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ABSTRACT 1 

Despite the extensive studies on biological function of osteocytes, there are limited studies that 2 

evaluated the structural role of osteocyte lacunae on local mechanical properties of the bone matrix. 3 

As a result, the goal of this study was to elucidate the independent contribution of osteocyte 4 

lacunae structure on mechanical properties and fracture behavior of the bone matrix uncoupled 5 

from its biological effects and bone tissue composition variation. This study combined cohesive 6 

finite element modeling with experimental data from a lactation rat model to evaluate the influence 7 

of osteocyte lacunar area porosity, density, size, axis ratio, and orientation on the elastic modulus, 8 

ultimate strength, and ultimate strain of the bone matrix as well as on local crack formation and 9 

propagation. It also performed a parametric study to isolate the influence of a single osteocyte 10 

lacunae structural property on the mechanical properties of the bone matrix. The experimental 11 

measurements demonstrated statistically significant differences in lacunar size between 12 

ovariectomized rats with lactation history and virgin groups (both ovariectomized and intact) and 13 

in axis ratio between rats with lactation history and virgins. There were no differences in 14 

mechanical properties between virgin and lactation groups as determined by the finite element 15 

simulations. However, there were statistically significant linear relationships between the 16 

physiological range of osteocyte lacunar area porosity, density, size, and orientation and the elastic 17 

modulus and ultimate strength of the bone matrix in virgin and lactation rats. The parametric study 18 

also revealed similar but stronger relationships between elastic modulus and ultimate strength and 19 

lacunar density, size, and orientation. The simulations also demonstrated that the osteocyte lacunae 20 
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guided the crack propagation through local stress concentrations. In summary, this study enhanced 21 

the limited knowledge on the structural role of osteocyte lacunae on local mechanical properties 22 

of the bone matrix. These data are important in gaining a better understanding of the mechanical 23 

implications of the local modifications due to osteocytes in the bone matrix. 24 

Keywords: osteocyte lacunae, lactation, cohesive finite element modeling, bone mechanical 25 

properties, bone fracture  26 
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1. INTRODUCTION 27 

Osteocytes play an integral role in bone function as mechanosensory cells that respond to 28 

mechanical loading, participate in bone remodeling by regulating osteoblasts and osteoclasts, as 29 

well as engage in perilacunar/canalicular remodeling (PLR) (Qing et al., 2012). Osteocyte cell 30 

bodies are located in ellipsoidal spaces (~20x10x5 m) called lacunae (Gauthier et al., 2018) and 31 

osteocyte cell processes extend from the lacunae in slender long channels (0.15-0.55 m) called 32 

canaliculi (Varga et al., 2015).  33 

Although biological function of osteocytes has been studied extensively, there are limited 34 

studies that evaluated the structural role of osteocyte lacunae on local mechanical properties of the 35 

bone matrix. Studies on osteocyte lacunar morphology and distribution have revealed structural 36 

changes in the osteocyte lacunae network with age, disease, and lactation. These studies showed 37 

that osteocyte lacunae density decreased with age (Ashique et al., 2017; Busse et al., 2010; Mori 38 

et al., 1997; Vashishth et al., 2000) and had significant inter-site differences (Busse et al., 2010; 39 

Carter et al., 2013b). Osteocyte density was also observed to be lower in bone from patients with 40 

fractures vs. healthy bone (Mullender et al., 2005; Qiu et al., 2003). Diseases such as osteopenia, 41 

osteopetrosis, and osteoarthritis influenced the osteocyte lacunae shape and area (van Hove et al., 42 

2009). Bone from young donors (<50-year-old) demonstrated larger, flatter, and less spherical 43 

lacunae compared to old donors (>50-year-old) whereas the orientation of lacunae did not change 44 

(Carter et al., 2013a). In addition, osteocyte lacunae density was found to be lower in interstitial 45 

bone compared to osteonal bone (Qiu et al., 2005). Lactating mice or rats were found to have larger 46 
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mean individual lacuna area and volume (Hemmatian et al., 2018; Kaya et al., 2017; Li et al., 2021; 47 

Qing et al., 2012) and lacunar porosity (Kaya et al., 2017) than controls whereas lacunae density, 48 

orientation, and sphericity were not different (Hemmatian et al., 2018). Furthermore, mineralized 49 

lacunae density increased with age (Busse et al., 2010) and with osteoporosis (Carpentier et al., 50 

2012; Milovanovic et al., 2015). These findings indicate that the structural changes in osteocyte 51 

lacunae can potentially lead to local material property variation in the bone matrix independent of 52 

their biological effects.  53 

Direct influence of osteocyte lacunae density and size on mechanical properties of bone was 54 

evaluated in only a couple of experimental studies. Osteocyte lacunae density was found to be the 55 

first or second best explanatory variable for elastic modulus in tension and compression as well as 56 

ultimate stress, yield stress, and pre-yield energy in compression in equine bone (Skedros et al., 57 

2006). In a lactation mice model, the local elastic modulus decreased because of an increase in 58 

both the lacunar and canalicular volume fraction with no difference in bone matrix composition 59 

(Kaya et al., 2017). Theoretical calculations revealed small but statistically significant differences 60 

in apparent elastic modulus of the bone matrix due to variation in osteocyte lacunar size and density 61 

within the physiological range (Yeni et al., 2001). Finite element models also showed that existence 62 

of osteocyte lacunae lowered the apparent elastic modulus of the bone matrix (Hamed and Jasiuk, 63 

2013). These observations suggest that the osteocyte lacunae structure influence mechanical 64 

properties of the bone matrix uncoupled from the material property variations in the tissue due to 65 

compositional changes.  66 
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Influence of osteocyte lacunae structure on crack initiation and propagation has been evaluated 67 

in a few studies. Experimental and computational studies identified osteocyte lacunae as 68 

strain/stress amplifiers (Ascenzi et al., 2013; Bonivtch et al., 2007; Nicolella et al., 2006; Varga et 69 

al., 2015; Verbruggen et al., 2012). One of the FE models showed that presence of lacunae 70 

increased local stress concentrations initiating failure of the tissue (Giner et al., 2014). Another FE 71 

model found that osteocyte lacuna size and orientation influenced the strains experienced by a 72 

lacuna (Kola et al., 2020). Diffuse damage locations under tensile loading were found to be 73 

associated with osteocyte lacunae (Reilly, 2000). Crack blunting by osteocyte lacunae was 74 

observed in ovine trabecular bone (Mullins et al., 2009). Osteocyte lacunae were shown to 75 

influence the orientation and direction of propagating cracks, however, microcracks initiated 76 

mainly at canals but not at osteocyte lacunae (Voide et al., 2009). These observations indicate that 77 

osteocyte lacunae network may have an influence on the local crack propagation behavior in the 78 

bone matrix. 79 

In summary, the existing literature provides evidence of the structural modifications in 80 

osteocyte lacunae network and their influence on mechanical properties of bone. However, there 81 

is no systematic study that quantitatively delineate the contributions of osteocyte lacunae 82 

morphology, organization, and distribution to mechanical properties and fracture behavior of bone. 83 

This is partially due to the lack of experimental data that cover a wide spectrum of osteocyte 84 

lacunae morphology, distribution, and density. As a result, the objective of this study was to 85 

elucidate the independent contribution of osteocyte lacunae structure on mechanical properties and 86 
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fracture behavior of bone uncoupled from its biological effects and bone tissue composition 87 

variation. Specifically, this study combined finite element (FE) modeling with experimental data 88 

from a lactation rat model to evaluate the influence of osteocyte lacunar area porosity, density, size, 89 

axis ratio, and orientation on the elastic modulus, ultimate strength, ultimate strain of the bone 90 

matrix and on local crack formation and propagation. In addition, it presented a parametric study 91 

to isolate the influence of a single osteocyte lacunae structural property on the mechanical 92 

properties of the bone matrix. 93 

2. METHODS 94 

2.1. Experimental assessment of lacunae morphology and distribution 95 

Sixteen female Sprague Dawley rats were assigned to one of the two groups at the age of 3 96 

months: Virgin and Lactation (n=8/group). Lactation rats underwent three repeated cycles of 3-97 

week pregnancy, 3-week lactation, and 6-week post-weaning recovery. At the age of 12 months, 98 

both Virgin and Lactation rats were divided into non-OVX and OVX groups, and all rats in the 99 

OVX group underwent bilateral ovariectomy (OVX) surgery to simulate estrogen deficiency post-100 

menopause. All groups of rats were euthanized at age 14-15 months (12 weeks post-OVX). Taken 101 

together, 4 groups of rats (n=4/group) were used in this study which were virgin non-102 

ovariectomized (VnO), virgin ovariectomized (VO), lactation non-ovariectomized (LnO), and 103 

lactation ovariectomized (LO). 104 

For all rats, right proximal tibiae were harvested immediately after euthanasia and processed 105 

for methyl methacrylate (MMA) embedding. A 3 mm thick sagittal bone segment of MMA-106 
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embedded tibial diaphysis was cut by low-speed diamond saw, and the surface of the segment was 107 

manually polished in a wet condition with decreasing grain size until 0.06 µm of final polish and 108 

coated with carbon. Scanning electron microscope in backscatter mode (bSEM, Zeiss Supra 50VP) 109 

was applied to assess the structure of lacunae and canaliculi following a modification of the method 110 

described in previous studies (Kaya et al., 2017; Nango et al., 2016; Qing et al., 2012). Briefly, 111 

images of 1.5 mm-long segment of both medial and lateral tibial diaphysis located 2 mm below 112 

the proximal growth plate were acquired by bSEM at 15 kV accelerating voltage to measure the 113 

structure of lacunae (12 mm working distance, magnification of 300X with a resolution of 0.278 114 

µm per pixel), and a customized MATLAB program was applied to threshold the bSEM images. 115 

~500 lacunae were imaged for each sample to derive lacunar structural properties, including 116 

lacunar area porosity, density, size, axis ratio, and orientation. Lacunar area porosity was defined 117 

as the ratio of the total lacunar area (Tt.Lc.Ar) to the overall bone specimen area (B.Ar). Lacunar 118 

density was calculated as the total number of lacunae (Lc.N) divided by the overall bone specimen 119 

area (B.Ar). Lacunae size (Lc.S) represented the average area of an individual lacuna in each 120 

specimen. Axis ratio was defined as the ratio of the lacunar major axis to the minor axis. The 121 

orientation was calculated as the absolute value of the mean angle between major axes of lacunae 122 

and the horizontal (medial-lateral) axis in each specimen (which is perpendicular to the loading 123 

direction in the FE models described in Section 2.2).  124 

2.2. Generation of FE models of bone specimens based on experimental measurements 125 

Two-dimensional (2D) FE models of all specimens described in Section 2.1 were generated 126 
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with dimensions ranging between 0.12-0.20 mm2 representing the experimentally measured bone 127 

area. The models incorporated all experimentally identified lacunae as ellipses (Fig. 1a) based on 128 

the measured major and minor axis length, orientation, and centroidal coordinates. These data were 129 

imported into the finite element software, ABAQUS (version 6.18, Simulia, Providence, RI) using 130 

an in-house developed Python script that interfaces with a MATLAB (version R2019a, MathWorks, 131 

Natick, MA) code.  132 

The models were meshed with linear triangular elements (Fig. 1b). The generated input files 133 

associated with all models were then processed with a previously developed MATLAB script 134 

(Mischinski and Ural, 2013) to insert zero-thickness cohesive interface elements (Fig. 1c, Fig. 2b) 135 

between the common edges of adjacent solid elements (Fig. 1b,c). This ensured that the cracks 136 

could initiate and propagate along the element boundaries without any prior assumption of crack 137 

initiation location or propagation trajectory. The models were fixed at the bottom edge and an 138 

incremental displacement loading (~ 2% overall strain) was applied at the top edge (Fig. 1b).  139 

The solid plane strain elements in the models were assigned isotropic linear elastic properties 140 

including a Young’s modulus of 20 GPa and a Poisson’s ratio of 0.3 (Koester et al., 2008; Yeni et 141 

al., 2001). As in previous studies on bone (Demirtas et al., 2016; Ural and Vashishth, 2006), the 142 

cohesive model was defined by a bilinear traction-crack opening displacement relationship (Fig. 143 

2a). The damage initiation is defined by the following interaction function (Camanho et al., 2003): 144 

 (
𝑡𝑛

𝜎𝑛𝑐
)
2
+ (

𝑡𝑠

𝜎𝑠𝑐
)
2
= 1, (1) 

where tn and ts are the current state of the normal and shear stresses and σnc and σsc are the critical 145 
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normal and shear stresses. Damage evolution was defined by, Gc, the effective energy release rate, 146 

that represents the coupled normal and shear fracture energy. The cohesive model parameters 147 

(Table 1) were chosen based on the experimental data in the literature (Koester et al., 2008; Reilly 148 

and Burstein, 1975). The initial ascending slope of the cohesive model defined by δc is a penalty 149 

stiffness (Camanho et al., 2003). A compliance verification for the models was performed to select 150 

the initial ascending slope of the cohesive model. An initial slope of 109 N/mm3 provided an elastic 151 

response that was within 2% of an equivalent solid model without any cohesive elements and still 152 

maintained numerical convergence.  153 

In addition, mesh sensitivity studies were carried out to confirm that the results were not mesh 154 

dependent. The results demonstrated convergence between the two smallest mesh sizes (0.005 and 155 

0.0025 mm global element edge size) investigated, including the elastic modulus (< 0.2% 156 

difference), ultimate strength (< 4% difference) and closely matching crack paths. As a result, mesh 157 

size of 0.0025 was chosen. The number of solid elements in the models ranged from 75,017 to 158 

93,649, and the number of cohesive elements ranged from 112,015 to 139,856 as a result of varying 159 

model sizes. 160 

 In order to further investigate the interactions between lacunae and crack propagation, as well 161 

as the influence of mineralized lacunae, four modified models were generated by filling up a subset 162 

of the original lacunae with solid material in one of the models from group VnO. To test the 163 

influence of distribution of mineralized lacunae on the crack path, the mineralized lacunae were 164 

placed either in a clustered (Fig. 11b) or scattered (Fig. 11c) form in the models. A higher elastic 165 
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modulus, 23 GPa, than the surrounding bone was assigned to mineralized lacunae to represent the 166 

higher mineral content in these regions (Busse et al., 2009; Rho et al., 2002) with the assumption 167 

that mineralized lacunae were fully calcified and filled with the mineral phase. 168 

2.3. Generation of FE Models for Parametric study 169 

In the experimentally evaluated rat bone specimens, variation in all osteocyte lacunae structural 170 

parameters occur simultaneously which may confound the direct influence of a single structural 171 

parameter on bone matrix mechanical properties. As a result, a parametric study was performed to 172 

further elucidate the relationship between individual lacunar structural parameters and bone matrix 173 

mechanical properties.  174 

Four groups of models were generated for the parametric study. In each group, one of the four 175 

structural parameters (lacunae density, lacunae size, lacunae orientation, and lacunae axis ratio) 176 

was varied while the remaining three parameters were held constant. Since lacunar area porosity 177 

is dependent on the lacunae density and size, it was not included in the independent variables that 178 

were varied. Seven different cases were investigated for each parameter including: (i) mean value 179 

of all the individual bone samples from all rat groups (ii-iii) one standard deviation up and down 180 

the mean value, (iv-v) two standard deviations up and down the mean value, (vi-vii) minimum and 181 

maximum values that were observed in the bone samples. The other three parameters that were 182 

held constant were assigned their pooled mean values from all rat groups. Detailed list of the 183 

parametric simulations and the values used for each parameter can be found in Table S1.  184 

To perform the parametric study, another MATLAB script was developed to generate FE 185 
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models of osteocyte lacunae with the selected structural parameter values that were randomly 186 

placed in the bone area. Following the generation of the osteocyte lacunae network, the same 187 

material properties, boundary conditions, and analysis procedures were applied as in the models 188 

based on experimental measurements described in Section 2.2.  189 

2.4. Data extraction and processing 190 

A total of 132 simulations using models based on experimental measurements (32 simulations 191 

per group plus 4 simulations on mineralized lacunar models) were run to evaluate how the local 192 

mechanical properties of bone were influenced by the lacunae structure and distribution. An 193 

additional 28 simulations were run for the parametric study where one of the structural parameters 194 

was varied while other parameters were held constant. The load-displacement data were extracted 195 

to plot the stress-strain curve for each model representing the average stress on the loading surface 196 

(total load/top edge length with unit thickness), and the average strain (total displacement/original 197 

height of the model). The elastic modulus and ultimate strengths were extracted from the stress-198 

strain curve. The damage energy was calculated as the total energy dissipated for damage and crack 199 

formation at the cohesive interface elements at a strain of 1.5% where the stress is greatly reduced 200 

compared to the maximum stress and the variation of stress is lower than 2%. The variation of 201 

elastic modulus, ultimate strength, ultimate strain and damage energy with the lacunar area 202 

porosity, density, size, axis ratio, and orientation were evaluated using linear regression. 203 

Mechanical and structural property comparison between rat groups was performed via one-way 204 

analysis of variance (ANOVA) test, post-hoc Tukey, using IBM SPSS Statistics (version 25, IBM 205 
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Corp.). In addition, crack paths were extracted from the models to assess the interaction of crack 206 

propagation with lacunae. 207 

3. RESULTS  208 

3.1. Groupwise comparison of structural parameters of lacunae  209 

Groupwise structural parameters of lacunae are shown in Figure 3, where each data point 210 

represents the average value of eight samples from the same animal. The mean values of structural 211 

properties for each group are listed in Table 2. Groupwise comparison of the structural parameters 212 

including lacunar area porosity, density, axis ratio, size, and orientation using one-way ANOVA 213 

showed that statistically significant differences only existed in lacunar size between LO and virgin 214 

groups (LO vs. VnO, p = 0.035; LO vs. VO, p = 0.021) (Fig. 3c) as well as in axis ratio between 215 

lactation groups and virgin groups (p < 0.01) (Fig. 3e). Other structural parameters did not show 216 

significant differences among groups.  217 

3.2. Groupwise comparison of mechanical properties of bone incorporating lacunae 218 

Stress-strain curves of four representative models (one from each group) are shown in Figure 219 

4. All mechanical properties are determined based on the stress-strain curves obtained from the 220 

simulations. 221 

Groupwise mechanical property data are shown in Figure 5, where each data point represents 222 

the average value of eight models associated with the specimens from the same animal. The mean 223 

values of mechanical properties for each group are listed in Table 3. No statistically significant 224 

differences were observed in the mechanical properties among the groups based on one-way 225 
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ANOVA.  226 

3.3. Variation of mechanical properties with structural parameters of lacunae in rat 227 

bone specimens 228 

To understand the relationship between elastic properties of bone and the structural parameters 229 

of lacunae, the variation of elastic moduli of all the models with respect to each of the four 230 

structural parameters were plotted (Fig. 6). Elastic modulus decreased linearly with lacunar area 231 

porosity, density, and size (Fig. 6a, b, c), with a stronger relationship with lacunar area porosity 232 

(Fig. 6a, Table 4). Elastic modulus showed a weak positive linear variation with orientation (Fig. 233 

6d, Table 4). As the orientation angle increased, where the major axes of most lacunae were 234 

oriented in the same direction as the loading, the models exhibited slightly higher elastic modulus. 235 

No statistically significant relationship between elastic modulus and axis ratio was observed (Fig. 236 

6e).  237 

Ultimate strength also decreased linearly with both lacunar area porosity, density and size (Fig. 238 

7a, b, c), with a stronger relationship with lacunar area porosity (Fig. 7a, Table 4). Ultimate strength 239 

showed a positive linear variation with orientation (Fig. 7d, Table 4). As the orientation angle 240 

increased, where most lacunae were oriented in the same direction as the loading, the models 241 

exhibited higher ultimate strength. Compared with elastic modulus, ultimate strength showed 242 

stronger correlations with the structural parameters of lacunae (Table 4). Similar to elastic modulus, 243 

no statistically significant relationship between ultimate strength and axis ratio was observed (Fig. 244 

7e).  245 
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Ultimate strain showed very weak but statistically significant linear dependence on lacunae 246 

area porosity, density, and orientation (Fig. S2). Damage energy did not demonstrate statistically 247 

significant correlations with any of the structural parameters of lacunae (Fig. S3). 248 

3.4. Variation of mechanical properties with structural parameters in parametric models 249 

The parametric study showed similar relationships as found in the models based on 250 

experimental measurements (Section 3.3) with stronger trends. Elastic modulus was found to 251 

linearly decrease with increasing lacunar density and size (Fig. 8a, b) and linearly increase with 252 

increasing lacunae orientation angle that aligned the major axis of the lacunae with the loading 253 

direction (R2 > 0.98, p < 0.001) (Fig. 8c). Elastic modulus also decreased with increasing axis ratio 254 

(R2=0.89, p = 0.002) (Fig. 8d) which was not observed in the models based on rat bone specimens. 255 

Ultimate strength decreased with lacunar density (R2 = 0.74, p = 0.013), size (R2 = 0.92, p < 0.001) 256 

and increased with increasing lacunae orientation angle that aligned the major axis of the lacunae 257 

with the loading direction (R2 = 0.87, p = 0.002) (Fig. 9a, b and c) with no statistically significant 258 

dependence on axis ratio (Fig. 9d). 259 

Additionally, different from the models based on experimental measurements, parametric 260 

models showed strong linear relationships between ultimate strain and lacunar size (R2 = 0.79, p = 261 

0.007) and lacunae orientation angle (R2 = 0.73, p = 0.015) (Fig. S3). Damage energy still did not 262 

show any statistically significant correlations to the lacunar parameters (Fig. S4).  263 

3.5. Interaction of crack initiation and propagation with osteocyte lacunae 264 

Crack initiation occurred at local stress concentrations around the lacunae (Fig. 10) which were 265 
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larger along the axis perpendicular to the loading axis. As the load increased, minor cracks close 266 

to the surface of the lacunae formed (Fig. 11a, Stage 2). Further increase in the loading resulted in 267 

the merging of these minor cracks which transitioned into a major crack. The major crack 268 

continued to propagate while stress concentrations at other parts of the model were released (Fig. 269 

11a, Stages 3-5). During this process, uncracked ligament bridges formed between adjacent 270 

lacunae that were in the path of the major crack (Fig. 12). 271 

 The interaction of the crack path with lacunae was further investigated by comparing the 272 

process of crack formation in one of the original models to that in modified models with 273 

mineralized lacunae (Fig. 11b, c). The results of these simulations revealed that if mineralized 274 

lacunae occurred in the vicinity of the original crack path (Fig. 11a), the major crack would then 275 

find another path to get through the mineralized region while maintaining the rest of the path 276 

unchanged (Fig. 11b). If the mineralized lacunae occurred further away from the original crack 277 

path (Fig. 11c) then the major crack remained almost the same as that in the original model.  278 

4. DISCUSSION 279 

This study presented a new computational model integrated with experimental measurements 280 

that has the capability to quantify the independent contribution of osteocyte lacunae structure on 281 

mechanical properties and fracture behavior of the bone matrix. The use of finite element modeling 282 

enabled decoupling the role of osteocyte lacunae structure on mechanical properties of the bone 283 

matrix uncoupled from its biological effects and the bone tissue composition variation. The results 284 

of this study not only improved the understanding of how modifications in osteocyte lacunae 285 
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structure during lactation influences local mechanical properties of the bone matrix but also 286 

provided a widely applicable modeling approach to assess the changes in mechanical properties of 287 

the bone matrix due to variation in osteocyte lacunae structure caused by other changes such as 288 

aging or disease. 289 

The experimental measurements revealed significantly greater lacunar size in ovariectomized 290 

rats with lactation history than both ovariectomized and intact virgin rats. Moreover, for both 291 

ovariectomized and intact rats, lactation history resulted in elongated lacunae as compared to 292 

virgins. Previous studies has reported that osteocytic PLR led to greater lacunar size in lactating 293 

animals vs. virgins (Kaya et al., 2017; Li et al., 2021; Qing et al., 2012). However, osteocytes begin 294 

to deposit minerals on the perilacunar/canalicular surfaces after weaning, resulting in comparable 295 

size of lacunae between post-weaning vs. virgin animals (Kaya et al., 2017; Li et al., 2021; Qing 296 

et al., 2012). Our results indicated that multiple cycles of reproduction and lactation may lead to 297 

significant alterations in lacunar morphology, as indicated by increased aspect ratio of lacunae. 298 

Moreover, another investigation from our research group demonstrated that estrogen deficiency 299 

would trigger osteocyte PLR in rats with histories of multiple cycles of reproduction and lactation, 300 

resulting in enlarged lacunae (Li et al., 2018).  301 

The mechanical properties including elastic modulus, ultimate strength, ultimate strain, and 302 

dissipated damage energy were very close among the rat groups and were not statistically different. 303 

This may be due to the limited difference in lacunar structural parameters between lactation and 304 

virgin groups. Axis ratio, one of the statistically different parameters among the groups did not 305 
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show any relation to the mechanical properties. Lacunae size was statistically different between 306 

LO group and virgin groups. The mechanical properties demonstrated the strongest relationship 307 

with lacunae area porosity, therefore, axis ratio and lacunae size may not have a strong enough 308 

influence to result in statistically significant differences in the mechanical properties among groups. 309 

These results may indicate that in the absence of compositional modifications in the bone matrix 310 

the structural changes in osteocyte lacunae alone due to lactation may not reduce the local 311 

mechanical properties compared to virgin rats. Although, there were no differences in mechanical 312 

properties of the bone matrix among groups due to changes in osteocyte lacunae structure, the 313 

statistically different differences in lacunar axis ratio and size between lactation and virgin groups 314 

can potentially impact the stress/strain microenvironment of the osteocytes. This may directly 315 

influence mechanosensory responses of the cells and their impact on mechanical integrity of the 316 

bone matrix during lactation. 317 

The results showed a statistically significant linear relationship between the physiological 318 

range of osteocyte lacunar area porosity, density, size, and orientation and the elastic modulus and 319 

ultimate strength of the bone matrix in virgin and lactation rats. An increase in the lacunar area 320 

porosity, density, and size reduced the elastic modulus and the ultimate strength of the bone matrix 321 

with the strongest impact coming from lacunar area porosity. These results are in line with the 322 

reduced elastic modulus with increasing lacunar area porosity and size measured experimentally 323 

(Kaya et al., 2017) and estimated theoretically (Yeni et al., 2001). The results also showed that as 324 

more lacunae had their major axes oriented away from the loading direction, the mechanical 325 
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properties of the bone matrix, particularly ultimate strength, were reduced. This was due to the 326 

increase in stress concentrations that were formed around the lacunae as the major axis of the 327 

lacunae deviated away from the loading direction enhancing crack formation and propagation (Fig. 328 

10b, c). The variations in elastic modulus and ultimate strength with respect to the osteocyte 329 

structural parameters although statistically significant, were in a narrow range (within 2% for 330 

elastic modulus and within 8% for ultimate strength based on the linear fit equations over the 331 

physiological range of all structural parameters). This indicates that in normal and lactation rat 332 

bone the mechanical property variation within the physiological range of osteocyte lacunae 333 

structure may be limited but detectable. Furthermore, these results show that it may be possible to 334 

detect differences in mechanical properties of the bone matrix as a result of observed variation in 335 

osteocyte lacunae structure due to aging, disease, or fracture (Ashique et al., 2017; Busse et al., 336 

2010; Carter et al., 2013a; Mori et al., 1997; Mullender et al., 2005; Qiu et al., 2003; van Hove et 337 

al., 2009; Vashishth et al., 2000). In this study, there was no relationship between the energy 338 

dissipated during damage and crack formation, a measure of fracture resistance, and the osteocyte 339 

lacunae structural parameters. This indicates that although the local elastic modulus and ultimate 340 

strength were affected from the osteocyte lacunae structural changes in the physiological range, 341 

the modifications did not influence the fracture resistance of the bone matrix.  342 

In addition to assessing the relationship between osteocyte lacunae structural parameters and 343 

bone matrix mechanical properties in rat bone specimens, a parametric study was performed to 344 

isolate the influence of a single osteocyte lacunae structural parameter on bone matrix mechanical 345 
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properties. These groups of simulations demonstrated similar but stronger relationships between 346 

elastic modulus and ultimate strength and lacunar density, size, and orientation. Additional 347 

relationships between elastic modulus and axis ratio as well as between ultimate strain and lacunar 348 

size were also determined. The stronger and additional relationships observed in the parametric 349 

study compared to that observed in the FE models based on rat bone specimens is due to the 350 

confounding effects that come from the simultaneous variation of each structural parameter in rat 351 

bone specimens. When the structural parameters vary concurrently, they may affect the mechanical 352 

properties in opposing directions resulting in a cumulative effect that may not reveal the direct 353 

influence of a single structural parameter on the mechanical properties. As a result, the parametric 354 

study performed in this study provided important insights about the direct relationship between 355 

mechanical properties and each osteocyte lacunae structural property. 356 

This study also evaluated the interaction of osteocyte lacunae and crack formation and 357 

propagation. The simulation results showed that osteocyte lacunae act as stress concentrators as 358 

shown in previous studies (Ascenzi et al., 2013; Bonivtch et al., 2007; Nicolella et al., 2006; Varga 359 

et al., 2015; Verbruggen et al., 2012). This leads to crack formation near their boundaries in line 360 

with experimental observations that reported an association between diffuse damage formation 361 

and osteocyte lacunae under tensile loading (Reilly, 2000). The models in the current study only 362 

incorporated osteocyte lacunae and did not include the influence of larger length scale features 363 

such as osteons on crack formation. A previous experimental study reported that microcracks 364 

initiated mainly at canals and while propagating went through osteocyte lacunae which influenced 365 
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the crack orientation and direction (Voide et al., 2009). In the simulations, osteocyte lacunae 366 

demonstrated a guiding effect on the cracks i.e. attracted a nearby crack due to stress concentrations 367 

near lacunar boundaries. This behavior was most apparent in the simulations with the mineralized 368 

lacunae models. In these models, the filled mineralized lacunae no longer attracted the crack. As a 369 

result, the crack path was altered locally passing through other normal lacunae while the rest of 370 

the original crack path further away from the mineralized lacunae remained unchanged. This 371 

outcome suggests that osteocyte lacunae can guide the crack propagation through local stress 372 

concentrations which agrees with experimental observations (Voide et al., 2009). In the simulations, 373 

osteocyte lacunae also resulted in the formation of uncracked ligament bridges between closely 374 

located lacunae which may contribute to fracture toughening during crack propagation.  375 

This study presented the first use of cohesive finite element modeling in representing the 376 

mechanical influence of osteocyte lacunar structure and assessing the interaction of osteocyte 377 

lacunae with crack formation and propagation. The use of finite element modeling made it possible 378 

to decouple the structural role of osteocyte lacunae from its biological effects and assess the 379 

contribution of the structural variation in osteocyte lacunae on the mechanical properties of the 380 

bone matrix independent of bone composition. Despite these important strengths, the current study 381 

has several limitations. One of the limitations is that it did not incorporate any material property 382 

variation in the bone matrix and only evaluated the influence of osteocyte lacunae structure on the 383 

mechanical properties of the bone matrix. Previous studies did not observe bone compositional 384 

differences between lactation and virgin mice suggesting that the structural changes in the 385 
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osteocyte lacunae caused the measured reduction in local elastic modulus (Kaya et al., 2017). This 386 

supports our approach in this study. In the potential presence of modification in local bone 387 

composition with lactation, the local bone matrix mechanical properties would be determined by 388 

the cumulative influence of osteocyte lacunae structure and bone composition. Bone compositional 389 

information can easily be incorporated in the current model if a corresponding local map of 390 

mechanical properties is available. Another limitation is that the models did not incorporate any 391 

preexisting microcracks. Several studies in the literature showed an increase in microdamage with 392 

a reduction in osteocyte density in human bone (Qiu et al., 2005; Vashishth et al., 2000). This 393 

indicates that although a reduction in the osteocyte lacunar density may increase the local elastic 394 

modulus and ultimate strength, it may over time impair remodeling and microcrack 395 

detection/repair resulting in reduced fracture resistance. The models only incorporated osteocyte 396 

lacunae but not canaliculi emanating from the lacunae. The main reason for this is that in 2D 397 

models a network of canaliculi would lead to an underrepresentation of the real 3D bone matrix 398 

distribution which can result in unrealistically low apparent mechanical properties for the bone 399 

matrix. The potential changes in the canaliculi size and area due to lactation can be incorporated 400 

in future extensions of this modeling approach to 3D. 401 

In summary, this study systematically quantified how mechanical properties and fracture 402 

behavior of the bone matrix vary due to changes in osteocyte lacunae morphology and distribution 403 

using a lactation rat model. It also presented a parametric study that isolated the influence of a 404 

single osteocyte lacunae structural property on bone matrix mechanical properties. The results 405 
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enhanced the limited knowledge on the structural role of osteocyte lacunae on local mechanical 406 

properties of the bone matrix. The outcomes elucidated the independent contribution of osteocyte 407 

lacunae structure on mechanical properties and fracture behavior of the bone matrix uncoupled 408 

from its biological effects and bone tissue composition variation. In addition, they provided 409 

insights into the local changes in the osteocyte lacunae structure and mechanical properties of the 410 

bone matrix due to lactation history. The FE model that is developed in this study can further be 411 

extended to assess the influence of variation in osteocyte lacunae structure on the mechanical 412 

properties of the bone matrix due to other causes such as aging, disease, or fracture status in human 413 

bone. These data are important in gaining a better understanding of the mechanical implications 414 

of the local modifications due to osteocytes in the bone matrix. 415 
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TABLES 

Table 1. Cohesive model parameters including critical normal and shear stress  as well as 

effective fracture energy based on experimental data reported in the literature (Koester et al., 2008; 

Reilly and Burstein, 1975). 

Cohesive Properties 

σnc 53 MPa 

σsc 68 MPa 

Gc 0.05 N/mm 

 

Table 2: Average values and standard deviations of structural parameters of osteocyte 

lacunae for each rat group. 

 Tt.Lc.Ar/B.Ar 

(%) 

 Lc.N/B.Ar 

(#/mm2) 

Lc.S 

(mm2) 

Orientation 

(degree) 

Axis 

Ratio 

VnO 0.87±0.19 315.6±35.6 26.9±2.8 64.4±5.2 2.36±0.07 

VO 0.85±0.14 307.1±22.9 26.6±2.6 63.8±6.1 2.44±0.07 

LnO 0.78±0.14 261.5±38.8 28.8±2.7 63.2±13.2 3.05±0.17 

LO 0.90±0.20 293.8±25.6 29.6±3.5 63.2±6.9 3.12±0.23 

 

Table 3: Average values and standard deviations of mechanical properties derived from FE 

models for each rat group. 

 Ultimate 

Strain (%) 

Ultimate 

Strength (MPa) 

Elastic 

Modulus (MPa) 

Damage 

Energy (mJ) 

VnO 0.286±0.005 56.5±1.1 22,378±246 0.039±0.008 

VO 0.285±0.006 56.3±1.2 22,506±231 0.041±0.010 

LnO 0.285±0.005 56.3±1.3 22,460±216 0.044±0.007 

LO 0.285±0.006 55.6±1.2 22,329±219 0.038±0.008 
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Table 4: Linear regression equations between mechanical properties derived from FE models 

and structural parameters of osteocyte lacunae (Units are as in Figs. 6 and 7). 

Mechanical 

Property 

Structural 

Parameter 

Linear Correlation 

Slope Intercept R2 p value 

Elastic 

Modulus 

Tt.Lc.Ar/B.Ar −53.36 × 103 22.87 × 103 0.36 <0.001 

Lc.N/B.Ar −1.13 22.75 × 103 0.17 <0.001 

Lc.S -18.29 22.94× 103 0.14 <0.001 

Orientation 6.44 22.00 × 103 0.06 0.005 

Ultimate 

Strength 

Tt.Lc.Ar/B.Ar −498.11 60.43 0.41 <0.001 

Lc.N/B.Ar −11.67 × 10−3 59.66 0.23 <0.001 

Lc.S -0.15 60.57 0.13 <0.001 

Orientation 119.71 × 10−3 48.51 0.29 <0.001 
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FIGURES 

 

Figure 1: A sample FE model of osteocyte lacunae network from VnO group based on 

experimental measurements. (b) FE mesh of model in (a) showing the loading and boundary 

conditions. (c) Close-up view of FE model highlighting the inserted cohesive elements (marked as 

red lines) lying in between the coincident elemental edges. 

  



 

31 

 

Figure 2: (a) Traction-displacement relationship defining the cohesive zone model. (b) 2D 

triangular solid elements and the compatible 2D cohesive element with four nodes showing the 

initial zero-thickness configuration. 
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Figure 3: Groupwise comparison of experimentally measured structural parameters of osteocyte 

lacunae: (a) area porosity, (b) density, (c) size, (d) orientation, and (e) axis ratio. Error bars 

represent 1.5 times the standard deviation. Blue lines mark the mean values. Note that stars indicate 

statistically significant differences between the corresponding groups (*p < 0.05, ***p < 0.01). 
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Figure 4: Stress-strain curves of four representative models from each group. 
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Figure 5: Groupwise comparison of mechanical properties derived from FE models. (a) Elastic 

modulus. (b) Ultimate strength. (c) Ultimate strain. (d) Dissipated damage energy. Error bars 

represent 1.5 times the standard deviation. Blue lines mark the mean values. 

  



 

35 

 

Figure 6: Variation of elastic modulus with respect to osteocyte lacunae (a) area porosity, (b) 

density, (c) size, (d) orientation, and (e) axis ratio and the corresponding linear regression fits. 
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Figure 7: Variation of ultimate strength with respect to osteocyte lacunae (a) area porosity, (b) 

density, (c) size, (d) orientation, and (e) axis ratio and the corresponding linear regression fits.  

  



 

37 

 

Figure 8: Variation of average elastic modulus and their corresponding linear regression fits in 

models where only osteocyte lacunae (a) density, (b) size, (c) orientation, and (d) axis ratio was 

varied. 
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Figure 9: Variation of ultimate strength and their corresponding linear regression fits in models 

where only osteocyte lacunae (a) density, (b) size, (c) lacunar orientation, and (d) axis ratio was 

varied. 
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Figure 10: (a) Plot of maximum principal stress contour (in MPa) before crack initiation showing 

the stress concentrations near lacunar boundaries in group LnO. (b) Close-up view of stress 

concentrations near horizontally oriented lacunae. (c) Close-up view of stress concentrations near 

horizontally and vertically oriented lacunae.  
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Figure 11: Representative crack propagation in the model (a) without mineralized lacuna, (b) with 

clustered mineralized lacunae, and (c) with scattered mineralized lacunae. Note that dark blue 

ellipses represent the mineralized lacunae whereas white ellipses represent the normal lacunae. 

Red color defines the stage at which a full crack forms. Further opening of the cracks beyond the 

point of full crack formation is represented by white color. 
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Figure 12: Snapshot of a propagating crack with multiple uncracked ligament bridging sites 

between adjacent osteocyte lacunae (marked by blue circle). 

 

 

 


