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Abstract Three-dimensional (3D) characterization of
cortical porosity, most of which is under 100 pm in
diameter, is usually confined to measurements made in
3-4 mm diameter cylinders of bone. We used micro-
computed tomography (micro-CT) scanning of entire
transaxial cross sections of human proximal femoral shafts
(30-35 mm diameter) to quantify regional variation in
porosity within the same scan. Complete, up to 10-mm-
thick, transaxial slices of femoral upper shafts from 8
female cadavers were studied (n = 3 aged 29-37 years,
n =5 aged 72-90 years). Scanning was performed using
high-resolution micro-CT (8.65 pum/voxel). Micro-CT
volumes (10 x 10 x 5 mm) were selected via software in
the anterior, medial and lateral regions. Images were seg-
mented with voids appearing as 3D-interconnected canals.
The percent void-to-tissue volume (Vo.V/TV) and the
corresponding void surface area/TV were 86-309 % higher
in older than younger subjects in anterior (p = 0.034),
medial (p = 0.077), and lateral aspects (p = 0.034).
Although not significant, void separation was reciprocally
lower by 19-39 %, and void diameter was 65 % larger in
older than younger subjects; void number tended to be
24-25 % higher medially and laterally but not anteriorly.
For all specimens combined, medially there was higher
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Vo.V/TV and void surface area/TV than anteriorly
(+48 %, p = 0.018; +33 %, p = 0.018) and laterally
(+56 %, p = 0.062; +36 %, p = 0.043). There is regional
heterogeneity in the 3D microarchitecture of the intracor-
tical canals of the femoral shaft. The higher void volume in
advanced age appears to be due to larger, rather than more,
pores. However, creation of new canals from existing
canals may contribute, depending on the location. High-
resolution micro-computed tomography scanning of entire
bone segments enables quantification of the 3D micro-
anatomy of the intracortical void network at multiple
locations.
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Introduction

Of all age-related appendicular bone loss, approximately
70 % is cortical and is the result of intracortical remod-
elling initiated upon Haversian canals in the cortex [1].
These canals are ‘seen’ as pores in cross-sectional images
[2, 3]. The increase in cortical porosity compromises bone
strength because cortical bone is placed peripherally, dis-
tant from the neutral axis of a long bone, conferring
resistance to bending as a fourth power function of this
distance [4]. Thus, quantification of cortical porosity, most
of which is under 100 um in diameter, plays an important
role in identifying persons at risk for fracture and moni-
toring the effects of therapy [5-7].

Recent improvements in micro-computed tomography
(micro-CT) scanners permit scanning entire bones as large
as human vertebrae in vitro, at voxel sizes of ~10 pm [8—
10]. This method allows characterisation of the 3D
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microarchitecture of cortical voids; the volume of the
cortex occupied by voids, the diameter of the canals
forming the voids, their surface area and separation [3, 11—
13].

No study has been reported characterising the microar-
chitecture of cortical void structure in 3D using high-res-
olution micro-CT on entire human femoral cross sections.
The aim of this study was to quantify cortical void mor-
phology within entire human femoral diaphyseal cross
sections at 8.65 um/voxel using a desktop 3D micro-CT
system, in multiple locations.

Materials and Methods
Bone Specimens

Complete embedded transaxial femoral slices, up to
10-mm-thick in the longitudinal direction, prepared and
used in a published study, were re-examined by micro-CT
without further preparation or alteration [1]. Briefly,
specimens of the right femur were removed from 8 female
Caucasian cadavers. The women died from illnesses
unrelated to bone disease (young: n = 3, age 29-37 years;
old: n =5, age 72-90 years). Specimens were stored at
—20 °C. For each cadaver, one complete transaxial slice up
to 10-mm-thick (6 mm on average) was obtained 10 mm
below the lesser trochanter. Specimens were dehydrated
and embedded in methylmethacrylate [1]. The anatomical
orientations (anterior, medial, lateral) were noted on the
specimen, where the anterior aspect was defined as the
region aligned with the centre of the cross section and the
midpoint of the linea aspera [12].

Micro-CT Examination

The micro-CT examination was performed using a desktop
micro-CT system (Skyscan 1076, Skyscan-Bruker NV,
Kontich, Belgium). Scanning was performed with the bone
specimen fixed on a carbon bed with the specimen axis in
common with the rotation axis of the system. Scans were
performed with a source voltage 100 kVp, current 80 pA,
rotation step 0.2°, rotation over 180°, and a 1.0-mm-thick
aluminium filter for beam hardening reduction. The iso-
tropic pixel size was 8.65 pum, exposure time 4.1s, 4
frames averaging and total scan duration 5 h 40 min for
each specimen. The cross-section images were recon-
structed using a filtered back projection algorithm (NRecon
software, V 1.4.4, Skyscan-Bruker, Kontich, Belgium). For
each specimen, a stack of up to 1200 contiguous cross
sections was reconstructed with a slice thickness of 1 pixel
(8.65 pum) corresponding to a maximum reconstructed
height up to 10.3 mm recreating the full height of the
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specimen. The reconstructed axial cross-section images
were of 4000 x 4000 pixels each, 8.65 um pixel size,
corresponding to images of 34.6 x 34.6 mm. The volume
scanned and reconstructed by micro-CT comprised the
entire femoral cross section [8—10].

Selection of the Volume of Interest
for Morphometric Analysis

From the stack of contiguous micro-CT cross-section
images, volumes of interest (VOIs) were selected for
morphometric analysis using a semi-automated method
(software CTAnalyser V 1.13.5.1, Skyscan-Bruker, Kon-
tich, Belgium). For each specimen, three (anterior, medial
and lateral) VOIs were selected (Fig. 1). Each VOI was
10 mm long (circumferentially), 5 mm high (longitudi-
nally, corresponding to 582 consecutive cross-section
images) and up to 6 mm wide (radially) containing the

Fig. 1 Top micro-CT axial image of an entire femoral cross section
(8.65 um pixel size) showing anterior (A), medial (M) and lateral
(L) regions of interest, all 10 mm long circumferentially. Bottom
a medial location, selection of the region of interest for quantitative
analysis (software CTAnalyser): Grey level image, b contouring of
the cortex, with the region of interest highlighted (voids in blue
colour, bone in red colour), ¢ thresholded image with voids within the
region of interest in white colour and bone in black colour
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entire cortex between the endosteal and periosteal envel-
opes. The cortex was contoured semiautomatically via
software (Fig. 1), by the operator following the bordering
pixels of the cortex every 30 cross sections (0.26 mm), and
automatically interpolating over contiguous axial cross-
section images (software CTAnalyser). 3D renderings of
the micro-CT images of the medial region in the proximal
shaft are shown in Fig. 2.

Morphometric Analysis

For each VOI, the tissue volume (TV, measured in mm3)
corresponded to the total volume analysed (bone plus void
volumes, i.e. the VOI, Fig. 2) [14]. Within that volume, the
voids were segmented as a solid and the mineralized bone
as background using uniform thresholding [10]. The fol-
lowing morphometric parameters were calculated (software
CTAnalyser) [12]: percentage void volume to tissue vol-
ume (Vo.V/TV, %), where void volume (Vo.V, mm3)
corresponds to the sum of the voxels segmented as voids;
void surface area to tissue volume (Vo.S/TV, 1/mm),

Fig. 2 3D rendering of micro-
CT images (8.65 pum pixel size;
rendered volumes 10 mm long
circumferentially, 5 mm high
longitudinally), medial location
of the proximal shaft of the
femur (as in Fig. 1), examples of
bone from a young and old
subject. Left Cortical volume of
interest (VOI) for morphometric
analysis highlighted in yellow
colour, containing voids in red
colour. Right voids segmented
as solids in red colour, with
bone removed (Color figure
online)

where the void surface area (Vo.S, mmz) corresponds to the
triangulated surface of the voids, calculated in 3D using the
marching cube algorithm; void diameter (Vo.Diam, pum)
and void separation (Vo.Sp, um), which are the average
diameter of the voids as a solid structure, and the average
separation between the void structures, respectively, both
calculated using direct 3D methods (sphere-fitting algo-
rithm); and void number (Vo.N, 1/mm), calculated as
Vo.N = 1/(Vo.Sp + Vo.Diam), which corresponds to the
reciprocal of the sum of void separation and void diameter,
both calculated in 3D, as done by Cooper et al. [12, 15-18].

The cortical thickness was measured directly on the
cross-section image and corresponded to the minimal dis-
tance between the periosteal and endosteal surface within
the VOI (software CTAnalyser), with measurements taken
every 26 images (225 pm) [3].

Statistical Analysis

For each anatomical region, comparisons of the morpho-
metric parameters in the two age groups were performed
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using a non-parametric Mann—Whitney test (SAS software,
SAS Inc, Cary, NC, USA). A within-subjects comparison
was also done on all specimens, for testing for variations in
the morphometric parameters among the three anatomical
regions, using a non-parametric Friedman test followed by
a Wilcoxon signed-rank test. The significance level for all
comparisons was set at p = 0.05.

Results

Specimens from older subjects had a 261-309 % higher
void volume/tissue volume and 163-165 % larger void
surface area/tissue volume ratio relative to younger sub-
jects in the anterior (p = 0.034) and lateral aspects
(p = 0.034), with a trend in the medial region (+175 %,
p = 0.077 for void volume/tissue volume, and +86 %,
p = 0.077 for void surface area/tissue volume) (Table 1).

Void separation tended to be lower in older than
younger subjects (28 % laterally, p = 0.064, and 39 %
medially, p = 0.077). Void diameter tended to be 12-65 %
higher in older than younger subjects [e.g. anteriorly,

average void diameter range 133-258 pm in older and
61-160 pm in younger subjects (p = 0.16)]. In the anterior
region, the void number did not differ in older and younger
subjects (+0.1 %, p = 0.99), whereas in older subjects it
showed a trend to be higher laterally (4+24 %, p = 0.16)
and medially (425 %, p = 0.29) (Table 1).

Figure 3 shows the distribution of void diameters
grouped according to size in the three volumes of interest
analysed, for the two age groups. Figures 4 and 5 show 3D
renderings of the micro-CT images of the void network in
the three volumes of interest, comparing old versus young.

When considering all the specimens combined, the void
volume/tissue volume was 48 % higher in the medial than
the anterior region (p = 0.018), with a similar trend in the
medial compared to the lateral region (+56 %, p = 0.062,
Fig. 6a). Consistent with this, there was a larger void sur-
face area/tissue volume ratio medially than anteriorly
(+33 %, p = 0.018) and laterally (436 %, p = 0.043,

Fig. 6b).

Cortical thickness was significantly lower in older than
in younger subjects anteriorly (—26 %, p = 0.034), with a
similar trend medially (—25 %, p = 0.16) and laterally
(=22 %, p = 0.16) (Table 1).

Table 1 Intracortical morphometric parameters calculated in the anterior, medial and lateral VOI, for the two age groups

Young (29-37 years) Old (72-90 years) Change (%) p
Avg SD Min Max Avg SD Min Max
Anterior
Vo.V/TV (%) 3.11 2.48 2.40 5.49 11.23 3.31 7.29 14.90 261 0.034
Vo.S/TV (1/mm) 1.25 0.77 1.40 1.92 3.32 1.00 2.00 4.29 165 0.034
Vo.Diam (um) 127 57 61 160 209 54 133 258 65 0.157
Vo.N (1/mm) 1.81 0.51 1.51 2.40 1.81 0.42 1.37 2.34 0.13 0.999
Vo.Sp (um) 450 86 351 504 365 91 285 473 —19 0.157
Ct.Th (mm) 4.35 0.58 4.21 4.99 3.20 0.68 2.49 3.85 —-26 0.034
Medial
Vo.V/TV (%) 5.74 3.99 2.21 10.07 15.79 7.05 8.91 21.93 175 0.077
Vo.S/TV (1/mm) 2.17 1.47 0.65 3.60 4.04 0.84 3.09 5.13 86 0.077
Vo.Diam (um) 171 37 143 214 191 50 136 254 12 0.724
Vo.N (1/mm) 1.64 0.56 1.00 2.00 2.05 0.32 1.66 2.43 25 0.289
Vo.Sp (um) 503 248 342 788 307 44 262 347 -39 0.077
Ct.Th (mm) 4.66 0.41 4.40 5.13 3.49 0.99 2.63 4.58 -25 0.157
Lateral
Vo.V/TV (%) 2.67 1.61 1.01 4.23 10.92 3.15 6.49 13.95 309 0.034
Vo.S/TV (1/mm) 1.24 0.69 0.60 1.96 3.25 0.56 2.62 3.82 163 0.034
Vo.Diam (um) 153 63 101 223 192 63 113 265 25 0.480
Vo.N (1/mm) 1.56 0.25 1.39 1.74 1.93 0.28 1.56 2.24 24 0.165
Vo.Sp (um) 469 41 440 498 336 31 302 377 —28 0.064
Ct.Th (mm) 4.86 0.39 4.54 5.30 3.79 1.05 291 4.88 —-22 0.157

Average value (Avg); standard deviation (SD); minimum (min) and maximum (max) values; percentage change in average values in the old age
group from the young age group (% change = 100 x (Avgqq — AVEyoung)/AVEyoung); P Value for non-parametric Mann—Whitney test in the

comparison “old versus young”
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Fig. 3 Percentage distribution of the void diameters grouped accord-
ing to size, in the anterior, medial and lateral VOI, for the two age
groups

Discussion

This study provides a 3D analysis of the cortical void
microstructure anteriorly, medially and laterally of entire
human femoral diaphyseal cross sections. Specimens from
older subjects had 175-309 % higher void volume and
86—165 % higher void surface area than younger subjects.
In both the medial and lateral regions, void number and
diameter of the voids showed a trend to increase. In the
anterior region, the void diameter but not number tended to
be higher in older than younger subjects. This last finding is

in agreement with previous reports using excised biopsy
specimens at a single location (anterior) within the femur
[12].

The trend for a higher intracortical canal diameter in
advanced age suggests that it is the result of focal remod-
elling initiated upon existing canals formed during growth,
with subsequent age-related focal enlargement of these
canals, coalescence and formation of giant canals (Figs. 3—
5) [5, 19, 20]. A trend for an increase in number of canals
suggests that excavation of new canals may occur in par-
allel with existing canals, or perhaps with the appearance
of new canals by remodelling initiated upon within osteo-
cyte lacunar surfaces [21-23]. Further research is needed to
examine the possible contribution of increased canal
numbers to total void volume and if confirmed, how this
may develop.

The statistically significant enlargement in void volume
was accompanied by a corresponding significantly higher
intracortical surface area and a trend in lower void sepa-
ration (reflecting a smaller mineralized bone matrix vol-
ume), an appearance consistent with trabecularization of
the cortex (Fig. 7). The enlargement of void at the price of
mineralized bone matrix volume results in a larger
void/matrix interface or surface area. When remodelling is
signalled, either within the matrix perhaps by damaged
osteocytes, within the marrow cavity or centrally, initiation
of resorption takes place upon, and is facilitated by a larger,
surface area. With a larger surface area, remodelling
removes matrix further enlarging the void volume and
creating more surface area upon which remodelling can be
initiated. A vicious cycle of intracortical remodelling
occurs that is responsible for most cortical bone loss which
accounts for 70 % of all bone loss during ageing [1].

Comparing results obtained using 2D methods (as done
on histological sections and microradiographs) versus 3D
methods (through micro-CT) is problematic as pore
diameter or surface is derived from the perimeter when 2D
methods are used assuming that the pore is circular [24].

A study using 2D sections of the femoral midshaft
reported that in specimens from younger persons the region
showing highest porosity tended to be in the anterior lateral
octant, whereas in the older persons in the anterior medial
octant [25]. In another 2D study, the porosity was higher in
the anterior octant compared to medial and lateral, in
particular in the elderly population [2]. The present 3D
study confirms that there are regional differences in the
intracortical canal microstructure; the medial region had a
significantly higher porosity than the anterior and lateral
region, and a significantly higher void surface area to tissue
volume than the anterior region with a similar trend in the
lateral region. Hence, region-specific differences in void
structure are likely and further investigation is needed to
confirm this regional heterogeneity and explore the
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Cortical Voids in 3D

Anterior VOI
F 37 Yrs

Medial VOI Medial VOI

Fig. 4 3D rendering of the micro-CT images of the voids segmented
as solids (here in white colour), which become visible as a 3D canal
network, in the anterior, medial and lateral VOI. Examples of young
(age 37 years) and old (age 80 years) subject. The VOIs are oriented

relevance to bone strength. While we found significant
increases in porosity with age, from the data reported in
Table 1, the regional distribution of porosity seems to not
vary with age. The disparity compared to other studies
could be due to differences in the location analysed along
the femur (upper shaft in our manuscript, as opposed to
midshaft in other papers), sex [25], or to small sample size
(n = 8, compared to n = 42 [25], n = 41 [2]). We did not
have information about loading history of the donors,
which may influence regional porosity distribution and the
effects of ageing [26-28].

The statistically significant thinner cortex in older
compared to the younger subjects in the anterior region,
with similar trend medially and laterally, is in agreement
with previous microradiographic findings on femoral
midshaft sections from female donors of age similar to this
study [29]. Moreover, in both the age groups, the Ct.Th
tended to be thinnest anteriorly compared to medially and
laterally, in agreement with earlier reports [29].

It has been suggested that voxel sizes smaller than
10 um are necessary to obtain consistent values of cortical
void microarchitecture parameters calculated by micro-CT
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Anterior VOI
F80Yrs

4

as shown in Fig. 1 (axis of the femur entering the page): the periosteal
side is on top for the anterior VOI, on left hand side for the medial
VOI, on right hand side for the lateral VOI

[3, 11]. This condition was fulfilled using a voxel size of
8.65 pum to obtain micro-CT images of the entire femoral
cross section [12].

The mean values of the 3D void parameters reported in
this study are comparable with those reported using syn-
chrotron micro-CT examination of excised cortical speci-
mens from the upper shaft (cores from medial location),
and those examining cylindrical cores from the femoral
midshaft using a desktop micro-CT system (cores from
anterior location 3—4 mm) [3, 12].

In the published literature, whereas the characterisation of
the 3D bone microarchitecture of entire human bones at this
high resolution has been done, the characterisation of the 3D
microarchitecture of the cortical voids (void volume, void
diameter, void surface, void separation) is still restricted to
the analysis of small excised cortical bone biopsies, of few
mm diameter (34 mm, recently ~ 10 mm) [11-13, 30, 31].
This is labour intensive and particularly destructive if mul-
tiple coring is required and also obscures regional variation if
measured in only one site (e.g. anteriorly) [12].

Within the limits of the gantry size of the specific micro-
CT scanner used, the high-resolution micro-CT analysis
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Anterior VOI
F 37 Yrs

Medial VOI

Medial VOI
F 80 Yrs

-

F 37 Yrs

Anterior VOI
F 80 Yrs

Lateral VOI
F 37 Yrs

Fig. 5 3D rendering of the micro-CT images of the voids segmented as solids (in white colour, as in Fig. 4). The voids are slightly rotated in the
3D space compared to Fig. 4, for a visual appreciation of the 3D canal network in 3D

Fig. 6 3D micro-CT analysis,
bar diagram of average value
and standard error of the mean
(error bars) of: a percentage
void volume to tissue volume
(indicated in %) and b void
surface to tissue surface
(indicated 1/mm), for the
anterior, medial and lateral
region. The indicated p value is
for the non-parametric
Wilcoxon signed-rank test

i = S S
o N b O
1 J

Void Volume/Tissue Volume (%)

o N B O X

W Anterior m Medial

procedure used in this study on thick entire femoral shaft
sections can be used to characterise the heterogeneity in
void microstructure in larger bone segments up to entire
bones, enabling also the investigation of the biomechanical
role of these cortical voids, at the organ level [8, 9]. Micro-
finite element analysis within segments of long bones could
be performed, taking into account also the heterogeneity of
the microstructure of the cortical pore networks [13].

Vo.V/TV (%)

Vo.S/TV (1/mm)

H
J

w

[

o

Void Surface/Tissue Volume (1/mm)
N

Lateral

m Anterior m Medial

Lateral

A limitation of this study is the sample size (8 cadaveric
specimens), which nonetheless allowed us to demonstrate
the capability of high-resolution micro-CT, to characterise
voids in 3D on entire cross sections of the human proximal
femur in multiple and large volumes of interest. To account
for the small sample size, we used non-parametric statistics
(Mann—Whitney test, Friedman test and Wilcoxon signed-
rank test) instead of parametric statistics, for comparison
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endosteum

Fig. 7 3D rendering of a micro-CT volume in lateral location of the
femoral cross section, voids in red colour, bone in white colour.
Examples of old (age 86 years) subject, where large voids have
coalesced, leading to trabecularization of the cortex (Color figure
online)

between the two age groups or among regions. To test the
effects of age on cortical pore microarchitecture in an
adequately powered study, with alpha = 0.05 and
power = 80 %, for a sought effect size of 1 standard
deviation, n = 17 specimens per group would have been
needed [32]. Hence, non-statistically significant differences
between young and old should be interpreted with caution.
Another limitation was the limited amount of information
available regarding the donors. Further research is needed
to study the regional heterogeneity of cortical voids
microarchitecture in 3D.

Within the confines of the limited sample size, we
confirm that there is regional heterogeneity in the 3D
microarchitecture of the intracortical canals of the upper
femoral shaft. In the aged group, there is a significantly
higher pore volume to tissue volume, with corresponding
higher surface area to tissue volume. The higher void
volume is likely to be the result of enlargement of existing
canals rather than number, in agreement with previous
reports, and reflects unbalanced and rapid remodelling
upon surfaces of Haversian and Volkmann canals formed
during growth [2, 24, 25, 33-35]. The age-related changes
in void microstructure appear to depend on anatomical
location. High-resolution micro-CT imaging of entire
femoral bone segments provides a quantitative means of
studying the 3D microanatomy of the intracortical canal
network in multiple anatomical locations.
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