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Abstract

Employing computer vision (CV) and optimized pulse-coupled neural networks (PCNN), this work automatically quantifies the
geometrical attributes of intracortical bone porosity (namely lacunae and canaliculi (L-C), Haversian canals, and resorption
cavities). Fifty pathological slides of cortical bone (x 20 magnification) were prepared from middiaphysis of bovine forelegs
collected fresh from butcher. Biopsies were subdivided into sectors encircling arcs (6 of 10°) and radial distances (R) originating
from the bone’s geometric center toward posterior regions and spanning 3.3 mm. Microscopically, each pore is classified
according to whether it belonged to primary or secondary osteon. Globally, each pore is assigned as being located in anterior
or posterior regions. For each pore, area and major/minor axes lengths were determined as raw measures from which derived
geometric measures, namely, area fraction (AF) and aspect ratio (AR), were derived. Said measures were plotted versus R (for
different angles). Plots of AF and AR trends were found to vary linearly along the radial distance. Area fractions (%) significantly
decreased linearly with R (p <0.01) in the anterior region. In the posterior region, area fraction values are flat versus R. These
findings are indicative of maturing osteons at the outer cortex with predominately near circular-shaped pores.

Keywords Computervision - Pulse-coupled neural networks - Automatic segmentation - Cortical porosity - Area fraction - Aspect
ratio
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resonance, micro-scale-capable radiography, and computed
tomography, light microscopy remains a well-practiced meth-
od utilized medically as part of restorative picture examina-
tion. Examining and measuring porosity microarchitecture in
human and animal cortical bone, particularly as applied to
bone pathology, has been (Remaggi et al. [1]) and continues
to be of much interest (Cardoso et al. [2]). In the osteonal bone
microstructure, cortical porosity constitutes of relatively large-
sized pores (mainly vascular or Haversian porosity (VP) and
resorption cavities) and of the finer network of pores in the
mineralized matrix consisting of the lacunar-canalicular po-
rosity (LCP). Many quantitative studies of cortical porosity
(defined as total pore area divided by cortical bone area) report
on aggregate porosity without attempting to classify porosity
according to (1) whether vascular porosity or lacunar-
canalicular porosity or (2) to whether pore is located within
primary or secondary osteons.

There is lack of reporting related to the quantification of the
area and shape of the pores due to resolution limitations or
digital processing complexity. While vascular porosity mea-
sure upwards of 50 pum, the osteocyte lacunar pores and thin
canalicular channels constituting the LCP network are of char-
acteristic sizes of the order of a few microns making these
features hard to distinguish not to mention their quantification.
In order to overcome resolution issues, Wang and Ni [3] had to
employ low-field pulsed NMR as a technique adept for resolv-
ing micron-sized features such as lacunae. Lin and Xu [4]
employed atomic force microscopy (AFM) to measure auxil-
iary data of demineralized compact bone from bovine tibia.
Numerous strategies (e.g., X-ray) do not have the ability to
determine LCP’s fine structures with studies reporting aggre-
gate quantitative porosity values extracted mostly from vascu-
lar porosity (VP) features.

Thomas et al. [5] used X-ray microradiographs to study
patterns of overall porosity distribution in the midshaft of
the human femur. The study utilized microradiographs of
areas of cortex isolated radially into three rings and into oc-
tants circumferentially. Results showed that the inner part of
the cortex is more porous than the outer parts. Thomas et al.
[6] conducted further studies that demonstrated that mean pore
areas progressively increase from the outer circumferential
lamella toward the endosteal. However, there is lack of report-
ed research on discerning geometrical difference in vascular
(Haversian canal) and lacunar-canalicular pores’ size and
shape between anterior and posterior regions or according to
whether the pores are located within secondary or primary
osteons of cortical bone. However, in order to resolve this
research question, many digital segmentation and quantifica-
tion has to be brought to bear on this problem.

Earlier noninvasive quantification is using computed to-
mography (CT). Bousson et al. [7] used 100-pum-thick trans-
verse (perpendicular to the femoral axis) CT sections to study
the distribution of the porosity in the human femoral cortex

@ Springer

based on periosteal, midcortical, and endosteal cortical sub-
regions. Their work covered the combined sizes of pores with
average value of intraspecimen mean pore size for the entire
cortical width revealing mean values of 72 and 78 pm, respec-
tively. Perhaps due to the limited resolution, no distinction
was reported amongst VP and LCP. Noninvasive quantifica-
tion of in vivo cortical bone microstructure was also made
possible via employing micro-CT (uCT), the gold standard
for bone microarchitecture quantification, or the more recent
development of high-resolution peripheral quantitative com-
puted tomography (HR-pQCT). Recently, and for the same
purpose, Nirody et al. [8] used in vivo high-resolution periph-
eral quantitative computed tomography (HR-pQCT) to com-
pute three metrics: total pore area, total pore number count,
and average pore area. The calculation plan of cortical poros-
ity in Nirody et al. depended on work by Tjong et al. [9] by
which a skeletonization routine deconstructed the cortical pore
network into singular components. However, with their re-
ported voxel sizes of 18 um and 41 um for uCT and HR-
PQCT, respectively, quantification of cortical porosity % arca
would be only possible for relatively large mico-features such
as Haversian canals. For many other substantially smaller
mico-features (e.g., lacuna and canalucli), such noninvasive
techniques may not be employable. Furthermore, attempting
to quantify additional salient attributes of these features such
as their shape or aspect ratio would prove futile. Burghardt
et al. [10] needed to discard pores of size under 5 voxels in
order to measure porosity in cortical bone microarchitecture of
the distal radius and tibia by HR-pQCT.

Earlier works of collective cortical bone porosity tend to
report mean or aggregate attributes of porosity with most tech-
niques being incapable of resolving and segregating such fine-
sized LCP features. Another challenge that this study aims to
remedy is the challenge of automation where only handful of
works employ automation to quantify the salient characteris-
tics of LCP (e.g., aspect ratio) not to mention the distribution
of such fine pores across the cortical thickness. In an attempt
to automate the process of analyzing intracortical porosity in
human femoral bone, Stein et al. [11] employed an automated
image acquisition and analysis system of microradiographs
and camera images of sections cut from human femoral
midshaft. However, osteocyte lacunae are beneath the lower
furthest reaches of recognition of the mechanized framework.
A statement was recorded that highlighted the difficulties as-
sociated with characterizing the LCP. Therefore, combining
automation and fine resolution in order to quantify such attri-
butes is the major contribution of this work where light mi-
croscopy utilizing histology slides from cross sections from
bovine (cow) middiaphysis cortical bone are employed. High
fidelity automated segmentation is based on recent works by
Hage and Hamade [12-16] as will be briefly explained.
Automated segmentation is utilized where for each image,
individual pores are discerned and separated. Values of area
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fraction (AF) and aspect ratio (AR) for each type of pore,
namely, lacunae, clusters of canaliculi network, Haversian ca-
nals, and resorption cavities, are extracted. The automated
methodology allowed for the processing of large number of
images with minimal human intervention. An additional con-
tribution is the plotting of the findings (area fraction and as-
pect ratio values) for VP and LCP across cortical thickness as
function of the radius, R, emanating from bone center.
Quantitative findings suggest that intracortical bone micro-
porosities exhibit significantly varying distributions along
the midcortical regions of the femur’s midshaft. Plotted results
indicate maturing osteonic trends in the regions closer to the
outer cortex of the bone.

2 Methods
2.1 Processing of bone biopsies

Cortical femur bone biopsies (from 2-year-old bovine cow
gathered straight from a butcher) are gathered from the
middiaphysis due to simplicity of clinical accessibility.
Bones followed laboratory processing starting by fixation in
formalin to decalcifying and finishing by staining utilizing
H&E solutions important for identifying unique highlights
(Revell [17]). From the decalcified bone, 2-mm-thick cortex
slices got dried out and paraffin-covered in Leica machine
model 300 followed by slicing using a rotary microtome
(model 340 E microm). Slices are then rehydrated with hot
water and exposed to Hematoxylin and Eosin (H&E) staining
solution to enhance visualization. Optical slides are collected
from posterior (outer circumferential lamella) and anterior
(midcortical) locations similar to Thomas et al. [5, 6] using
light microscopy.

2.2 Histology image acquisition

For each pathologically treated biopsy, about 50 images are
captured at x 20 (5 images at X 5 are gridded into 25 images at
% 20); about 50 of which (at x 20) are selected in the study per
biopsy. Figure 1 is a collage of illustrations, images, and mag-
nified and processed images obtained of biopsies from bone 1
(left) and bone 2 (right). Figure 1(a) is an illustration of corti-
cal bone section (from femur) highlighting the 3 regions: outer
circumferential lamella, midcortical, and endocortical. The
imaged histology area of interest is about 2.5 mm x 3 mm
located near the cortex and bound by a 10° arc from bone
center (see Fig. 1(b), (c)). Optical images of slices were ac-
quired using an Olympus BX-41 M LED optical microscope
using an Olympus SC30 digital microscope camera (based on
a 3.3-megapixel CCD chip with a CMOS color sensor).
Figure 1 contains actual images for bone biopsies (left) 1
and (right) 2. Actual sections are shown in Fig. 1(b) with

center of the bone and reference polar coordinate system (R/
O) illustrating angular and radial coordinates. Figure 1(c)
shows biopsies’ location within the sections. Figure 1(d)
shows stained bone biopsies with actual optical slides (x 5).
Figure 1(e) shows example slides at x 20 magnification.
(Some of this content is copied from the conference paper
Proceedings of the World Congress on Engineering 2014
Vol I, WCE 2014, July 2-4, 2014, London, U.K.).

Figure 2 shows the images (x 20) used in the segmentation
work. These are a larger version of those shown in Fig. 1(d).
Images taken at x 5 are gridded into 25 images where each of
these images is later captured at x 20 for better resolution. In
Fig. 2 (top) of bone 1 and Fig. 2 (bottom) of bone 2, the dotted
lines identify the group of 25 images captured at x 20.
Demarcation lines are traced by hand to separate anterior from
posterior regions. Computer best-fitted arc-radii of demarca-
tion lines are placed to simplify the segmentation analysis
(marked at RS (16 mm) for bone 1 and R4 (16.4 mm) for bone
2 as sketched in Fig. 2. Segmentation of pores will reveal the
predominant pores (and their area fractions, %) of the micro-
structures within each region.

In Fig. 1(b), a polar coordinate system is adopted to find the
location of the bone micro-constituents. The distance between
the origin and the inner diameter of the bone (Fig. 1(b)) is
measured using digital calipers to be 12 mm (12,000 pm)
for bone 1 and 12.6 mm (12,600 pm) for bone 2. To the outer
diameter, distances of 18.2 mm and 19 mm are measured for
bones 1 and 2, respectively.

The x 20 images are localized and oriented using the
Cartesian coordinate (x-y) system by exploiting the calibrated
scale bar of the microscope image as shown in Fig. 3 (left:
bone 1, right: bone 2). Utilizing Cartesian-to-polar coordinate
transformations, polar coordinates for the center of each image
is calculated and each image is selected corresponding radial
and angle coordinates. The center of each of the x 20 images is
located and radial distance from bone center and polar angle
values are assigned to each center. Depicted on Fig. 3 are
optical slides that fall along the same angle and/or same
radius.

2.3 Microstructure automatic segmentation

Each of the x 20 magnification images is divided into four
images using PCNN-PSO-AT methodology developed by
the authors (Hage and Hamade [12]). Pore shape is treated
via the aspect ratio (AR) attribute defined as the ratio of minor
axis length/major axis length of an ellipse shape to which each
pore is automatically best fitted. Percent porosity of total area
(here, area fraction (%) (AF)) is the attribute utilized to ac-
count for pores’ size. The variation of these two attributes is
plotted over 3.3 mm in radial length. To get an appreciation for
the amount of processing work, the following pores had to be
segmented: 462 Haversian canals, total of 39,600 lacunae
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Image at 20X magnification Image at 5X magnification

Fig. 1 (Left: bone 1; right: bone 2) a) illustration showing periosteal and midcortical regions of cortical bone, b) cut section with polar coordinates, c)
location of pathologically processed biopsy within section, d) optical slides (x 5) within biopsy, and e) example image (x 20)

(17,963 inside secondary osteons; 21,637 in primary osteons),
and 3,354,488 canaliculi (462,500 in secondary osteons and
2,891,988 in primary osteons). All pores, most of which only
a few microns in size, were identified with minimal human
intervention through the automated methodology.

2.3.1 Demarcation of secondary and primary osteons
The micro pores had to be assigned to their corresponding sec-

ondary and primary osteons with the revealed cement lines thus
adding another 200 images of cement lines in the process (600
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images total of images of lacunae, canaliculi and Haversian
canals in their secondary and primary osteons). To get secondary
and primary osteons mask images from the cement lines images,
masks have to be created by generating 200 extra images as per
the process developed by Hage and Hamade [16].

2.3.2 Image segmentation procedure

To produce binary pulses (images) representing the segmen-
tations of the cortical porosity in bone histology, a technique
based on pulse-coupled neural networks (PCNN) was recently
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20x

Fig. 2 (Top: bone 1; bottom: bone 2) Grids of slides where area marked
with dotted lines represent a group of 25 images magnified at x 20.
Dashed lines represent hand-drawn demarcation lines between anterior
and posterior regions. Solid lines are best-fit arc-radii (R5 =16 mm for
bone 1; R4=16.4 mm for bone 2). Squares 1, 2, and 3 represent the
example images used

developed by Hage and Hamade [12, 14, 16]. PCNNs are
unique artificially intelligent (Al) tools that model neural ac-
tivity of an image (Lindblad and Kinser [18]). PCNN param-
eters do not self-adapt to different images requiring a hybrid
combination of PCNN, particle swarm optimization (PSO),
and adaptive threshold (AT) (the AT portion of the method is
based on work by Gao et al. [19] to determine one set of

optimized parameters based on one image to automatically
segment pores in many bone images.

All of the x 20 images are segmented based on this
methodology as described hereafter. The analysis takes
into account the region in which such pores are located:
midcortical or cortex (near periosteal surface) where
Haversian-type bones are characterized by periosteal re-
gions that contain osteons with near circular-shaped
osteons and midcortical regions exhibiting compactly
flattened-shaped osteons (Mayya et al. [20]). Automated
segmentation has been utilized where for each image in-
dividual pores are discerned and separated. Values of AF
and AR values for each type of pore, namely, lacunae,
clusters of canaliculi network (since individual canals of
roughly 0.5 um in work reported in Mayya et al. [20]),
could not be resolved. Based on work by Hage and
Hamade [12, 16], raw parameters (measures) of geometric
attributes (i.e., count, area, elliptical minor and major axes
lengths) of each pore (after being individually segmented)
were determined. Pores were also classified by type as
Haversian, lacunae, canaliculi, or resorption pores.
Consequently, determining the values of derived measures
such as area fraction (AF, %) and aspect ratio (AR) of each
pore located at different R/© combinations is made possi-
ble. Processed in total were 462 Haversian canals, 39,600
lacunae (17,963 inside secondary osteons, 21,637 in pri-
mary osteons), and 3,354,488 canaliculi (462,500 in sec-
ondary osteons and 2,891,988 in primary osteons). Next,
osteons are demarcated and identified osteon (primary or
secondary) per cement lines (Hage and Hamade [16]. Each
identified pore was assigned to an osteon (primary or
secondary).

Figure 4 demonstrates the resultant segmented Haversian
vascular porosity (VP), lacunae and canaliculi porosity (LCP)
networks in secondary and primary osteons disambiguated
along cement lines (as well as resorption cavity found in im-
age 3). Images numbered 1, 2, and 3 correspond to the squares
in Fig. 2 (bone 1) and are located at (A4 =105° R9 =
17.4 mm), (96 =107°; R3=15.3 mm), and (6 =107°; R6 =
16.3), respectively.

2.4 Measures and derived measures

Having segmented and demarcated the histology slides
per above, the following measures were determined
automatically:

1. Number counts: all segmented pores are located and
counted.

2. Areas: for each individual pore, area was determined.

3. Major and minor axis length: for each individual pore,
axes lengths were determined.
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Fig.3 (left: bone 1; right: bone 2)
Images (x 20) of bone 1 in the
polar coordinate system with their
respective angles and radii

Having derived raw measures, derived measures are then

calculated.

4,

Area fractions (AF): For each individual pore, calculate

the area fraction values (AF, area of the pores/area of the

corresponding osteon). Each of the 600 images is ana-
lyzed to get the values for area. Primary and secondary

osteons areas have to be calculated from each of the 200

masked images.

5. Aspect ratios (AR): For each individual pore, calculate
the aspect ratio (AR) values. Each of the 600 images is
analyzed to determine major and minor axis length of
the three different pores. Finally, data has to be sorted

based on their polar coordinates to where they can be
plotted.

3 Results of derived measures of area
fractions (AF) and aspect ratios (AR)

Using the methodology outlined above, data processing was

conducted on two different bones extracted from two different
foreleg bones of different cows where several slices are quan-
tified and averaged resulting in two sets of data: one set for
bone 1 and another for bone 2. All steps listed above were
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Fig. 4 Segmented cortical porosity: lacunae, Haversian canals, canaliculi clusters, in secondary and primary osteons, and cement lines
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performed on both bones. (Although results for bone 2 were
found to agree qualitatively and quantitatively with those
found for bone 1, results for bone 2 were not reported here
due to space limitation).

Pore shape is represented by the aspect ratio (AR) measure
defined as the ratio of minor axis/major axis lengths of an
ellipse shape to which each pore is automatically best fitted.
Percent porosity of total area (here, area fraction, % AF)
is the attribute utilized to account for pores’ size. Taken
separately, the number count and/or size of the pores con-

of the World Congress on Engineering 2014 Vol I, WCE
2014, July 24, 2014, London, U.K.).

3.1 Lacunae

Lacunae’ area fraction (%) values in each region are calculat-
ed by dividing the sum of lacunae areas in the secondary and
primary regions by the sum of areas of said regions, respec-
tively, according to Egs. 1 and 2.
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Fig. 5 Lacuna: area fraction (AF) plotted vs. radius in secondary and primary osteons area at all the angles: (a) secondary osteon (b) primary osteon;
aspect ratio (AR) plotted vs. radius at all the angles (c) secondary osteon, (d) primary osteon
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Calculated lacunae’ area fraction and aspect ratio
values in each region are plotted versus radius, R, for
all angles as shown in Fig. 5. Compared with AR values
of bovine tibia found by Lin and Xu [4] for compact
bone of bovine tibia of 0.4-0.4, values found here tend
to be larger. Using atomic force microscope, Lin and Xu
[4] determined the canaliculi diameter to be about half a
micrometer and canaliculi density to be roughly 1 cana-
liculi feature per micrometer square. The lacunae were
found to have non-uniform shapes with average lacuna

of 0.4 and 0.5 in the longitudinal and transverse direc-
tions, respectively.

3.2 Canaliculi

Area fraction (AF, %) values of areas of the canaliculi clusters
in each region are calculated by dividing the sum of areas in
secondary and primary regions by the sum of areas of said
regions, respectively as shown in Egs. 3 and 4.
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Fig. 6 Canaliculi clusters: area fraction (AF) plotted vs. radius in secondary and primary osteons area at all the angles: (a) secondary osteon (b) primary
osteon; aspect ratio (AR) plotted vs. radius at all the angles (c) secondary osteon, (d) primary osteon

@ Springer



Med Biol Eng Comput (2019) 57:577-588

Area Fraction
a 9o o 61=102°
8.0 | . m 62-103°
4+ ¢ AF=-0477R+123
7.0 [} : R?=0.8947 A 03=104°
c 60 - X 04=105°
o
B 5.0 4 X 05=106°
‘g 4.0 | N ® 06=107°
g ‘ + 87=108°
< i : " B
30 AF=-0.6928R+16.03 i - WX
2.0 R?=0.8051 : - 68=109°
i0 —~ 89=110°
B ‘@ 610=111°
135 14.5 15.5 16.5 17.5 18.5 ‘e 611=112°
Radius (mm)

585
Aspect Ratio
b 10 ¢ 01=102°
A i W 02=103°
AR=0.0414R -0.1345 :
0.8 R?=09136 : o A 93=104°
0.7 Tog "y
o . exx;?)exz‘”o* X 84=105°
- i [ =
g0 °BXK o X 85=106°
E 0> 1 & Ag® A ® 06=107°
S04 - o B ®m .
< A : + 87=108
03 1 AR=0.039R -0.08 - 08-109°
0.2 - R?=0.8945
- 89=110°
0.1 -
@ 610=111°
0.0 ‘ ‘ : : : .
135 145 155 165 175 185 ° 81712
Radius (mm)

Fig. 7 Haversian canals: a area fraction (AF) and b aspect ratio (AR) plotted vs. radius in secondary osteons area at all the angles

The calculated values of canaliculi’ area fractions (%) and
aspect ratio are plotted versus radius for all angles with the
results shown in Fig. 6.

3.3 Haversian canals

The area fractions (%) of the Haversian canal areas in the
secondary osteon are calculated by dividing the sum of
Haversian canal areas in each region over the whole area of
the secondary osteon as can be seen in Eq. 5.

S(4%)

h
AR = —
SO

(5)

The calculated values of Haversian canals’ area fraction
(%) and aspect ratio are plotted versus radius for all angles
with the results shown in Fig. 7.

3.4 Resorption cavities

Since cortical bone contains (macro) porosity comprised of
resorption cavities, primary osteons and the corresponding
area fractional values of (any) resorption cavities in the image
that contains the resorption cavity are calculated by dividing
the sum of resorption cavity areas in each image by total area
of the image as seen in Eq. 6.

AVC
(Aso + Apo + Arc)

AF = = 1=(%so + %po) (6)

Note that if no resorption cavities exist in image, then
(%so + % po) = 1. The resorption cavities’ area fractions (%)
and aspect ratio are plotted versus R in Fig. 8. Each set repre-
sents the images that lie along the same angle where cavities
were detected. Given that not all images contain resorption
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Fig. 8 a Area fraction (AF %) and b aspect ratio (AR) of resorption cavities plotted vs. radius at all angles
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Table 1 Area fractions (%) and area fraction of lacunae in secondary and primary osteons, anterior and posterior regions: linear fits and statistics
Area fraction Aspect ratio
Lacunae Secondary osteon Secondary osteon
Anterior Posterior Anterior Posterior
Equation AF=-0.1088 x R+ 1.951 AF=-0.006 x R +0.226 AR =0.0234 x R+ 0.2566 AR =0.0225xR+0.268
p value 0.0065 0.001 0.0002 0.001
Lacunae Primary osteon Primary osteon
Anterior Posterior Anterior Posterior
Equation AF=-0.124 xR +2.1259 AF=-0.0088 x R+0.242 AR =0.0306 xR+0.13 AR =0.028 xR+0.165
p value 0.0011 0.0007 0.0005 0.0008

cavities, Fig. 8 suggests that no pattern is distinguishable for
aspect ratios of these cavities versus R.

4 Discussion
4.1 Area fractions

In both posterior and anterior regions, the values of area frac-
tions (%) plotted vs. radius R, in Fig. 5 (lacunae), Fig. 6 (can-
aliculi clusters), and Fig. 7 (Haversian canals), are fitted using
linear (fix) =a * x + b) best-fit trend lines. Tables 1, 2, and 3
list linear best-fit equations obtained for the lacunae, canaliculi
clusters and Haversian canals, respectively.

Area fraction (%) values of all porosities decrease as dis-
tance from bone center increases from the midcortical toward
the outer circumferential lamella regions (similar to findings
by Thomas et al. [5, 6] and Hage and Hamade [15]. Area
fractions (%) of the lacunae decrease linearly with R in both
primary and secondary osteons in the anterior region. AF
values appear to reach steady state in the posterior region.
Area fractions (%) of the canaliculi clusters and Haversian
canals also decrease linearly with R in primary and secondary
osteons in the anterior region. They decrease at slower rate in
the posterior region.

For all three pores, AF values decrease versus radius which
may be related to osteonal growth in the anterior region. After
building new bone, osteoblasts transform into osteoclasts and
reside in lacunae and canaliculi. Remodeling process of bones
causes areas of lacunae, canaliculi clusters, and Haversian
canals to shrink in the anterior region, thus resulting in de-
crease in area fractions. The following observations can be
made relating to findings in this work to others as reported
in the literature and related to bone regeneration and
remodeling.

4.1.1 In anterior regions

1. AF values of lacunae decrease with R due to strains gen-
erated during remodeling by the action of the resorbing
cutting cone in the anterior region. Strains are largest at
the base of the lacunae and smallest in surrounding bone
(Clarke [21]) causing lacunae areas to shrink.

2. AF values of canaliculi clusters decrease with R due to
bone remodeling activated in the anterior region through
canalicular fluid flow (transporting nutrients causing
channel areas to be larger). For larger R, bone remodeling
is deactivated gradually requiring less fluid flow thus less
canalicular channels activity and, consequently, reducing
the size of channels (Zhou et al. [22]).

Table 2 Area fractions (%) of canaliculi clusters in secondary and primary osteons, anterior and posterior regions: linear fits and statistics
Area fraction Aspect ratio
Canaliculi Secondary osteon Secondary osteon
Anterior Posterior Anterior Posterior
Equation AF=—0.687 xR + 13.798 AF=-0.1489 x R +4.656 AR =0.004 x R+0.236 AR =0.0043 x R +0.232
p value 0.0009 0.007 0.0013 0.0024
Canaliculi Primary osteon Primary osteon
Anterior Posterior Anterior Posterior
Equation AF=-1.404 x R+24.93 AF=-0.3454 xR +8.129 AR =0.0058 x R +0.205 AR =0.0063 x R+0.197
p value 0.003 0.0008 0.0013 0.0019
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Table 3

Area fractions (%) of Haversian canals in secondary and primary osteons, anterior and posterior regions: linear fits and statistics

Haversian canals Area fraction

Aspect ratio

Anterior Posterior

Anterior Posterior
Equation AF=-0.693 xR+ 16.03
p value 0.0062 0.0043

AF=—0477xR+123

AR=0.0414 x R—0.1345
0.0008

AR =0.039xR—0.08
0.0013

3. AF values of Haversian canals decrease with R may be
stimulated by the action of the cutting cone activated dur-
ing bone remodeling in the anterior region. Large cylin-
drical canals are destroyed and concentric lamellae form
around the Haversian canal starting from the outer to the
inner diameter (Lerner [23]) that may cause the Haversian
canals to shrink.

4.1.2 In posterior regions

1. Trends of lacunae’s AF are practically flat. As bone re-
modeling activities are reduced and osteons near comple-
tion, the rate of appositional bone formation slows caus-
ing lacunae areas to stabilize.

2. Canaliculi cluster’s AF values continue to decrease slight-
ly versus R. Gradual deactivation of bone remodeling re-
quire less fluid flow, thus, fewer canalicular channels ac-
tivities (Zhou et al. [22]) causing channel areas to contin-
ue their slightly decreasing trend.

3. Haversian canals’ AF values continue to decrease slightly
versus R. Younger remodeled Haversian systems are less
completely mineralized (Thomas et al. [6]) than older
ones. Even fully formed osteons require mineralization
which is accomplished during progressive and continuing
bone remodeling (Raisz [24]) in posterior regions, thus,
causing Haversian canals on a continuing shrinking path.

4.2 Aspect ratios

The aspect ratio values versus radius, R, in Fig. 5 (lacunae),
Fig. 6 (canaliculi clusters) and Fig. 7 (Haversian canals) are
fitted using linear (f{x) = a x x + b) best-fit trend lines in both
posterior and anterior regions. Tables 1, 2, and 3 list the results
of linear trend lines obtained for the lacunae, canaliculi clus-
ters, and Haversian canals, respectively. Aspect ratios for all
pores exhibit similar trends in anterior and posterior regions.
These trends are fitted with linear trend lines versus R in both
primary and secondary osteons. This increase of AR suggests
that pores tend to become more rounded in the posterior re-
gion due to near completion of bone remodeling where ma-
tured osteons with circular pores are favored. Posterior regions

appear to contain nearly rounded osteons while anterior re-
gions appear to be near ellipsoidal in agreement with Mayya
et al. [20].

5 Conclusions

Al-based image segmentation methodology was utilized in
this work where measures of area fraction (%) (AF) and aspect
ratio (AR) of pores (namely, lacunae, canaliculi clusters in
secondary and primary osteons, Haversian canals, and resorp-
tion cavities) are quantified in cortical bone as function of
radius (R). Based on the data extracted, simple equations in
AF and AR versus R are developed.

This work as accomplished by executing similar automated
image analysis methodology developed by the authors (Hage
and Hamade [12, 13, 15]). Images at x 20 magnification are
captured in samples of the shell of bovine cortical bone biop-
sies containing both anterior (midcortical) and posterior (outer
circumferential lamella) regions. Polar coordinates of center
of these images are calculated from corresponding Cartesian
(x-y) coordinates. Lacunae, canaliculi clusters, Haversian ca-
nals, and resorption pores are isolated in separate images.
Values of AF and AR of each pore in each image are plotted
against polar radius R.

Quantitative findings may be associated with established
qualitative observations during osteonal remodeling and
growth as follows:

1. For all pores (lacunae, canaliculi clusters, and Haversian
canals) in anterior regions, area fractions (%) are found to
diminish linearly (statistically significant p < 0.01) with R
for both primary and secondary osteons. In posterior re-
gions, a much slower decreasing trend is observed per-
haps due to nearly completed osteon formation.

2. For all pores, in anterior and posterior regions, aspect
ratios are found to increase linearly and at practically the
same rates with R (statistically significant p <0.01) in
both primary and secondary osteons. This suggests that
pores tend to become more circular at bone locations near
the bone’s outer shell where mature and near-rounded
osteons exist.
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