have been
reported to have a poor, disconnected cancellous bone structure
compared with controls matched for bone density.'* In vitro
testing of samples has also led to similar findings.'® In addition,
some types of structures, for example those with relatively thin
trabeculae, may be more sensitive to normal remodeling and,
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Figure 1. Formation of the pyridinoline and pyrrole cross-links. (A) A
hydroxylysyl aldehyde residue reacts with a lysino-keto-norleucine cross-
link to form the trivalent lysylpyridinoline (LP) or with the hydroxylysino-
keto-norleucine to form a hydroxylysylpyridinoline (HP). Note that the only
difference is the OH group in the initial bivalent cross-link. (B) If a lysyl
aldehyde reacts with the same immature cross-link it forms the lysyl and
hydroxylysylpyrrole cross-link. The structure proposed by Kuypers et al?'is
presented. Whether a pyrrole or a pyridinoline is formed depends on the
hydroxylation (or not) of the added lysyl aldehyde from the telopeptide.

especially, to the acceleration of turnover occurring with meno-
pause, disease, or drugs. Recently, we have shown that the
structural organization of trabeculae in vertebral cancellous bone
was patient-specific.”> The complex microarchitecture of the
trabeculae, or at least its persistence, ultimately depends on the
location and shape of the resorption lacunae and on the ability of
the osteoblasts to refill these cavities. For example, deleterious
plate perforations or bar disconnections may occur during the
resorption phase of the remodeling cycle, resulting in a definitive
change in the structure.”

To date, there has been no study comparing the collagen cross-
link profile of cancellous bone with histomorphometrical data.
Correlating the nature of the bone material deposited with the final
structure obtained may help in understanding the biology of bone
remodeling. In this study, we had the opportunity to combine both
types of investigation and address the following questions:

1. Is there a specific cross-link profile associated with low bone
density?

2. Is there a relationship between the “maturity” of the cross-
links and the indices of new bone formation (that measure the
amount of bone tissue that is not yet mineralized)?

3. Is there a correlation between the structural organization of
the trabeculae (estimated by the morphometrical parameters)
and the chemical nature of its organic matrix (estimated by its
cross-link content)?

Materials and Methods
Sample Collection

The specimens came from nine autopsy subjects (three women
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Figure 2. Locations of coring in a vertebral body. A thoracolumbar or
lumbar vertebral body is illustrated (viewed from the back). Six cylinders
were extracted from that vertebra. Samples came from the anterior (Ant),
posterior (Post), or external (Ext) area and comprised three pairs. The
samples from one side were used for the collagen analysis, whereas
samples from the other side were used for the histology. Overall, 68 pairs
of samples were analyzed.

and six men, ages 44—88) with no disease known to affect bone.”
Three vertebral bodies (one thoracic at T-9, one thoracolumbar at
T-12-L-1, and one lumbar at L-4) were obtained from each of
them. Eight pairs of cylindrical samples (8.2 mm diameter) were
vertically cored from each subject: two in the T-9 vertebral body,
three in the T-12 or L-1, and three in the L-4, with each cylinder
from one side having its symmetrically matched control from the
other side (Figure 2). In one T-12 specimen the external sample
was not obtained and, in another subject, the L-4 vertebral body
was discarded because of degenerative disk lesions, leaving 68
pairs of samples for the study: 68 cylinders on one side used for
histomorphometry, and 68 paired cylinders from the other side
used for biochemistry.

Biochemical Analysis

The endplates of the 68 samples for the cross-link analysis were
removed, leaving only pure cancellous bone for biochemistry.
The samples were washed thoroughly under a jet of de-ionized
water to remove bone marrow and blood cells, defatted in a 1:1
(v/v) chloroform-methanol solution, rinsed with methanol then
with de-ionized water, and finally freeze-dried.

Collagen Determination

The amount of collagen was determined by hydroxyproline assay
of an aliquot of the acid hydrolysate (6 mol/L HCI, 110°C, 16 h)
using a continuous-flow AutoAnalyzer (Burkard Scientific, Ux-
bridge, UK) based on the method of Grant.'? The accuracy of the
method was checked occasionally by the determination of hy-
droxyproline on the amino acid analyzer. Collagen content was
calculated on the dry weight of the bone assuming 14% hy-
droxyproline in type I collagen. The resulting data were then
used to calculate the cross-link values as moles per mole of
collagen.

Intermolecular Cross-links

The intermediate cross-links of the newly synthesized collagen
were stabilized by borohydride reduction prior to acid hydrolysis,
and both reduced and mature cross-links were determined after
acid hydrolysis on a modified amino acid analyzer as previously
described in detail.>>** Briefly, the bone samples were homog-
enized to avoid any possibility of differences due to thickness of
the bone, suspended in phosphate-buffered saline, and reduced
with potassium borohydride. The samples were washed, freeze-



72 X. Banse et al.
Cross-links and morphometry

dried, reweighed, and hydrolyzed in 6 mol/L HCI for 24 h at
110°C in screw-topped glass hydrolysis tubes (Medline Scien-
tific, Oxon, UK). The excess acid was removed by freeze-drying,
and the residue was dissolved in 0.5 mL of distilled water. The
hydrolysates were initially separated on a CF1 (Whatman, Kent,
UK) cellulose column to remove the non-cross-linking amino
acids. The samples were assayed for the borohydride reduced
form of immature cross-links; that is, hydroxylysinonorleucine
(HLNL) and dihydroxylysinornorleucine (DHLNL) together
with the stable mature hydroxylysylpyridinoline (HP) and ly-
sylpyridinoline (LP) cross-links, using a modified gradient on an
amino acid analyzer (Alpha Plus, Pharmacia, Loughborough,
UK). The location of the cross-links on the analyzer had been
confirmed previously with samples of authentic cross-links pre-
pared in the laboratory. Quantification of the cross-links was
achieved using ninhydrin color reaction and their known leucine
equivalents.

Pyrrolic Cross-link

Bone matrix (100 mg) was dispensed into polypropylene tubes
(Sarstedt, Leicester, UK) and initially decalcified by suspension
(20 mg/mL) in 0.5 mol/L tetrasodium ethylene-diamine tetraace-
tic acid (EDTA), pH 7.5, for 3 days at 4°C. The EDTA was
decanted after centrifugation (10,000 rpm) and the decalcified
matrix was resuspended in distilled water, shaken, and subse-
quently centrifuged (10,000 rpm). After repeating this wash step,
1200 L of 0.1 mol/L 3-[N-tris(hydroxymethyl)methylamino]-
2-hydroxy-propanesulphonic acid (TAPSO), pH 8.2, was dis-
pensed into each tube and the sample heat denatured at 100°C for
30 min and then allowed to cool to 37°C. Samples were then
treated with 1000 units of trypsin (TPCK-treated) dispensed from
a trypsin stock (5000 U/mL TAPSO buffer) and left to digest by
shaking gently for 18 h at 37°C. The pyrrole content of the digest
was assayed by reaction with p-dimethylaminobenzaldehyde
(DAB) using a microtiter plate format®> (Micro Test III Flexible
Plate, Becton Dickinson). Quantification was facilitated by the
inclusion of a 1-methylpyrrole (Aldrich, Dorset, UK) standard
(range 1-10 mmol/L) prepared from a stock solution (50 mmol/L
in ethanol). A 50 pL aliquot was removed for total collagen
content by the hydroxyproline assay just described. A further 250
WL of each sample was combined with 50 wL of DAB (11.4%
w/v in 60% perchloric acid). Within 15 min of adding the DAB,
all samples were filtered, employing a 0.2 wm syringe filter (13
mm, HPLC Technology, Macclesfield, UK) and 180 pL of the
sample was dispensed into a 96 well microtiter plate and read at
570 nm using a microtiter plate reader (Labsystems Multiskan
MCC 340). The pyrrole content of the bone digests was calcu-
lated based on the extinction coefficient of 25,000 for 1-meth-
ylpyrrole®' and expressed as moles of pyrrole per mole of
collagen based on the hydroxyproline assay.

The ratio between the immature and mature cross-links (im-
mature/mature ratio) was calculated as: (DHLNL + HLNL)/
(pyrrole + HP + LP). As an additional parameter, we also
calculated the ratio between pyrrole and HP cross-links.

Histomorphometry

The 68 samples dedicated to histology were fixed and embedded
in Spurr resin using a standard protocol.>® The plastic blocks
containing the whole cylindrical specimen were then cut at four
levels to cover its volume from the top to the bottom. Thin
sections (5 wm) were obtained. One was stained with Von Kossa,
which visualizes the mineral in black; another was stained with
Goldner trichrome, which shows the mineralized tissue in green
and the osteoid nonmineralized tissue in red.
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Table 1. Mean values observed for the 68 cylindrical samples

Correlation with

Parameter Mean SD BV/TV (1)
Amount of bone
BV/TV (%) 7.9 2.3
Structural parameter
Tb.Th (um) 84 13 0.75"
Tb.N (-~/mm?) 0.93 0.18 0.87°
Tb.Sp (jm) 1050 231 0.84°
TSL (mm/mm?) 0.78 0.17 0.86"
Nd (~/mm?) 0.81 0.24 0.87°
Fe (-/mm?) 2.5 0.4 0.05
Nd/Fe (-) 0.33 0.08 0.91°
Star (mm?) 6.9 2.2 0.82°
New bone formation indices
OS/BS (%) 16.5 11.9 0.03
O.Th (pwm) 6.9 0.9 0.44*
OV/BV (%) 2.71 2.17 0.04
Collagen biochemistry
Collagen (%) 26 2
HP (mol/mol) 0.13 0.04
LP (mol/mol) 0.071 0.030
Pyrrole (mol/mol) 0.094 0.016
Pyrrole/HP (-) 0.83 0.39
DHLNL (mol/mol) 0.120 0.052
HLNL (mol/mol) 0.076 0.023
Immature/mature (-) 0.69 0.22

Mean and standard deviation for all the parameters included in the study.
The link or correlation between the BV/TV and the other morphometrical
parameters is estimated by eta-squared (m?).

KEY: BV/TV, trabecular bone volume fraction; Tb.Th, trabecular thick-
ness; Tb.N, trabecular number; Tb.Sp, trabecular spacing; TSL, total strut
length (on the skeletonized image); Nd, nodes or multiple point; Fe,
free-ends or disconnections; Nd/Fe, ratio between nodes and free-ends
(index of connectivity); Star, star surface; OS/BS, osteoid; OV/BV,
osteoid volume; O.Th, osteoid thickness; HP, hydroxylyslpyridinoline;
LP, lysylpyridinoline; DHLNL, dihydroxylycinonorleucine; HLNL, hy-
droxylysylpyridinoline.

ap < 0.05; °p < 0.001.

Von Kossa: Structural Parameters

A digital image of each Von Kossa thin section was obtained
(resolution 1 pixel = 10 wm) and analyzed as previously de-
scribed.* The morphological classical parameters were measured
according to ASBMR standards.>* These included trabecular
volume fraction (BV/TV, %), trabecular number (Tb.N, mm ™~ 2),
trabecular thickness (Tb.Th, wm), and trabecular spacing (Tb.Sp,
pm). The binary images were then skeletonized and pruned to
quantify total strut lengths (TSL, mm/mm?). The multiple point
or nodes (Nd, mm ™ ?) as well as the free-ends (Fe, mm~?) were
then identified on this skeleton.” The ratio of the number of
nodes and number of free-ends (Nd/Fe, —) was also calculated
and considered as an index of connectivity. Finally, we measured
the star marrow space (Star, mm?).'%3°

Goldner Trichrome: New Bone Formation Indices

For detection of osteoid layers a higher magnification is required.
Consequently, each slice was scanned to obtain 40 contiguous
pictures (covering 60% of the section, pixel size 1 wm). As for
the Von Kossa, the image analysis was carried out using a
Quantimet 500IW running a homemade macro under QwINPrO
(Leica imaging system, Cambridge, UK). A constant color
threshold (on the RGB) was used to differentiate the tissues.
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Table 2. Correlation between histomorphometry and biochemistry (n* values)

Collagen biochemical parameter

Collagen HP (mol/ LP (mol/ Pyrrole DHLNL HLNL Immature/

Histomorphometry (%) mol) mol) (mol/mol) Pyrrole/HP (-) (mol/mol) (mol/mol) mature (-)
Amount of bone

BVTV (%) 0.11 0.03 0.05 0.00 0.00 0.08 0.11 0.34* +
Structural parameter

Tb.Th (um)! 0.19 0.43* — 0.14 0.62° + 0.74° + 0.09 0.25 0.03

Tb.N (-/mm?)* 0.12 0.43* + 0.08 0.56° — 0.68° — 0.08 0.20 0.02

Tb.Sp (um)* 0.10 0.43% — 0.09 0.55° + 0.66° + 0.10 0.14 0.01

TSL (mm/mm?)* 0.07 0.49° + 0.09 0.53° — 0.67° — 0.17 0.19 0.05

Nd (-mm?) 0.04 0.11 0.00 0.51° — 0.31 0.00 0.16 0.01

Fe (-/mm?) 0.17 0.13 0.03 0.50° — 0.45% — 0.03 0.16 0.00

Nd/Fe (-)¢ 0.20 0.03 0.10 0.04 0.09 0.09 0.02 0.11

Star (mm?)" 0.08 0.42* — 0.11 0.43° + 0.58° + 0.06 0.14 0.00
New bone formation indices

OS/BS (%) 0.41 0.14 0.02 0.09 0.09 0.04 0.06 0.00

O.Th (pm)? 0.00 0.00 0.03 0.05 0.05 0.04 0.04 0.06

OV/BV (%) 0.02 0.18 0.02 0.15 0.15 0.03 0.09 0.00

The m? value is an estimate of the part of the total variability (in the morphometrical parameter) explained by the biochemical parameter. Significant
correlations were found between the cross-links and multiple structural parameters.
KEY: +, positive correlation; —, negative correlation. See Table 1 and Results for other abbreviations.

“Uncorrected p < 0.05.
"Uncorrected p < 0.02 and corrected p < 0.10.
“Uncorrected p < 0.01 and corrected p < 0.05.

9BV/TV was introduced first into the model, meaning the m? value is rather a partial correlation coefficient.

About 10,000 images were processed. The total bone and osteoid
surfaces and perimeters were summed for a given sample to
compute the following new bone formation parameters: osteoid
volume (OV/BV, %), osteoid thickness (O.Th, wm) and osteoid
surface (OS/BS, %).

Data Processing and Statistical Analysis

SPSS version 10.0 (SPSS, Inc., Chicago, IL) was used for data
processing and statistical analysis. A total of 12 histological
parameters (9 structural and 3 osteoid) describing 68 cylinders
were compared with 8 biochemical parameters describing the 68
corresponding cylinders.

Relationships between variables were investigated using a
random effects regression model. The morphometrical parameter
was the dependent variable (or outcome). Introducing the name
of the subject as having a random effect accounted for the
repeated nature of the data (8 cylinders assessed in each subject)
and allows for testing the significance of the variations among
subjects. The biochemical parameter was introduced as a covari-
able in the model. When a morphometrical parameter was
strongly linked to the BV/TV (as was the case for most of them;
see Table 1), two covariables were used in the model: BV/TV
was introduced first, followed by the biochemical parameter.
Using this procedure, the model explored the relationship be-
tween the biochemical parameter and the variance of the mor-
phometrical parameter that was not explained by the BV/TV.

For the correlation between variables, eta-squared (n?) was
calculated. m? estimates the part of the total variability of the
dependent variable that can be explained by a given covariable.
Such a parameter is analog to the correlation coefficient (r) in
classical regression. As multiple comparisons were performed
(see Table 2), a Bonferroni correction to the p value was applied.
We report the corrected and uncorrected p values. The r values
were also calculated but were not used to decide whether the
correlation was significant or not.

Furthermore, to illustrate this “purely morphometrical” infor-

mation,* we used the residues of the regression between the
parameter (e.g., the Tb.Th or Tb.Sp) and the BV/TV as raw data
(indicated with an asterisk [Tb.Th* or TSL*] in Figures 4 and 5).
For example, a value of 15 pm for Tb.Th* means that the
trabeculae of that given sample were 15 wm thicker than ex-
pected knowing the BV/TV.

Results
Mean Values

Our data confirm the low density of the samples, with only 8%
of the volume being occupied by bone. The trabeculae were thin
(84 pm) and widely spaced (>1000 wm). The nodes (Nd) were
relatively rare, with less than 1 node/mm?® and about three
free-ends (Fe, or disconnection) for a node. All these raw
parameters (except the Fe) were highly correlated with BV/TV.
We found unmineralized osteoid bone in all the samples. The
cross-link profile was typical of bone collagen, with immature
cross-links (DHLNL and HLNL), and mature lysylpyridinoline
(LP) and pyrrole found in significant amounts (Table 1).

Density and Cross-links

Although the sampling covered a wide range of density (BV/TV
range 4.6%—15.6%), none of the collagen properties correlated
with BV/TV, except for a mild correlation (n2 =0.34, p <0.05,
and r = 0.39) between the immature/mature ratio and the BV/TV
(Table 2).

Osteoid and Cross-links

None of the biochemical parameters correlated with either os-
teoid volume (OV/BV), osteoid thickness (O.Th), or osteoid
surface (OS/BS). More specifically, there were no more imma-
ture cross-links (DHLNL or HLNL, immature/mature ratio)
when the new synthesis rate was high.
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Subject No 8: Subject No 7:
Low pyrrole, high HP, thin structure High pyrrole, low HP, thick structure
A B

Figure 3. Thin sections (5 um) of the vertebral cancellous bone exhib-
iting two different structural organizations of the trabeculae. Twelve
slices (Von Kossa staining, width of a square image is 8.2 mm) from
identical anatomical locations but from two different subjects (subject 8
[left] and subject 7 [right]) are compared. In one column, slices come
from the center of the vertebral body (A) and in the other column they
come from closer to the endplate (B). Each row corresponds to a given
cylinder: 1, 2, and 3 are anterior, posterior, and external cylinders from
the thoracolumbar (L-1) vertebra, respectively; and 4, 5, and 6 are the
anterior, posterior, and external cylinders from the lumbar (L-4) vertebra,
respectively. Both subjects had essentially the same BV/TV (7.38% and
7.95%). The structural organization of the trabeculae was not identical:
Tb.Th was 81 wm on the left and 100 pm on the right; Tb.Sp was 1000
pm on the left and 1250 wm on the right; TSL was 0.82 mm/mm? on the
left and 0.66 on the right; and Fe was 2.41/mm? on the left and 1.84 on
the right. This is visible on the image. The structural organization of the
trabeculae of subject 8 was more complex and the elements were thinner
than subject 7. The first had less pyrrole and more HP than the second.

Structure and Cross-links

Samples with a high pyrrole concentration had relatively thick
trabeculae (Tb.Th: m* = 0.62, p < 0.01, and r = 0.67; see
Figures 3, 4A, and 5), that were less numerous (Tb.N: n =
0.56, p < 0.02, and r = —0.59) and more widely spaced (Tb.Sp:
M = 0.55, p < 0.02, and r = 0.59). Furthermore, the trabecular
network was significantly less complex, spreading over a de-
creased length (TSL: m* = 0.53, p < 0.02, and r = —0.55) with
fewer nodes (Nd: nz =0.53,p <0.02, and r = —0.55) and fewer
disconnections (Fe: m* = 0.50, p < 0.02, and r = —0.56; see
Figure 4B). Finally, the star marrow space was smaller when the
pyrrole values were high (Star: > = 0.43 and r = 0.56). All
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Figure 4. Correlation between the concentration of pyrrole cross-link
and the structure (n = 68). After correction for the (dominant) BV/TV
influence, the trabecular thickness (Tb.Th*, pum) of a given cylinder
correlated positively with the concentration of pyrrole. The number of
free-ends (Fe, -/mm?) correlated negatively with the concentration of
pyrrole.

these correlations are consistent with the concept that high
pyrrole content results in a thick, simple, and disconnected
structure.

Opposite relationships were noted for HP concentration. A
high concentration of HP was associated with a thinner and more
complex structure (for details see Table 2). It should be noted
that the concentration of HP correlated negatively with concen-
tration of pyrrole (r = —0.33). We investigated the combination
of these two predictors (HP and pyrrole). First, we built a model
that included both predictors in variable order: (i) first HP, then
pyrrole or (i) first pyrrole, then HP. In both cases, it appeared
that the addition of a second biochemical parameter (either HP or
pyrrole) added some independent explanatory value (p < 0.05).
Because the relationship was in the opposite direction we com-
puted the ratio between both of them (pyrrole/HP). For the ratio
the correlation was even higher. A high ratio was associated with
a thicker structure (i.e., Tb.Th: n* = 0.74, p < 0.01, and r =
0.75).

After the Bonferroni correction for multiple comparisons,
only the uncorrected p values <0.01 remained significant (cor-
rected p values <0.05). After correction, the other p values
indicated a trend (p < 0.10).

Subject-specific Data

All investigated parameters (listed in Table 1) were strongly
subject-specific as a significant between-subject variance (p <
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Figure 5. Boxplot charts of some parameters used in this study accord-
ing to the subject from whom the samples were obtained (numbers 1-9
on the Category axis). Most of the parameters were patient-specific (p <
0.001). Different subjects had different amounts of pyrrole (Pyrrole,
mol/mol) (A), and different microarchitecture as illustrated here by the
values of corrected trabecular thickness (Tb.Th*, wm) (B), corrected total
strut length (TSL*, mm/mm?) (C), and number of free-ends (Fe, -/mm?)
(D). The density or bone volume fraction (BV/TV, %) (E) and osteoid
volume (OV/BV, %) (F) also varied between subjects. Note that pyrrole
and Tb.Th* charts have the same appearance. Fe and TSL charts present
a mirror image of the pyrrole chart. BV/TV or OV/TV are difficult to
compare with any other parameters.

0.001) was detected in the random regression model (Figure 5).
The only exception was HLNL concentration, which did not vary
significantly among the nine subjects. When the Von Kossa-
stained thin sections of two subjects with the same BV/TV were
compared, differences in the structural organization of the tra-
beculae appeared (Figure 3).

Discussion

The present observations indicate a relationship between the
nature of the bone collagenous matrix, in particular the concen-
tration of the pyrrole and HP cross-links, and the structural
organization of the trabeculae. A high pyrrole/HP ratio content
was found to be correlated with a thick, simple, apparently
disconnected structure, whereas a low pyrrole/HP ratio reflected
a thin, complex, and more connected structure (Figure 3). In
contrast, the properties of the collagenous matrix did not corre-
late with the density (BV/TV) nor with the new bone formation
indices. The results were analyzed in detail using an adapted
statistical model (the random regression model) that takes into
account the repeated nature of the data and allows for testing the
significance of the correlations between the parameters.'' After
Bonferroni correction for multiple comparisons,® a substantial
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proportion of these correlations remained significant (see Table
2). The random regression model and the simple direct correla-
tions (n = 68) were consistent as they both pointed out the same
pairs of variables.

The absolute values of the bone formation indices reported in
this study (OS/BS, O.Th, and OV/BV) are comparable to values
published for the iliac-crest biopsy'’*> and for the vertebral
body.' We found these indices to be subject-dependent, but they
did not correlate with any of the properties of the collagenous
matrix, particularly not to the immature/mature cross-link ratio.
The basis of the correlation of bone microarchitecture and pyr-
role/HP cross-link presents us with a challenging question. The
first step is to explore the following problem: Why would an
individual subject display a thick and simple microarchitecture,
whereas another has a complex thin microarchitecture? Such
patterns could be constitutive: after childhood, an individual
subject may have a given architecture like any other physical
characteristic. There is actually no data to support this hypothe-
sis. Alternatively, the pattern may result from slight but contin-
uous differences in the type of remodeling (during decades). For
example, depending on the location or depth of the resorption
cavity the osteoclasts’ may progressively disconnect and sim-
plify the structure.””> The mechanical feedback may induce a
compensatory relative thickening of each element.®'*

Formation of pyrrole rather than pyridinoline depends on
reduced lysine hydroxylation, including both specific triple he-
lical lysine and telopeptide lysine. Furthermore, the pyrrole
cross-links predominate at the amino-terminus of the molecule,
whereas the pyridinoline predominate at the carboxy-terminus,
indicating a further specificity of lysine hydroxylase.®'® Recent
isolation of tissue-specific isoenzymes®'>*” suggests that each
of these lysyl hydroxylases may be specific for each location.

Certainly the cross-linking of collagen affects the suscepti-
bility of fibers to proteolysis.>* However, it is debatable as to
whether the different mature cross-links influence the ability of
the proteolytic enzymes from the osteoclast to degrade the fiber.
Nevertheless, it is conceivable that the presence of the pyrrole
cross-link (instead of HP) may affect the rate of catabolism of
bone collagen by metalloproteinases (MMPs) and cysteine pro-
teinases.”®

All measurements performed herein were made on adult
human bone and we chose a skeletal site, the vertebral body,
where fractures have a very high frequency.'® However, as in all
studies on humans, there are certain limitations. Although the
analyses were carried out on 68 cylindrical samples, these im-
portant results now need to be carried out using larger numbers
of subjects. A second point, to be taken into account in the future,
albeit less important, involves the length of bed-rest prior to
death. Although the autopsy subjects were selected to eliminate
bone or metastatic disease, prolonged bed-rest may have influ-
enced the osteoid indices. However, the major emphasis of this
study was on the collagenous matrix of the microarchitecture,
which takes years to construct.?

This study is the first in which there is an indication of a link
between the structural organization of the trabeculae and the
nature of the tissue that composes these trabeculae, in terms of
the cross-link stabilizing the collagen fiber.

The biochemical stability and structure of the collagen fibers
may therefore be an important factor qualitatively affecting
cancellous bone turnover and, hence, its final microarchitecture.
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