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Abstract

Summary Diaphysis, inferior, and lateral superior regions of the
femoral neck are subjected to diverse mechanical loads. Using
micro-CT based on synchrotron radiation, three-dimensional
morphology and connectivity of the pore network are location
dependent, underlying different remodeling mechanisms.
Introduction The three-dimensional (3D) morphology and
connectivity of the pore network at various locations in
human femurs subjected to diverse mechanical loads were
assessed using micro-CT based on synchrotron radiation.
Methods The cortex from 20 human femurs (mean age,
78.3+£12.4 years) was taken from the diaphysis (D), the
inferior (IN), and the lateral superior (LS) regions of the
femoral neck. The voxel size of the 3D reconstructed image
was 7.5 um. Cortical thickness and pore volume/tissue
volume (Po.V/TV), pore diameter (Po.Dm) and spacing
(Po.Sp) were determined. The pore surface/pore volume
ratio (Po.S/Po.V), the number of pores (Po.N), the degrees
of anisotropy (DA), and the connectivity density (ConnD),
the degree of mineralization (DMB) were also determined.
Results The characteristics of the pore network in fem-
oral cortical bone were found to be location dependent.
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There was greater porosity, Po.Dm, and Po.N, and more
large (180-270 pm), extra-large (270-360 pm) and
giant pores (>360 pum) in the LS compared to the IN
and D. The difference in porosity in between the peri-
osteal and endosteal layers was mostly due to an in-
crease of Po.Dm rather than Po.N. There was a lower
DMB of bone in the LS, which is consistent with a
higher remodeling rate.

Conclusion The results provide evidence for large varia-
tions in the structure of the internal pore network in cortical
bone. These variations could involve different underlying
remodeling mechanisms.

Keywords Cortical bone - Femoral neck - Femur -
Micro-CT - Synchrotron radiation - Three-dimensional

Introduction

The analysis of bone structure is crucial in understanding the
physiopathology of osteoporosis, which is an important
health problem. Hip fracture is recognized as the most
serious osteoporotic fracture because of the high medical
costs and the high mortality and morbidity involved [1]. In
the femoral neck, the cortical shell contributes 40-90 % of
the bending rigidity [2]. However, compared to trabecular
bone, there are very few studies on cortical bone. For a
number of years, microstructural variations were assessed
by two-dimensional (2D) histological methods, while po-
rosity was assessed by physical methods. With these meth-
ods, it was shown that microstructural variations had a
significant impact on the material properties of cortical bone
[3-6]. By analogy with trabecular bone (composed of a
trabecular network), cortical bone is composed of a pore
network and possesses a complex and dynamic microstruc-
ture that cannot be fully characterized with 2D analytical
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methods [7]. More recently, it became possible to character-
ize the spatial arrangement of the pore network by micro-
computed tomography (micro-CT), which has become a
quasi-standard tool for the examination of trabecular bone
in three dimensions (3D) with isotropic resolution. This
technique can also be used to study cortical bone [8].
Indeed, micro-CT based on synchrotron radiation (SR) has
been used to characterize the neurovascular pore arrange-
ment in the cortical bone of the inferior neck of the femur
[9] and in a single femur [10], but it is not widely available;
in contrast, desktop micro-CT with conventional X-rays has
been used more frequently [11-16].

The parameters used to characterize the spatial arrange-
ment of cortical pores were pore diameter (Po.Dm), pore
number (Po.N), pore separation (Po.Sp) and the specific
surface organization of pores (Po.S/Po.V) in the cortical
femur [11-16]. Estimation of the connectivity based on a
skeletonization technique was proposed by Cooper at al [12,
13].

The high variability in the diameter (ranging from 50 to
450 um) and the shape of the neurovascular pores in cortical
bone was reported previously [13—17]. The differences in
size and shape are the result of modeling and remodel-
ing processes. Indeed, porous spaces occur in primary
osteons formed by modeling; the initial destruction of
the cylindrical packets is followed by the circumferen-
tial deposition of new bony lamellae. This remodeling
process creates the Haversian system (secondary osteons),
which is surrounded by a cement line [18]. The Haversian
canals run parallel to the surface of the bone cortex, and the
Volkmann canals are connected perpendicularly to the
Haversian canals. Both Haversian and Volkmann canals are
predominantly located in the external (periosteal) region of the
cortex, and large resorption cavities created by several cycles
of remodeling are predominantly located near the internal
(endosteal) region.

The tension and shear fracture toughness of the femoral
neck are greater than those of the femoral shaft [19]. The
femoral neck is different from the femoral shaft in terms of
microstructure and composition and their relationship to
fracture toughness [6]. Cortical bone has been describe to
carry 30 % of the load in the subcapital region, 50 % in the
mid-neck, 96 % at the base of the neck, and 80 % at the
intertrochanteric region [20]. There are also differences be-
tween the inferior cortex of the neck or calcar femorale (the
principal loading sector of the cortex during walking),
which experiences compressive forces, and the supero-
lateral cortex of the neck, which experiences a lower level
of tension loading from the hip musculature [21].

Due to high photon flux and the monochromaticity of the
X-ray beams extracted from the synchrotron light, SR
micro-CT has many advantages compared to conventional
micro-CT. This allows for the evaluation of local
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mineralization [12] with a high signal-to-noise ratio and
without beam hardening; moreover, reconstruction avoids
the creation of cone-beam artifacts due to its parallel-beam
geometry [23].

The 3D arrangement of pores in different regions of the
femur submitted to different loading forces has not yet been
examined. The aim of the present study was to assess the 3D
morphology and connectivity of the pore network at various
locations along the human femur that are subject to different
mechanical loads, using micro-CT-based synchrotron radia-
tion as a tool.

Materials and methods
Specimens

The cadaveric right femurs from 20 Caucasian subjects were
harvested within 10 days of death at the Pathology Institute,
Rene Descartes University, Paris, France. Collection of
these human tissue specimens was conducted according to
pertinent protocols established by the Human Ethics
Committee of Inserm.

Fourteen femurs were from females (mean age, 79.3+
14.6 years; range, 53-97 years), and six were from males
(mean age, 76+4.4 years; range, 72—83 years). No data were
available regarding the cause of death, previous illnesses, or
the medical treatment of these individuals. The femurs did
not present obvious pathology, except for those with frac-
tures, which were eliminated. The soft tissues around femurs
were removed, and the femurs were enclosed in plastic bags
at —20 °C.

Sixty samples of cortical bone were cut transversally
using a low-speed diamond saw (Isomet 1000®, Buehler,
Germany). Twenty samples from the diaphysis were har-
vested from the medial femoral shaft 2 cm below the lesser
trochanter. Twenty samples were harvested from the inferior
neck in the calcar femorale and from the lateral superior areca
of the femoral neck close to the subcapital region (superior
neck). The location where samples were harvested is illus-
trated in Fig. 1. The cortex was taken at full thickness and a
12-mm height.

Image acquisition

Fifty-five bone cores were imaged using the SR micro-CT at
the European Synchrotron Radiation Facility (ESRF;
Grenoble). Forty-five bone cores were from 15 subjects;
three sites were imaged in each core. Only two sites were
imaged for the remaining five subjects (diaphysis + inferior
neck for two, diaphysis + superior neck for two, and inferior
neck + superior neck for one). SR micro-CT images were
obtained from the 3D parallel-beam SR micro-CT setup
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Fig. 1 Locations where the specimens were harvested from the femurs: a
diaphysis, b inferior neck, ¢ superior neck

developed on beamline ID 19 at the ESRF. A detailed
description of the device was previously reported [24].

The samples were positioned to obtain 2D projection images
perpendicular to the Haversian system.

The setup used a very intense, homogeneous, parallel, and
monochromatic beam. The transmitted X-ray beam was
recorded with a scintillator coupled to a 2D 2,048x2,048
charge coupled device camera with a dynamic range of 14 bits.
The optical system was set to obtain a pixel size of 7.5 pm (in
order to cover the field of view of the samples examined). Due
to the size of the largest samples, the energy setting used was
30 keV. To optimize the quality of each reconstructed image,
3,500 views were regularly acquired over a total angular range
of 360°. Dark current and reference images (without the
sample) were regularly taken during the data acquisition peri-
od and were used for flat-field correction. The exposure time
for each radiograph was 0.3 s. The total acquisition time,
including all mechanical operations and image recording and
transmission, was approximately 30 min. The 3D images were
reconstructed from the set of 2D radiographic projections
using tomographic reconstruction based on filtered back-
projections. The size of the cubic voxel in the reconstructed
images was 7.5 pm.

Typical 2D and 3D renderings of micro-CT images
from the same subject, acquired with SR at different
locations, are illustrated in Fig. 2. All samples were
imaged from the outer margin to the endosteal region.
Three sites were available for only 15 of the subjects
tested in the present study.

Fig. 2 Two-dimensional and 3D images from the same individual. Resolution, 7.5 um?>. a Diaphysis. b Inferior neck. ¢ Superior neck. The

periosteal areas in the specimens are shown at the right
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Image processing

In each sample, a total volume of interest (VOI) of 5 mm in
height was selected to extend through the entire thickness of
cortical bone from the periosteum to the endosteum. The
endosteal border was identified when both irregular
interconnected voids and non-osteonal structures were en-
countered. This VOI selection was performed using a semi-
automatic procedure based on manual contouring on a se-
lected number of slices, followed by interpolation. A peri-
osteal sub-VOI 1-mm thick and an endosteal sub-VOI
corresponding to the remaining thickness of the cortical ring
were also defined for each bone sample (see Fig. 3).

The histograms of the 3D reconstructed volumes were com-
posed of two peaks, corresponding to bone and voids, respec-
tively. Because all images were acquired in the same conditions,
an identical global threshold was used for all images, above
which all voxels were considered as bone and below which all
voxels were considered as voids. The threshold is approximately
the average of the mean values of the two peaks from the entire
data set and corresponded to a linear attenuation coefficient of
1.31 em " at 30 keV. Calculations were performed in terms of
pixels attributed to voids instead of matter.

Measured and calculated parameters

The cortical thickness was measured directly and manually
on the image, corresponding to the minimal distance be-
tween periosteal and endosteal borders using CtAn®
Skyscan software. The total volume corresponds to 642
slices, and the measurements were performed every 30
slices. We therefore had 22 measurements for each sample;
the average distance was considered for all future measure-
ments. Morphological parameters were also calculated using
the CtAn® Skyscan software. All pores (primary and sec-
ondary osteonal pores) within the scanned images were
included in these calculations.

The pore volume/tissue volume (Po.V/TV) corresponds
to the void proportion. The pore diameter (Po.Dm, um) and

Fig. 3 Examples of “volume of
interest” selection by manual
contouring followed by an
interpolation to keep track of
the contours of the cortical bone

Original image+ total VOI
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pore spacing (Po.Sp, um) were measured with the model-
independent method described by Hildebrand and Riiegsegger
[25]. The pore surface (Po.S, per square millimeter) was
obtained by triangulation of the surface of the mineralized bone
phase. The pore volume (Po.V) was calculated using tetrahe-
drons corresponding to the enclosed volume of triangulated
surfaces [26]. The pore number (Po.N, per millimeter) was
defined as the inverse of the mean distance between the middle
axes of the structure [27]; these axes were identified by a
skeletonization process.

The degree of anisotropy (DA; no unit), defining the
orientation of the pore structure, was evaluated by fitting
the mean intercept length (MIL) points to an ellipsoid [28].
When the largest (smallest) is denoted as MIL1 (MIL3),
then DA is defined as:

DA = MIL1/MIL3 (1)

DA equals 1 for isotropic structures and is larger than 1
for anisotropic structures. The higher the DA value, the
more anisotropic the structure is.

The connectivity was quantified by the Euler character-
istic (x) using a proprietary procedure according to the
method described in detail by Odgaard for quantifying
aspects of bone architecture [29]. The Euler characteristic
may be directly estimated from the 3D array of voxels using
the following decomposition:

X =no—ni+ny—n3 (2)

where ng, n; n, and nj are, respectively, the number of
vertices, edges, faces, and voxels. If the object is made of a
single connected component and contains no voids, the
Euler number is simply related to the connectivity 3; by:

x=1-p 3)

The connectivity is defined as the maximum number of
branches that may be cut without separating the structure
[30]. A high value means a highly connected network.
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The connectivity characteristic was normalized by the
total volume of each VOI; for this reason, the connectivity
density (ConnD) was expressed in per cubic millimeter.

The images provided by SR micro-CT are assumed to be
quantitative maps of the linear attenuation coefficient of
bone tissue at 30 keV. The data were converted to obtain
the degree of bone mineralization (DMB), which was de-
fined as the local hydroxyapatite (HA) concentration in the
tissue examined. The method exploits the theoretical rela-
tionship between the measured linear attenuation coefficient
(1) and concentration of HA as described in our previous
work [22]. By calculating the mass attenuation coefficient of
HA and water at 30 keV, which were found to be 2.099 and
0.3756 g/em’, respectively, the conversion between DMB
and p is given by:

DMB = (1 — 0.3756)/1.929 (4)

Data analyses

Descriptive statistics were computed for all numerical pa-
rameter data. All statistical computations were performed
using NCSS (2004, Kaysville, UT). A Shapiro—Wilkinson
test was used to check the normality of the distribution of
parameters. An ANOVA was used to compare the location
groups (inferior neck, superior neck, diaphysis). In the event
of a non-normal distribution, a Kruskal-Wallis test was
performed. Multiple comparison analysis was performed
using the Newman—Keuls test. Correlations between pore
network parameters were performed with Spearman corre-
lation coefficients (p) within the total VOIs. Po.Dm distri-
butions were compared between sites using a Kruskal—
Wallis test followed by a Tukey—Kramer post-hoc test. A
paired T-test was used to compare periosteal and endosteal
VOIs; a Wilcoxon test was used for non-normal data dis-
tributions. For the degree of mineralization data, compari-
sons were made by means of an ANOVA with a missing data
procedure followed by the Newman—Keuls post-hoc test
[31].

Results

The results for the 3D microarchitectural parameters
obtained from bone specimens from the same individual at
different cortical sites, namely the diaphysis and inferior and
superior parts of the femoral neck, are compared in Table 1.
The cortical thickness differed statistically across sites. The
diaphysis thickness was greater than the cortical thickness of
the femoral neck, and the inferior neck thickness was greater
than that of the superior neck. Po.V/TV, Po.N, and Po.Sp
were significantly different with higher porosity and Po.N
values at the superior neck and lower Po.Sp values

Table 1 Values of 3D microarchitectural parameters of various cortical regions in human femur from the same individual

DA

Po.V/TV (%) Po.S/Po.V (1/mm) Po.Dm (um) Po.N (1/mm) Po.Sp (um) ConnD (1/mm?)

Cortical thickness (mm)

52.4+£29.1 165+79 0.63+0.26 354+86 39+28.6 4.7+1.7

11.2+7.9

2.92+1.0

Inferior neck

4.6 (1.3-7.3)
6.4+5.5

35.5 (4.9-110)
44.6+24.9

348 (267-623)
273464

0.54 (0.35-1.11)

1.20+0.52

156 (70-338)
219464

45.1 (21.1-116.6)

29.2+7.9

8.6 (2.8-30.4)
263+12.3

2.82 (0.82-4.32)

1.01+£0.44

Superior neck

4.6 (2.7-20.1)

3.9+0.8

41.0 (13.4-93.2)
30.4+28.2

246 (199-444)
333444

1.07 (0.40-2.53)

0.64+0.23

204 (130-315)
168.8+98.7

28.0 (17.3-48.7)
49.2+28.0

24.2 (5.1-45.8)

11.1+8.1

1.0 (0.35-1.81)
4.58+1.24

Diaphysis

3.7 (2.6-5.3)

ns

18.7 (7.9-98.1)

ns

321 (255-403)

0.002

0.60 (0.26-1.00)

0.001

144 (60-397)

ns

40.8 (14.2-105.6)

10.0 (1.7-40.6)
0.02

7.107*

4.66 (1.16-6.13)

<107*

ANOVA

sup/inf-diaph

sup/inf-diaph

sup/inf

sup/inf-diaph

sup/inf/diaph

Post-hoc test

15). Statistical comparisons were performed using ANOVA and, in the event of non-normality, using the Kruskal-Wallis test (results in italics). Multiple comparisons were

Sexes were pooled (n

made using the Newman—Keuls post-hoc test. In regular font, mean+SD. In italics, median (min—max)

ns not significant
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compared to corresponding values from the inferior neck %mg
and diaphysis. The specific surface of the pore (Po.S/Po.V) S= -
was significantly lower at the superior neck compared to the
inferior neck. 2
Table 2 presents the matrix of correlation coefficients for < é
the Total VOIs. The porosity was highly correlated with - - =
Po.Sp and Po.N in the superior neck and highly correlated .
with Po.Dm and Po.N in the inferior neck and diaphysis. %,g § §
The connD derived from the Euler number correlated only L3 _ 2 2
with Po.N in the superior neck.
Table 3 presents differences in parameters between peri- g %
osteal and endosteal VOIs at both the diaphysis and inferior > *g
neck. Po.V/TV and Po.Dm parameters were statistically 5 f
lower in the periosteal VOIs at both the inferior neck and £ %
diaphysis sites. The Po.S/Po.V parameter was statistically g E 8 2| =
higher in the periosteal VOIs in the inferior neck as well as E g *i 2 *E 2
the diaphysis. The Po.N parameter was statistically low- § z 3 g x i
er in the periosteal VOIs at the inferior neck, and the % £ -7 Z3 LE)
mean DA was lower only in the diaphysis, whereas the g £
mean Po.Sp was similar in both sites. Between the = § B
periosteal and endosteal layers, the differences in poros- ‘5 N = 5
ity in the inferior neck and diaphysis were +152 and +87 %, % g 3:9 o g
respectively, whereas the respective differences in Po.Dm § g aEE£e|g
were +61 and +50 %; for Po.N, these differences were —43 g s _ ?oé § § § é
and —17 %. = *é
Figure 4 shows the percentage distribution of the Po.Dm g % ‘"E
values classified into five groups: small (7-95 um), inter- S| ~ 2% =
mediate (95-180 um), large (180-270 pm), extra-large 5 é = *p g
(270-360 wm), and giant pores (>360 pum). Pores with ?, S % T <
diameters of 7-95 um correspond to primary or secondary % S + £ 2 2 2 %
osteons, and pores with diameters >360 pum correspond to £ @ & g E E E ‘%
remodeling cavities. Figure 4a shows the distribution of the _é £ T&eZeza|s
Po.Dm values at various sites in the periosteal VOIs. Small % &
pores were significantly more frequent in the diaphysis and % % §
inferior neck than in the superior neck. Large and extra-large 8 i £ % 5
pores were significantly more frequent in the superior neck Z L 28 f f
than in the diaphysis and inferior neck; in the case of giant £ g & § g “ o g
pores, the difference was observed only in the diaphysis. g > *i *Q g *i E 2 g‘)
Figure 4b shows the comparison between the periosteal and 2| > S L5222
endosteal sites at the inferior neck and diaphysis. The pres- %_: & -7 27 2z E
ent study provided evidence that small pores were signifi- % §
cantly more frequent in the periosteal areas of bone - 2 353 g
specimens at both sites, whereas giant and extra-large pores f; ] o %
were more frequent at the endosteal sites. Pores of interme- % B l‘o\’ *§ \é 2 é i 3
diate size were significantly more frequent in the endosteal g 5 8 i *S 2 i *g i R Vi
area of the inferior neck. When comparing the diaphysis and E| €S << é 552 é 2 ;
inferior neck, there was no difference between periosteal g|les[~T &8 T ST 8185
and endosteal values. i”a . % E
The mean DMB=SD was 1.03+0.03, 1.02+0.05, and . sé’ m’g g §
0.97+0.03 g/cm? for the inferior neck, diaphysis, and supe- § 2 g TE -~ E|E*
rior neck, respectively (p=3.10""), with the superior neck - = > i g&i § g/ - % S
values being significantly different from the others accord- = g 5 % £ S E o % o<
. < 8 s 6T¢ 6 ¢ X o = 8
ing to the post-hoc test. = OaAa A A4aaL4aAA/AOl|E«
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Table 3 Values for the micro-structural parameters in the periosteal (1-mm thick) and endosteal layers in the same specimen (n=15)
% Periosteal area  Po.V/TV (%) Po.S/Po.V (1/mm) Po.Dm (um)  Po.N (1/mm) Po.Sp (um) DA
Inferior neck
Periosteal VOI =~ 32.3+6.9 6.1£5.6 76.9+£39.4 132£111 0.44+0.17 338+44 3.6+1.4
324 (23.1-43.8)  4.3(0.8-20.2)  69.2 (15.2-131.3) 89 (49-406)  0.45 (0.16-0.76) 339 (265—430) 3.0 (1.9-7.3)
Endosteal VOI 15.4+15.7 45.8+27.1 213+175 0.63+0.22 332+35 3.3+0.6
7.6 (2.3-53.0)  43.6 (8.3-99.8) 159 (71-634)  0.59 (0.30-1.03) 330 (260-388) 3.2 (2.2-4.4)
)4 0.0007 <107 0.0006 0.002 ns ns
Diaphysis
Periosteal VOI = 25.6+17.1 7.3£6.7 72.7+36.0 105+51 0.59+0.28 315+44 2.8+1.7
214 (12.7-86.2) 5.0 (1.2-20.6)  67.1 (14.9-139.4) 88 (44-207)  0.44 (0.25-1.0) 309 (226-395) 2.5 (1.4-8.3)
Endosteal VOI 13.7+11.4 45.7+£27.9 158+119 0.69+0.26 366+126 3.8 +0.8
12.3 (1.9-37.4) 39.2 (13.8-102.5) 142 (63—420) 0.73 (0.25-1.15) 317 (218-701) 3.7 (2.8-5.9)
p 0.00002 <107 0.0005 ns ns 0.002

Comparisons were performed by the paired T-test; the non-parametric Wilcoxon test was used for non-normal data (in italics). In regular font, mean

+SD. In italics, median (min—max)

Discussion
General observations

The present study is the first to provide a 3D analysis of the
internal macro-porosity of cortical bone at different loca-
tions with widely variable load-bearing capacity. For this
purpose, micro-CT imaging by SR was implemented. The
high quality of the images obtained facilitated the identifi-
cation of the difference in internal structure. The 7.5-pm
resolution of the images did not allow observation of the
micro-porosity of the microscopic canaliculi or osteocyte
lacunae. A previous study showed that spatial resolution
higher than 10 um is necessary to obtain consistent porosity
data [32]. This condition was fulfilled in our study because
we used a voxel size of 7.5 um to obtain the entire cortical
thickness, because when the resolution increases, the field of
view decreases [33].

In a recent review, it was suggested that there is a pro-
gressive increase in the complexity of the porous network
with advanced age when pores undergo a process of coales-
cence related to the remodeling activity [34], but the vari-
ability of the porosity microstructure as correlated with a
particular site is not known. In our study, the pore network
characteristics of femoral cortical bone depended on their
specific location: Porosity and Po.N values obtained from
the superior region of the femoral neck were greater than
those found in the diaphysis and inferior neck. These data
show that the cortex has higher porosity in tension than in
compression [35].

Compared to results obtained from the inferior neck and
diaphysis, large, extra-large, and giant pores were observed
more frequently in the superior part of the femoral neck.
Small pores (mostly corresponding to primary or secondary

osteons) were more often present in the periosteal area; giant
pores (corresponding to resorption cavities) were found in
the endosteal area of the inferior neck and diaphysis.
However, it was not possible to clearly distinguish in the
SR images whether pores were surrounded by primary or
secondary osteons without clearly identifiable cement lines.
At 1.4-um resolution, Cooper et al. showed that it was
possible to enhance the images of cement lines by creating
a Z-projection with adjacent frames [10].

Porosity has been reported to be the main determinant of
cortical bone tensile strength. Mac Calden et al. reported
that changes in porosity account for 76 % of the reduction in
bone strength [5]. The present study provides evidence that
the relationship between porosity, Po.N. Po.Dm, and Po.Sp
is dependent on site location. At the superior neck, in
contrast to other sites, the porosity is higher with a variabil-
ity that is weakly dependent on Po.Dm. In the specimens
examined in the present study, there were more giant and
extra-large pores within the superior femoral neck compared
to the inferior neck and diaphysis. The superior neck, which
is a load-bearing zone experiencing a low level of tension
from forces generated by the hip musculature, shows very
high remodeling activity, with resorption predominating,
leading to a high numbers of pores and, to a lesser extent,
large cavities, which probably correspond to the earliest
stages of trabecularization. In contrast, the inferior neck,
which is a compressive load-bearing zone, shows low
remodeling activity with few pores; most of the pores pres-
ent are small.

Both tensile and shear fracture toughness decrease
significantly with increasing porosity [6]. The greater
fracture toughness in the femoral neck cannot be
explained in our case by a difference in porosity be-
cause the inferior neck and diaphysis have similar levels
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Fig. 4 The distribution of pore a
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(p<.01); ¥b, significant differ-

ence between the superior neck

and either the diaphysis or in-
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of porosity. In contrast, the gradient of porosity and
Po.N between periosteal area and endosteal are greater
in inferior neck than in diaphysis.

Diaphysis

The present study showed a median porosity of 12 % in the
diaphysis with a median pore diameter of 144 um. Using
conventional X-ray micro-CT, Cooper et al. reported a mean
porosity of 7.3 % at the mid-femoral shaft in a subject
population of men and women with a large age range (from
18 to 92 years old) [13]. Stein et al. used histomorphometry
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periosteal endosteal

Inferio[ neck

location

techniques on a large population of 96 subjects and reported
a median porosity of 5.9 % in the mid-diaphysis. They also
reported a gain in porosity of 0.03 %/year with age. The
older subjects, when compared to younger individuals, were
more likely to exhibit large pore diameters than higher pore
numbers [36]. In our study, the upper shafts rather than the
mid-shaft were studied, which partly explained the variation
in porosity in addition to differences in the methods used for
measurement.

In other studies reported in the literature, the average di-
ameter of porous structures in the human femoral shaft bone
ranged from approximately 30 wm for the Haversian pores to
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300—400 um for resorption spaces [11, 37]. Accordingly, the
pores were classified by size to individualize the Haversian
canals of resorption lacunae; the pores less than 90 pm in size
are most certainly from Haversian canals, and pores greater
than 360 pum in size are most likely to occur in resorption
lacunae.

In the present study, the porosity of the diaphysis was
represented by both Po.Dm and by the Po.N as a progressive
increase in Po.Dm from the periosteal to the endosteal
regions. These results are concordant with a previous 3D
analysis of the mid-femoral shaft using conventional micro-
CT; the increase in PoV/TV was identified as a product of an
increase of Po.Dm rather than an increase in Po.N [13]. The
internal gradient of Po.Dm is consistent with most studies
performed at the femoral diaphysis [37-39]. Giant pores
are considered to be the result of excessive resorption
and are responsible at the endosteal border for trabecu-
larization of the cortex and for cortical thinning
[37-39]. Tt is known that the basic multicellular unit
preferentially remodels bone close to the endosteum and
rarely near the periosteum [38]. More recently, micro-
radiographs performed at the mid-shaft, femoral neck,
and 1 cm below the great trochanter were used to
demonstrate that cortical thinning resulted from the co-
alescence of intracortical pores [17].

Femoral neck

The present study compared the results from the femoral
neck, which is a frequent fracture site, and the diaphysis.
Moreover, the fracture toughness of the femoral neck has
been found to differ from that of the femoral shaft [6]. The
femoral neck has a less cellular and more mineralized peri-
osteum than the femoral diaphyseal bone [40], with a con-
sequent difference in the quality of bone apposition at this
site. Cortical thickness is known to be at its minimum value
in the superior part of the femoral neck and at its maximum
value in the inferior part [21]. The results of the present
study indicate pronounced internal pore network structure
heterogeneity between the superior and inferior regions of
the neck. Yeni et al. did not find differences in porosity or in
pore area between the inferior neck and posterior neck [6].
Our samples were harvested near the subcapital region,
which could explain the difference. In another study, a
significant gradient in porosity from the inferior cortex
to the superior cortex of the femoral neck was found in
females and in some males using histomorphometric
methods [35]. The increased porosity associated with
lower cortical thickness could explain the difference
between the inferior neck and superior neck in load-
bearing capacity [20].

Using SR micro-CT images (voxel size, 10 um), Bousson
et al. obtained a porosity of 15.88 % at the inferior neck

location in an older female population with a mean age of
86.9 years [9]. Compared to our results, the difference in terms
of porosity is probably due to the age (10 years older) and
gender (female) of the respective subjects. The discrepancy in
results could also be partly due to the voxel size used. The
variability of results in relation to voxel size was already
highlighted by Cooper and coworkers, who reported a 25 %
increase in the porosity measurement when the voxel size was
varied from 5 to 10 um [14]. In Chen’s study, the porosity
ranged from 5 to 12.7 % and was related to gender and age (57
to 98 years) [16]. The results of the present study are near the
upper limit of theirs albeit with an appreciable number of
protocol differences. First, those authors used conventional
X-ray techniques, which could create potential beam-
hardening artifacts leading to apparent heterogeneities. It has
been demonstrated that volumes measured with conventional
micro-CT are underestimated compared to those estimated
using SR micro-CT in trabecular bone [23]. The same phe-
nomenon probably occurs in cortical bone. Secondly, the
thresholding process is also a potential source of erroneous
results because this step has already been identified by Cooper
et al. as a critical problem with conventional micro-CT images
[14]. In Chen’s study, a single threshold was used for the entire
data set. Because there are smaller differences between gray
levels corresponding to pores and bone in conventional micro-
CT compared to SR micro-CT [23], a single threshold may
yield inaccurate results when used for a few samples. For this
reason, Cooper et al. used a manually adjustable threshold for
each sample; they argued that variations in X-ray attenuation
are problematic when using a global threshold [14]. However,
a single threshold has been recommended for comparisons
between different groups [41]. In the present study, there was
no ambiguity in relation to the gray levels of solid bone or
pores in the SR micro-CT images. The use of a global stan-
dardized threshold was thus possible because of the large
differences between gray levels corresponding to bone and
pores.

Pore distribution between periosteal and endosteal areas

For both the inferior neck and diaphysis, small pores
corresponding to primary or secondary osteons were mostly
present in the 1-mm periosteal area; giant pores were located
closer to the endosteal area. The difference in porosity
between periosteal and endosteal areas was mostly due to
Po.Dm variations and, to a lesser extent, to Po.N. These
results are concordant with previous observations in a large
Australian population ranging in age from 20 to 97 years
old, which were acquired using a 2D analysis of microradio-
graphs of the mid-shaft of the femur [42]. Indeed, they
reported a progressive increase in the mean pore area from
the periosteal to the endosteal layers in each age group and
in both sexes [42].
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Connectivity

The present study is the first to report pore network connec-
tivity at different sites within the bone. Because the connec-
tivity density (ConnD) was characterized by high variability,
it was not possible to demonstrate any difference between
sites. However, the diaphysis demonstrated low connectivity
with intermediate values in the inferior neck and high values
in the superior region of the femoral neck. Only a single
previous study by Cooper et al. reported Po.ConnD values
in the range of 2.5 to 28.5 [13]. In addition to differences in
the method of calculation used, the discrepancies between
their results and ours could be related to the fact that, in
conventional micro-CT, artifacts related to the use of cone-
beam geometry could lead to discontinuities in the pore
system.

Density resolution

SR micro-CT imaging provides a more quantitative image
than polychromatic cone-beam micro-CT due to the use of
parallel-beam geometry. Parallel-beam CT permits an exact
reconstruction in the sense that there is an exact analytic
reconstruction formula relating the 3D image to its projec-
tion. Thus, SR micro-CT avoids cone-beam artifacts that
derive from the acquisition geometry and beam-hardening
artifacts due to the monochromaticity of the source and
consequently provides quantitative images well-suited to
quantification of the DMB.

There was a lower DMB in the superior neck, which is
consistent with a higher remodeling rate. We did not find
differences between the diaphysis and inferior femoral neck.
These results, which are not concordant with those based on
physical density measurements, indicated that cortical bone
in the femoral neck is highly mineralized compared to that
of the femoral shaft [6, 19].

With conventional micro-CT images, although it was
possible to discriminate pores, border osteons and density
differences between osteons, the lamellae, and cement lines
could not be resolved [11, 36]. Because of the high signal-
to-noise ratio and the absence of a beam-hardening effect,
the reconstruction of synchrotron images is potentially ad-
vantageous for distinguishing primary and secondary
osteons from interstitial bone but requires the use of a
sophisticated segmentation method [43]. Nevertheless, bet-
ter resolution is needed to visualize the osteon border.

Conclusion
The results of the present study provide evidence for large

variations in the internal pore network structure of cortical
bone experiencing different loading regimens. These
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variabilities are probably underestimated due to our limited
sample size. The porosity is dependent on both Po.Dm and
Po.N at the inferior neck and diaphysis and to a lesser extent
on Po.Dm at the superior neck. There is a gradient of
porosity extending from the periosteum to the endosteum
that is more marked in the femoral neck than in the diaph-
ysis. The superior region of the femoral neck has a lower
DMB. Consequently, we can assume that different remodel-
ing processes occur at these different sites.
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