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Pore network microarchitecture influences human cortical bone 
elasticity during growth and aging

Cortical porosity is a major determinant of bone strength. Haversian and Volkmann's

canals are'seen’ as pores in 2D cross-section but fashion a dynamic network of inter-

connected channels in 3D, a quantifiable footprint of intracortical remodeling. Given the

changes in bone remodeling across life, we hypothesized that the 3D microarchitecture of

the cortical pore network influences its stiffness during growth and ageing.

Cubes of cortical bone of 2 mm side-length were harvested in the distal 1/3 of the fibula

in 13 growing children (mean age7SD: 1374 yrs) and 16 adults (age: 75713 yrs). The cubes

were imaged using desktop micro-CT (8.14 mm isotropic voxel size). Pores were segmented

as a solid to assess pore volume fraction, number, diameter, separation, connectivity and

structure model index. Elastic coefficients were derived from measurements of ultrasonic

bulk compression and shear wave velocities and apparent mass density.

The pore volume fraction did not significantly differ between children and adults but

originates from different microarchitectural patterns. Compared to children, adults had 42%

(p¼0.033) higher pore number that were more connected (Connective Density: þ205%,

p¼0.001) with a 18% (p¼0.007) lower pore separation. After accounting for the contribution

of pore volume fraction, axial elasticity in traction-compression mode was significantly

correlated with better connectivity in growing children and with pore separation among adults.

The changes in intracortical remodeling across life alter the distribution, size and

connectedness of the channels from which cortical void fraction originates. These alterations

in pore networkmicroarchitecture participate in changes in compressive and shear mechanical

behavior, partly in a porosity-independent manner. The assessment of pore volume fraction

(i.e., porosity) provides only a limited understanding of the role of cortical void volume fraction

in its mechanical properties.

nCorresponding author at: INSERM UMR_S 1033, 7-11 Rue Guillaume Paradin, 69372 Lyon Cedex 08, France.
E-mail address: yohannbala@gmail.com (Y. Bala).



1. Introduction

Human cortical bone displays a multiscale porous architec-

ture originating from optimization to contradictory needs.

Bone has to be stiff and strong to resist loading but light to

allow mobility (Bala et al., 2015; Seeman and Delmas, 2006).

During last decade, cortical porosity has emerged as a major

predictor of bone strength (Baron et al., 2007; McCalden et al.,

1993) and fragility fracture (Bala et al., 2014b, 2015; Bjornerem

et al., 2013). The cortical void volume fraction contributes to

bone mechanical behavior because the apparent density

(inverse of porosity) is inversely proportional to the 7th power

of its stiffness (Schaffler and Burr, 1988).

Cortical bone void volume originates from Haversian and

Volkmann’s canals that contain bone vasculature and inner-

vation. While these canals are ‘seen’ as pores in cross-section

images (Chappard et al., 2013; Thomas et al., 2006), they form

a three dimensional network of interconnected canals

(Chappard et al., 2013; Cooper et al., 2007). The structure of

this porous network is not static; the number of canals, their

diameter, and their connectedness are the quantifiable foot-

prints of the bone remodeling activity and balance (Cooper

et al., 2007).

During growth, the skeleton adapts its size, shape and

material properties to be of sufficient strength to support the

evolving physical activity (Currey and Butler, 1975; Jee and

Frost, 1992; Loro et al., 2000; Palacio-Mancheno et al., 2014;

Parfitt et al., 2000). Histomorphometric studies highlighted

that this adaptation was made possible through changes in

modeling and remodeling activity and its balance at both the

tissue and the Bone Multicellular Unit (BMU) level (Parfitt

et al., 2000; Rauch et al., 2007). For instance, from 2 to 20

years, the thickening of the cortex is determined by a net

positive balance at the tissue level between endocortical

resorption and periosteal formation (Rauch et al., 2007). In

this age range, intracortical remodeling activation frequency

decreases and displays a �5% positive balance at BMU level

reducing intracortical porosity and participating to bone

consolidation (Parfitt, 1994b, Parfitt et al., 2000).

During young adulthood, remodeling is slow and in

steady-state at the tissue-level - the number of Bone Multi-

cellular Units (BMU) resorbing bone equals the number of

BMU refilling cavities excavated earlier at other locations. At

the level of the BMU, remodeling is balanced – each BMU

resorbs and deposits similar volumes of bone matrix. At this

stage there is little or no bone loss or structural decay in

cortical bone (Bala et al., 2014a; Compston, 2011). After

midlife in women and later in men, a rapid extent of

remodeling surfaces at the tissue level coupled to a �5%

negative balance at the BMU level, increases pore number

and diameter resulting in an overall higher cortical void

volume fraction and permanent bone loss (Bjornerem et al.,

2011; Lips et al., 1978; Qiu et al., 2010; Recker et al., 2004; Vedi

et al., 1983). This has been repeatedly observed using 2D

histomorphometry (Lips et al., 1978; Rauch et al., 2007;

Schnitzler, 2015; Schnitzler and Mesquita, 2013; Schnitzler

et al., 2009; Zebaze et al., 2010). However, the structural

changes in pore network 3D microarchitecture beyond these

alterations in the void volume fraction are not known.

Recent studies suggest that porosity achieved during

growth may influence intracortical remodeling and structural

decay later in life (Bala et al., 2014b; Bjornerem et al., 2013; Bui

et al., 2013; Loro et al., 2000; Seeman, 2008). Haversian and

Volkmann's canal density, size and connectivity in young

adult defines indeed the extent of surfaces available for

unbalanced remodeling to be initiated upon at the onset of

age-related perturbation at the BMU level (Bui et al., 2013).

However, porosity is only regarded as a single value describ-

ing void volume fraction and may not be sufficient to predict

entirely the influence of microstructure on cortical bone

fragility (Chappard et al., 2013; Yeni et al., 1997; Yeni and

Norman, 2000). There is most likely a contribution of age-

related structural changes in pore network microarchitecture

but these parameters, especially in growing bone, are rarely

investigated.

Given the age related-changes in bone remodeling activity

and balance across life, we hypothesized that cortical bone

void volume fraction originates from canals networks with

different microarchitectures in growing children and adults.

This study also aimed to evaluate comprehensively the

impact of the canal network microarchitecture on cortical

bone elasticity. We tested these hypotheses in human cor-

tical bone samples collected in the distal fibula of growing

children and ageing adults. Pore number, diameter, connec-

tivity and other morphological parameters of the cortical void

volume were quantified using micro-CT. These variables were

compared to the elasticity assessed in the same samples

using ultrasonic bulk wave velocities in the three principal

directions of bone. Understanding the contribution of pore

volume fraction and pore network microarchitecture to bone

mechanical properties during growth and ageing may help in

finding early predictors of bone fragility.

2.

2.1.

Material and methods 

Specimens

Bone samples were collected in the distal 1/3 of the fibula in

13 children (9 males and 4 females, mean age7SD: 13.273.5

years, range: 6–18 years) during corrective surgery after a

fracture at the growth plate or equinovarus of the foot (n¼2).

Equinovarus of the foot is apparently not associated with

alterations in bone remodeling parameters (Rauch et al.,

2007). Surgeries were performed at the Timone Hospital

(Marseille, France). All children were ambulatory prior to

surgery and none received medications known to affect bone

remodeling. In accordance with the French code of public

health and after approbation of the study by the committee

for the protection of persons, informed consents were

obtained from children’s legal guardians. In addition, bone

samples were harvested in the distal 1/3 of the fibula from 16

human donors (7 males and 9 females, mean age7SD:

75.0712.9 years, range: 50–91 years). Autopsies were per-

formed between 2010 and 2012 under the guidance of the

INSERM UMR-S 1033 (Lyon, France) and the IFSTTAR UMR-T

9406 (Bron, France) in order to build a bone sample bank.

Samples were maintained frozen at �20 1C wrapped in

Phosphate Buffer Saline soaked gauze. Twenty-nine 2x2x2



mm cubic samples were extracted from the cortex using a

water-cooled low speed diamond saw (Buehler Isomet 4000,

Buehler, Lake Bluff, IL, USA). All cubes included the periosteal

region and the 2 mm thickness permitted to avoid the highly

‘trabecularized’ endosteal region in samples from elderly. The

regions of coring were matched by the quadrant and the

fraction of bone length between children and adults. Cubes

faces were identified according to the radial (axis 1), tangen-

tial (axis 2) and axial (axis 3) orientations in the fibula (Fig. 1).

2.2. Image acquisitions

The cubic samples were imaged using a desktop micro-CT

system (Skyscan 1174, Bruker, Kontich, Belgium). Scanning

was done with the bone specimen immerged in distilled

water in a 6 mm inner diameter plastic tube and held in

place thanks to gauze. Sample axial axis (i.e., Haversian

canals' principal orientation) was aligned to the rotation axis

of the sample holder. Scans were performed with a field of

view of 1024�1024 pixels a source voltage 50 kV, current

800 mA, rotation step 0.61 over a 3601 rotation and a 0.5 mm-

thick aluminium filter for beam hardening reduction. An

isotropic voxel size of 8.14 mm was used with an exposure

time of 4 seconds, 2 frames averaging leading to a total scan

time of 82 minutes for each sample. The images were

reconstructed using a filtered back-projection algorithm

(NRecon software, V 1.6.9, Skyscan NV, Kontich, Belgium).

For each cube, a stack of 210 sections was reconstructed.

2.3. Morphometric analysis

From the stack of contiguous reconstructed images, the

volumes of interest were selected for morphometric analysis

using a semi-automated method (CTAnalyser Software V

1.14.4, Skyscan NV, Kontich, Belgium). For each specimen,

the external borders were contoured by the operator and then

automatically interpolated over the axial axis defining the

volume of interest (VOI). Within the tissue volume (TV,

mm3), the porosity (void volumes) was segmented as a solid

and the mineralized bone as a background by using global

thresholding. Calibration was performed using a phantom of

hydroxyapatite rods, a cut-off of 0.79 g/cm3 was chosen after

observation of several reconstructed images from samples

spreading the whole age-range. The following morphometric

variables were calculated: the pore volume fraction (Po.V/TV,

%), the pore surface to pore volume ratio (Po.S/Po.V, 1/mm).

Pore diameter (Po.Dm, mm) corresponding to the average

diameter of the pores and pore separation (Po.Sp, mm) corre-

sponding to the average separation between pores were both

calculated using a sphere-fitting algorithm (Hildebrand and

Ruegsegger, 1997; Ulrich et al., 1999). As an index of hetero-

geneity in the intra-individual distribution of pore size and

separation, the standard deviation of Po.Dm and Po.Sp are

reported as Po.Dm.SD and Po.Sp.SD both expressed in mm. The

pore number (Po.N, 1/mm) was calculated as: Po.N¼1/(Po.

SpþPo.Dm). Connectivity (ConnD, 1/mm3) was evaluated by

the Euler characteristic according to the method detailed by

Odgaard (1997) and normalized by the TV. We also assessed

the pore pattern factor (Po.Pf in analogy with the trabecular

pattern factor, 1/mm) calculated as the ratio of volumes and

surfaces before and after dilation. Lower Po.Pf indicates higher

concavity i.e., better-connected pore network.

2.4. Ultrasound based measurement of bone elasticity

Bone elasticity was determined using a well-established

method based on the measurements of ultrasonic bulk com-

pression and shear wave velocities and sample apparent mass

density (Espinoza Orias et al., 2009; Granke et al., 2011). This

method provides measurements of the elastic properties in the

Fig. 1 – From left to right, bone cubical samples were cored from the distal fibula and oriented according to the radial (1), circumferential (2) and axial (3) 
axes for assessment of the elastic coefficients by ultrasound and pore network architecture using micro-CT.



three principal directions of a same bone material volume. The

apparent mass density (ρ, g/cm3) was measured with a micro-

metric balance equipped with a density kit (Voyager 610,

Ohaus Corporation, FlorhamPark, NJ, USA, measurement

uncertainty of 0.001 g/cm3) and the dimensions were measured

with a digital caliper (Absolute digimatik solar, Mitutoyo,

Kanagawa, Japan, measurement error of 0.03mm). Taking into

account average values of mass densities, determined during

the experiments, equal to 1700 kg/m3, we obtain a relative

error of 0.06%. For Time-Of-Flight measurements, uncertainties

are of around 0.02 ms, given by the laboratory test apparatus/

electroacoustic device (Eurosonic, Vitrolles, France). Given the

apparent density ρ, the diagonal terms Cij (1r ir6) of the elastic

tensor are calculated from:

Cii ¼ ρ:v2iiði¼ 1;2;3Þ

C44 ¼ ρ:v223 ¼ ρ:v232

C55 ¼ ρ:v213 ¼ ρ:v231

C66 ¼ ρ:v212 ¼ ρ:v221

where the longitudinal elastic coefficients C11, C22, and C33

represent the stiffness in traction-compression mode, C44, C55,

C66 represent the shear stiffness coefficients (Fig. 1). Velocity vij
denotes velocity of a wave propagating in the i direction, with

particle motion in the j direction. For compressional waves,

i¼ j, and for shear waves, iaj. Compressional and shear waves

velocities were measured using a pulse transmission method

with a pair of 5 MHz transducers (VP1093, CTS Valpey Corpora-

tion, Hopkinton, MA, USA for compressional waves and Pana-

metrics V156, Inc., Waltham, MA, USA for shear waves). The

received signal was post-processed with a custom MatLab

program (The Mathworks Inc., Natick, MA, USA) (Lefevre

et al., 2015). Repeated measurements on a set of same samples

revealed a good reproducibility for the stiffness with coefficient

of variation ranging between 0.8% and 2.5% depending on the

coefficients.

2.5. Statistics

Data are reported as mean 7 SD unless otherwise stated. As

our population is composed of growing children and ageing

adults, all analyses were performed separately in the two

groups and not on the pooled population. Statistical analyses

were performed using SPPS 20.0 (IBM, Amonk, NY, USA).

Normality was tested using Shapiro-Wilk procedure. Most of

the variables were not normally distributed, non-parametric

test were consequently used. Differences between groups

were tested using Mann-Whitney U test. Bivariates correla-

tions between morphometric variables and age were tested

by the Spearman's rank correlation test (r0). Correlations

between morphometric variables and elastic coefficients

were calculated with or without accounting for the contribu-

tion of the pore volume fraction. A two-tailed significance

level of 0.05 was used.

3. Results

3.1. Pore volume fraction originates from different
microarchitectures in children and adults

The pore volume fraction (Po.V/TV) did not significantly differ

between growing children and adults but originated from

different microarchitectural pattern (Table 1). Relative to

children, adults had a higher pore number (Po.N: þ42%) and

connectivity density (ConnD: þ205%), a lower pore separation

(Po.Sp: �18%) and intra-individual distribution of separation

(Po.Sp.SD: �20%). In accordance with a higher ConnD in

adults, Pore pattern factor tended to be lower in adults

compared to children but the difference did not reach

significance level (Po.Pf: �19%, p¼0.076) (Table 1).

Table 2 presents the correlation coefficients obtained

between the age and the parameters of the pore network

microarchitecture. Among growing children, increasing age

was negatively correlated with Po.V/TV. This decrease in the

pore volume fraction was associated with a decrease in Po.N,

Po.Dm and an increase in Po.Sp. Between 5 and 18 years old

there was also a positive correlation between age and the

specific surface of the pore (Po.S/Po.V). As expected, among

adults, increasing age between 50 and 91 years old was

correlated with higher Po.V/TV. This increase in pore volume

fraction was associated with an increasing Po.N and a

decreasing Po.Sp (Fig. 2).

3.2. Pore network microarchitecture contributes to cortical
bone elasticity

Despite the differences in pore network microarchitecture,

cortical bone from both children and adults were both trans-

versely isotropic (with C334C11¼C22 and C44¼C554C66). How-

ever, relative to children all elastic coefficients were higher in

adults (þ11%, þ17% and þ22% for C11, C22 and C33, respectively,

Table 1 – Values of microstructural parameters of the pore network 
and elastic coefficients. P-values for group comparison were obtained 
using Man–Whitney's U test. Bold font denotes p-values r0.05.

Children

(5–18 yrs)

Adults

(50–91 yrs)

P-Value

Mean (SD) Mean (SD)

Po.V/TV (%) 10.3 (6.5) 15.9 (10.3) 0.151

Po.S/Po.V (1/mm) 40.5 (15.9) 37.7 (13.4) 0.628

Po.N (1/mm) 0.69 (0.28) 0.98 (0.29) 0.033

Po.Dm (mm) 139 (62) 144 (69) 0.626

Po.Dm.SD (mm) 67 (39) 67 (41) 0.953

Po.Sp (mm) 397 (58) 325 (62) 0.007

Po.Sp.SD (mm) 125 (22) 100 (20) 0.010

ConnD (1/mm3) 6.6 (5.5) 20.1 (15) 0.001

Structure Model

Index

3.2 (0.6) 2.8 (0.2) 0.002

Po.Pf (1/mm) 0.021 (0.007) 0.017 (0.006) 0.076

Elastic coefficients

(Gpa)

C11 16.1 (2.5) 17.9 (3.6) 0.021

C22 15.3 (2.5) 17.9 (6.15) 0.045

C33 23.6 (4.4) 28.8 (5.1) 0.011

C44 4.1 (0.8) 4.8 (0.6) 0.017

C55 4.0 (0.9) 4.9 (1.1) 0.019

C66 3.0 (0.4) 3.6 (1.0) 0.017



and þ17%, þ23% and þ20% for C44, C55 and C66, respectively)

(Table 1).

Among growing children, increasing age was associated

with increasing elastic coefficients in traction-compression.

In adult group, increasing age was associated with lower

elastic coefficients in traction-compression mode. Correlation

between age and shear elastic coefficients did not reach

statistical significance in both groups (except for C44 in adult

group, r0¼�0.70) (Table 2).

Table 3 reports the correlation coefficients obtained

between the elastic coefficients and the parameters of the

pore network microarchitecture. Among the children sam-

ples, the C33 elastic coefficient (i.e., axial traction-compres-

sion) was negatively correlated with Po.V/TV, Po.N and Po.Dm

(r0 from �0.46 to �0.82) and positively Po.S/Po.V, Po.Sp and

Po.Pf (r0 from 0.48 to 0.88). Similar results were obtained with

C66 (transverse shear). The positive correlation between C33

and Po.Pf remained significant after adjustment for Po.V/TV

(r0-adjusted¼0.52, p¼0.020). In the adult group, C33 was

negatively correlated with Po.V/TV (r0¼�0.63) and Po.N

(r0¼�0.59) and positively with Po.Sp (r0¼0.71) and Po.Sp.SD

(r0¼0.72). No correlation was observed between C66 and pore

network microarchitecture. When accounting for the contri-

bution of Po.V/TV, the correlation between C33 and Po.Sp and

Po.Sp.SD remained significant (r0-adjusted¼0.56, p¼0.007 and

r0-adjusted¼0.70, p¼0.001, respectively).

4. Discussion

To our knowledge, the present study is the first to evaluate

the 3D-microarchitecture of the pore network in both chil-

dren and adults in appendicular skeleton. In site- and size-

matched samples of compact-appearing cortex, we report

that cortical porosity originates from different canal network

microarchitectures in growing children and adults. Growth

was associated with a decrease in cortical void volume

fraction due to a decrease in pore diameter, pore number

and pore connectivity. On the opposite, in adults, ageing was

associated with an increase in void volume fraction related to

an increase in pore number and pore connectivity, not in pore

size. Within the limitations of a small sample size that may

results in low statistical power to detect statistical signifi-

cance for some differences, our data support that elastic

properties are influenced by pore network microarchitecture

even after accounting for void volume fraction contribution,

suggesting an independent contribution.

4.1. Pore network microarchitecture during growth

During growth, long bones increase in width by periosteal

apposition (modeling formation) and endocortical resorption

(modeling resorption) and in length by endochondral ossifi-

cation (Cadet et al., 2003; Enlow, 1962; Rauch, 2012). At the

same time, bone also undergoes Haversian remodeling to

adapt to the mechanical environment and to face the

increasing need in calcium (Parfitt, 1994b; Parfitt et al.,

2000). Our knowledge of growth-related changes in cortical

Table 2 – Spearman correlation coefficients (r0) obtained between 
variables of the pore network architecture, elastic coefficients and age 
among children and adults group. Bold font denotes p-values r0.05.

Children (5–18 yrs) Adults (50–91 yrs)

r 0 p-value r 0 p-value

Po.V / TV (%) �0.53 0.043 0.50 0.047

Po.S / Po.V (1/mm) 0.51 0.048 �0.19 0.471

Po.N (1/mm) �0.57 0.027 0.53 0.035

Po.Dm (mm) �0.50 0.048 0.17 0.524

Po.Dm.SD (mm) �0.41 0.083 0.23 0.395

Po.Sp (mm) 0.50 0.049 �0.77 0.001

Po.Sp.SD (mm) 0.58 0.029 �0.78 0.001

ConnD (1/mm3) �0.33 0.232 0.23 0.389

Structure Model Index �0.15 0.590 �0.23 0.436

Po.Pf (1/mm) 0.62 0.013 �0.60 0.009

Elastic coefficients

(Gpa)

C11 0.53 0.022 �0.41 0.057

C22 0.67 0.003 �0.46 0.038

C33 0.44 0.050 �0.55 0.014

C44 0.15 0.292 �0.70 0.001

C55 0.17 0.273 �0.22 0.210

C66 0.29 0.151 �0.22 0.207

10 yrs old 80 yrs old

100 μm

Fig. 2 – 3D reconstructions of the pore network imaged in cube of cortical bone cored in the distal part of the fibula in females.



porosity has been nurtured by histomorphometric studies

performed in iliac crest samples limiting comparison with

present results. Most of these studies reported a high porosity

in children principally originating from large asymmetrical

drifting osteons (Schnitzler and Mesquita, 2013). In this set

up, bone resorption not only progresses in the cutting cone

forming a round and narrow canal in the matrix, but also

toward the endosteal surface. In these units, the onset of

bone formation appears to be delayed forming canals up to 30

times larger than common cutting cones (Robling and Stout,

1999; Schnitzler and Mesquita, 2013). Later when growth

slowdowns, these asymmetrical osteons are replaced

through remodeling by smaller symmetrical concentric

osteons (Parfitt, 1994a; Schnitzler, 2015; Schnitzler and

Mesquita, 2013).

We propose that the age-related decrease in void volume

fraction we observed might also be due to the replacement of

large drifting osteons by smaller symmetrical osteons. Our

bone samples were not evaluated by histomorphometry.

However, in the context of this study, we collected fibula

samples from a 6 years old and 16 years old boys and imaged

them using microradiography (Montagner et al., 2015). The

resulting images supported our statement and suggested a

transition from large asymmetric drifting osteons to smaller

symmetric osteons during growth at the fibula (Fig. 3). Growth

has been associated with an age-dependent decrease in

remodeling frequency. Rauch et al. indeed highlighted a fall

in the percentage of active osteons from �70% at 5 years old

to �20% at 20 years old (Rauch et al., 2007). These mechan-

isms contract the remodeling space consolidating bones

(Parfitt et al., 2000; Schnitzler et al., 2009).

In the present study, the consolidation of the cortical bone

(i.e., suggested by an increase in C33) was not only associated

with the decrease in porosity but also with an increase in the

pore pattern factor. This suggests that in growing children,

the age-related decrease in pore network connectivity also

increases stiffness in axial direction. However, as observed

for most of the variables describing pore network

microarchitecture, correlations were stronger with the elastic

coefficients corresponding to the tension-compression mode

than in shear. This may indicate that shear elasticity is more

sensitive to different parameters of cortical structure other

than porosity or material properties. Indeed, several ex vivo

studies show alterations of bone tissue structure and com-

position at the micro- and nano-scale during growth. Akkus

et al. suggested that the remaining fraction of primary

lamellar bone continues to mature as they observed an

increase in mineral particles size and an improvement in

its crystallinity between 17 and 25 years (Akkus et al., 2003).

Saito et al., described also age-related changes in average

collagen enzymatic cross-linking profile with a transition

from the immature forms to mature ones (Saito and

Marumo, 2010). All these parameters of bone quality are

known determinants of bone mechanical behavior in human

adults and in animal models (see (Bala and Seeman, 2015;

Ural and Vashishth, 2014) for reviews). Finally, it has been

shown in rats cortical bone that Young's and shear moduli

derived from ultrasounds were not determined by the same

physicochemical properties. For instance, shearing was influ-

enced by crystal size while elasticity was principally deter-

mined by apparent density (Kohles and Martinez, 2000).

Taken together, these results suggest that cortical shear and

tensile-compressive stiffness may not be similarly sensitive

to growth-related changes in microstructure and material

composition.

4.2. Pore network microarchitecture during aging

We observed an increasing void volume fraction with age. In

our experimental set up, higher pore number, not higher pore

diameter, accounted for the most of the higher void volume

fraction in older subjects. While this is consistent with some

earlier works by Kerley (1965) for instance , this seems in

contradiction with the repeated observation that most of the

age-related increase in porosity can be explained by an

increase in pore area, not in pore number (Cooper et al.,

Table 3 – Spearman correlation coefficients (r0) obtained between the different variables describing the pore network microarchitecture and the elastic 
coefficients obtained by ultrasound in children/adults. n po0.05, nn po0.001, nnn po0.0001. a: significant correlation after controlling for the contribution 
of the void volume fraction (Po.V/TV).

Elastic coefficients (GPa)

C11 C22 C33 C44 C55 C66

Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults

Po.V/TV (%) �0.52n �0.64n �0.52n �0.71nn �0.80nnn �0.63n �0.52n �0.72nn �0.56n �0.08 �0.65n �0.13

Po.S/Po.V (1/mm) 0.40 0.69n 0.41 0.66n 0.70n 0.38 0.52n 0.56n 0.50n 0.01 0.64n 0.08

Po.N (1/mm) �0.80nnn 1 �0.21 �0.72nn,1 �0.36 �0.82nnn �0.59n �0.55n �0.67n �0.60n �0.25 �0.61n �0.12

Po.Dm (mm) �0.23 �0.67n �0.17 �0.61n �0.46n �0.30 �0.55n �0.64n �0.30 �0.15 �0.56n �0.13

Po.Dm.SD (mm) �0.35 �0.70n,1 �0.11 �0.63n �0.10 �0.41 �0.16 �0.72nn 0.02 �0.13 �0.48 �0.16

Po.Sp (mm) 0.62n,1 0.32 0.51n 0.50n 0.48n 0.71nn,1 �0.05 0.70nn 0.09 0.14 0.22 0.24

Po.Sp.SD (mm) 0.35 0.24 0.28 0.54n 0.07 0.72nn,1 �0.55n 0.76nn,1 �0.32 0.15 0.03 0.41

ConnD (1/mm3 ) �0.05 �0.31 �0.38 �0.59n,1 �0.39 �0.17 �0.06 �0.20 �0.22 0.37 �0.13 �0.07

Po.Pf (1/mm) 0.61n 0.71nn 0.63n,1 0.67n 0.88nnn,1 0.49 0.50n 0.63n 0.62n,1 0.06 0.69n �0.10

n po0.05,
nn po0.001,
nnn po0.0001
1 p o0.05 after controlling for the contribution of Po.V/TV



2007; Perilli et al., 2015; Thomas et al., 2006). This apparent

discrepancy may be explained by the variability in the

localization of the VOIs analyzed among the studies. Indeed,

the age-related changes in void volume fraction are highly

heterogeneous in the bone cross-section and through the

thickness of the cortex (Keshawarz and Recker, 1984; Perilli

et al., 2015; Zebaze et al., 2010). A recent study by Perilli et al.

reported in human subtrochanteric cortical bone that both

higher pore number and size accounted for higher void

volume fraction in older subject in medial and lateral regions.

In the anterior region, the pore diameter, not the pore

number, was higher in older subjects compared to the

younger ones (Perilli et al., 2015). Across the cortical thick-

ness, with increasing age, bone remodeling becomes particu-

larly vigorous in the inner part of the cortex, the closest to the

medullary cavity (Zebaze et al., 2013; Zebaze et al., 2010). In

this region, pores not only enlarge focally because of the

negative balance, but also coalesce resulting in giant pores

and most likely in a local decrease in pore number. This

creates a gradient in pore size from the periosteum to the

endosteum (Bell et al., 1999; Bell et al., 2001; Chappard et al.,

2013; Zebaze et al., 2010).

In the current study, we extruded small cubical samples of

compact-appearing cortex excluding the cortico-trabecular

junction with its giant pores. In our VOIs, we propose that

age related increase in porosity principally originates from an

increase in pore number, modestly from an increase in pore

size. Indeed, the negative bone balance at the BMU level

responsible for canals enlargement is only �5%; 95% of the

bone removed by osteoclasts is refilled representing a deficit

of a few microns in regard of the osteonal wall width - a

difference unlikely to be detectable using an 8.14 mm voxel

size (Qiu et al., 2010). An increase in the number of canals in

these confined VOIs suggests an excavation of new canals.

This increase in pore number perhaps originates from

remodeling initiated upon surfaces of existing BMUs and

their branching (Maggiano et al., 2016) or within osteocytes

lacunae (Perilli et al., 2015). Indeed, many studies suggest that

osteocytes are key regulators of osteoclasts and osteoblasts

activities but also may be able to locally remodel the perila-

cunar bone matrix (Atkins and Findlay, 2012; Bonewald, 2011;

Qing et al., 2012; Teti and Zallone, 2009). However, knowing

whether new canals can emerge from, or under the control of

osteocytes activity needs further research. In addition to

increasing the cortical void volume fraction, the excavation

of new canals incidentally decreased the average separation

between them and that correlated with a lower axial elasti-

city in traction-compression mode.

It is well documented that the age-related increase in

porosity originating from alterations in intracortical remodel-

ing is detrimental for bone strength (Bala et al., 2015; Granke

et al., 2011; McCalden et al., 1993). At the tissue level (i.e.,

mesoscale), variations in cortical porosity explained from 62

to 98% of the variation in compression-tension and shear

elastic coefficients (Dong and Guo, 2004; Granke et al., 2011).

At the organ level (i.e., macroscale), variations in porosity,

explained the majority of the variation in long bones

mechanical properties in several human and animal models

(Baron et al., 2007; Bousson et al., 2006; Granke et al., 2011;

Yeni et al., 1997). However, in these studies, porosity was only

regarded as a fraction of void volume and therefore did not

provide information about the role of pore network micro-

architecture in bone mechanical behavior.

In our population, we noticed that in elderly men and

women, changes in pore separation and pore separation

intra-individual distribution were correlated with axial

tensile-compressive elasticity after accounting for void

volume fraction. This new result suggests that for a given

porosity, the way this void is fashioned in the bone volume

affects significantly bone elasticity. In addition, our results

6 yrs old 16 yrs old

0.5 mm

Tissue Mineral Density
(g/cm3)

0 0.5 1.0 1.5

Fig. 3 – Microradiographs of fibula cortical bone cored in the same quadrant from a 6 years old (left panel) and a 16 years old (right panel) boy. White 
arrows highlight large asymmetric drifting osteons, dark grey arrows highlight smaller symmetric osteons.



also displayed that shear elastic coefficients C55 and C66 were

less sensitive to porosity and pore network microarchitecture

among adults than observed among growing children. As

bone anisotropy is influenced by material properties and

structural properties (including osteonal morphology), this

could reflect that bone anisotropy may emerge from rela-

tively different structural and compositional variables

across life.

Indeed, during growth and ageing the changes in cortical

remodeling activity, balance and their consequences on pore

network architecture are very distinct. However, with bone

tissue age as well as individual's age, matrix properties also

vary affecting tissue stiffness. During the last decade, the

study of the so-called bone quality or we should say bone

qualities has revealed that bone matrix stiffness was also a

function of bone mineralization, bone mineral characteristics

(crystallinity, maturity, carbonation), arrangement, maturity

and cross-linking profile of bone collagen fibrils, all these

properties varying with age of both the tissue and the

individual (Bala and Seeman, 2015; Malo et al., 2013). The

fact that the age-related changes in elastic coefficients are

likely multifactorial, with changing in both cortical structure

and matrix properties are likely to be the reason why the

relationships between some pore network architecture and

elastic coefficients were opposite in the present study (e.g.,

for Po.Sp.SD). Consequently, our understanding of the bio-

mechanical impacts of changes in void volume fraction

during pathology or treatments is only a partial improvement

in the prediction of bone elasticity using bone imaging and

computational modeling of the cortex may need to further

consider pore network microarchitecture and regional het-

erogeneity (Granke et al., 2011; Hellmich et al., 2004). Studying

the relative contributions of structural and material proper-

ties in age-related changes in mechanical properties will be

the very objective of our future studies.

4.3. Strengths and limitations

A strength of the study was the use of a high-resolution

imaging modality combined with relevant image processing

in assessing bone microstructure in vitro. In addition, assess-

ments were performed in site-matched samples of a long

bone in growing children and adults. This study is the first to

offer an analysis of the 3D microarchitecture of the pore

network in growing children in a long bone. Indeed, our

knowledge of growth-related changes in cortical porosity

comes from histologic studies in iliac crest samples, an

irregular and non-load-bearing bone site that rarely fractures

(Rauch et al., 2007; Schnitzler, 2015; Schnitzler and Mesquita,

2013; Schnitzler et al., 2009). In addition, elasticity has been

evaluated based on the assessment of ultrasonic bulk wave

velocities. While this method has been largely used for

investigation of bone mechanical properties, it is non-ioniz-

ing, non-destructive and provides both axial and one of the

few with Resonant Ultrasond Spectroscopy to allow the

assessment of shear elastic properties in the three principal

directions of bone (Ashman et al., 1984; Espinoza Orias et al.,

2009; Granke et al., 2011; Bernard et al., 2013; Remilleux et al.,

2015). In addition for such small dimensions, direct mechan-

ical testing are complicated to realize and interpret.

The first limitation of our study was the sample size that

precluded the analysis of the sex- and pubertal stage-related

differences in the trends we reported with age in both

children and adults groups. Bone microarchitecture is known

to vary with age with different chronologies in male and

female during bone growth or aging (Chen et al., 2010; Khosla

et al., 2006; Wang et al., 2010). The trends described in the

current paper are coherent with the known age-related

changes in bone remodeling and its balance at the BMU level,

though. Second, our analyses were performed on VOIs of

relatively small size (cubes of 2mm-sides) and consequently

were blind to the porosity gradient along the cortical thick-

ness that appears due to the trabecularization of the cortex

with ageing. Therefore, it may remain complicated to gen-

eralize those results to what happen in different ROIs.

However, despite limited to the compact-appearing cortex,

our results are relevant in regard of bone strength because

the VOIs were the farthest from the neutral axis, i.e., where

the effect of bone porosity on strength is at maximum in a

bone submitted to bending (Burr, 2010). Third, we used a

polychromatic cone-beam micro-CT device, incidentally sub-

mitted to beam-hardening. However due to the small size of

our specimens and the use of an aluminum filter that reduces

beam hardening artefact, no correction was necessary.

Fourth, it has been observed that most of the architectural

parameters are inter-correlated (Chappard et al., 2013) and

may result in multicollinearity. Unfortunately, using non

parametric statistics it was not possible to statistically eval-

uate for potential collinearity among variables. Finally, while

pediatric samples were included in our study based on the

literature's definition of ‘reference’ for this very population

(Rauch et al., 2007), we acknowledge that they were cored

following orthopedic issues and results need to be interpreted

with cautious.

5. Conclusion

In conclusion, within the limitation of a small sample size,

we infer that during both growth and ageing, changes in pore

network microarchitecture, that reflects activity and balance

of remodeling upon canals surfaces, contributes to cortical

bone stiffness. Alterations in this microarchitecture may

impact cortical bone mechanical properties independently

of the changes in the void volume fraction. While cortical

porosity is a strong determinant of bone elasticity, further

considering how this void volume fraction is fashioned will

improve our ability to predict the changes in strength asso-

ciated with pathologies and treatments.
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