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Abstract. Marker migration experiments suggest that cyclic mechanical loading of cortical bone 

in vivo increases marker penetration into bone. Is this a result of stress induced fluid flow or of 

stress stimulation of active transport processes? Active lacunar-canalicular transport of nutrients 

was suggested by Ham in 1979 on the basis of the presence of actin filaments in osteocyte 

processes and their suspected role in cell motility. In addition, Tanaka in 1984 observed active 

transport of microperoxidase in bone and Tanaka-Kamioka et al., in 1998 observed 

experimentally that osteocyte processes are able to actively change their form. 

 

In this study we performed parametric and comparative analyses of the transport efficiencies of 

diffusion and stress generated fluid flow of (glucose) nutrients in lacunar-canalicular systems in 

cortical bone. The result obtained is that neither diffusion nor stress induced fluid flow is capable 

of sustaining osteocyte viability. It is possible that cyclic stress stimulates an active nutrient 

transport mechanism to supplement stress flows. 

 

 

1.  Introduction 

Osteocytes in cortical bone are located within lacunar-canalicular spaces. These spaces 

interconnect permitting gap junction communication between neighboring osteocytes. In 
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addition, the lacunar-canalicular volume is larger than the osteocyte so that a porous fluid filled 

region surrounds the cells and their processes.  It is important to note, however, that the volume 

of the fluid surrounding the osteocyte is smaller than (or equal to) the volume of the osteocyte 

itself. This small fluid volume can not sustain the osteocytes for indefinate periods without 

transport of essential media ingredients. There are four possible mechanisms by which 

osteocytes in cortical bone can receive nutrients and rid themselves of waste products. These 

include passive diffusion between the lacuna and the Haversian canal, arterial to venus flow from 

capillaries in the Haversian canal through the lacunar-canalicular system, stress induced flow 

caused by external and muscle forces, and active transport mechanisms as yet not defined. The 

presence of actin filaments in osteocyte processes [3] and the fact that cytoplasmic processes of 

octeocytes are connected to one another by gap junctions suggests a possible role for active 

transport processes [5]. However there is little experimental data [13] supporting the argument 

for the existence of active transport mechanisms within the lacunar- canalicular- cell processes 

system related to either nutrient or metabolic waste transport.  

 

The object of the present analysis is to estimate the efficiency of stress induced fluid flow and 

diffusion to provide glucose levels sufficient to sustain osteocyte viability. This work will be 

expanded to determine if active mechanisms are required.   

  

Fig. 1. Piekarski and Munro model of Haversian Canal- lacunae- canaliculi system. The same number of canaliculi 

connected each lacuna and the same distances between the lacunae are assumed. 
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2. Physical and mathematical model 

Because of the complex microanatomic structure of the osteon, it is reasonable to use simplifying 

assumptions, as in papers of Pollack et al. [11] and Kufahl and Saha [8]. The assumptions we use 

are: bone matrix is isotropic and elastic; pores are spherical fluid filled inclusions; dilatation of 

the pores is computed as a function of the uniaxial stress; the cement line of osteons are 

impenetrable for the diffusing particles; the lacunar-canalicular configuration is represented by 

the model system of Piekarski and Munro [10], as shown on Fig. 1.  

 

The data in Table 1 are used in all illustrative computations. 

 

Table 1. Anatomical data and physical moduli 

__________________________________________________________________________________  

  

  Anatomical data  

  

  mµ61223 ××                       - mean value of dimensions of lacunae; [1] 

   mRcnl µ1.0=                       - mean  value of canalicular radius;      [1] 

  mRproc µ05.0=                  - accepted by authors as mean value of   

                                                            osteocyte process radius; [1] 

  mL µ40=                              - mean canalicular length;  [1] 

  32=n                                           - mean number of canaliculi radiating from one          

                                                            side of the lacuna; [1] 

 M 5=                                           - accepted by the authors as the typical number                 

                                                             of lacunae in one lacunar -canalicular chain; 

 
34

0 .100.4 −−×= cmgC        -glucose blood level; 

  

  Physical moduli     

 µ 1

23.5 −= mGN                  - shear modulus of bone matrix; [12] 

 
2

1 35 −= mGNK                   - bulk modulus of bone matrix;  [12] 

 
2max 88.5 −= mMNS          - physiologic stress;  

 
1210 .107.6 −−×= smD        - diffusion coefficient for glucose in water [16].  
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2.1. Condition for existence of osteocyte homeostatic metabolic equilibrium if nutrients are 

supplied by diffusion  

      Using the Piekarski and Munro model, we can formulate the homeostatic diffusion problem 

within the lacunar-canalicular system with the equations:  
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where C  is the glucose concentration within the lacunar-canalicular system, 0C  is blood level 

glucose concentration within the Haversian canal, D  is the glucose diffusion constant, ρ̂  is the 

density of the glucose consumption sources, u  is the coordinate measured from the Haversian 

canal wall, cu  is the distance from the Haversian canal wall to the cement line, L  is the center to 

center distance between two neighboring lacunae, n  is the number of  canaliculi connecting two 

neighboring  lacunae and  σ  is the portion of the canalicular cross section open for fluid flow 

and diffusion. The anatomical model number of 5 lacunae in series is typical and corresponds to 

electron microscopic observation data. The boundary conditions in the boundary problem (1) 

represent the blood level glucose concentration within the Haversian canal and zero diffusion 

flux on the osteon cement line. 

The general solution of the boundary problem (1) would be obtained by double integration of 

diffusion Eq. (1) 1 , taking into account boundary conditions (1) 2,1 ,e.g. 
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A problem appears with the fact that we don’t know the real distribution of the source function 

corresponding to the osteocyte nutrient consumption. Accordingly, we consider the limiting  

cases, namely a uniform source distribution and a singular source distribution. In the limit of 

uniform source distribution along the whole lacunar-canalicular length 
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where R̂  is the single osteocyte glucose consumption rate. By substitution of ρ̂  from (3) in (2) 

we obtain for the glucose concentration distribution  
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       The  limit of the singular source distribution is described by a set of source singularities, 

each one positioned within a lacuna,in which case;            
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where )(uδ is the Dirac delta function. By substitution of ρ̂  from (5) in Eq. (2) we obtain for the 

glucose concentration the function defined at the lacunar sites with linear segments between the 

sites as given by;   
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The glucose concentrations on the cement line predicted by the both limit cases are the same: 

(7)                   
σnD
LR

CuC c
ˆ

15)( 0 −=        - for uniform source distribution                  

(8)                   
σnD
LR
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15)( 0 −=         - for singular source distribution                 . 

One can see that both cases lead  to the same computational result. It  follows that the precise 

accounting of the real distribution of glucose consumption  is not of importance for this 

determination. 

 To be in homeostatic metabolic equilibrium by diffusion alone, the quantity of glucose delivered 

by diffusion should be in balance with the quantity consumed. As the concentrations on the 

cement line )( cuC  should be nonnegative, we obtain from (7) the following upper limit 

restriction for the osteocyte consumption 
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L

Cn
DR

15
ˆ 0σ
≤                            ,                                                                  

which represents a necessary condition for the existence of homeostatic metabolic equilibrium 

for this source of glucose.   

Substituting in (4) the data for the parameters taken from Table 1 we obtain: 
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(10)                   116 sec.103.3ˆ −−×≤ gR             .                                                                

 

 2.2. Condition for existence of osteocyte homeostatic metabolic equilibrium if nutrients 

aresupplied by stress induced fluid flow  

The delivered portion of glucose, M∆ , for one loading-reloading cycle within a single lacuna is 

(11)                   locexchCVM ∆=∆                                         ,                                            

where exchV∆  is the lacuna dilatation during the loading-reloading cycle and  locC  is the local 

glucose concentration in the canaliculi radiating from the lacuna. As the fluid pressure resists  

the macroscopic stress, the dilatation of an empty lacuna should be an upper limit for the 

dilatation  exchV∆  of one fluid filled lacuna. Exploring the Hashin [4] theory for the dilatation of 

a single pore embedded in a matrix subjected to uniaxial loading, we obtain:  
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where S∆  is the uniaxial stress increase during the loading-reloading cycle, 0V  is the reference 

lacunar volume, µ 1  and K1  are the shear and bulk moduli of bone matrix. In addition, because 

of consumption, the blood concentration, 0C , is the upper limit for the local canalicular 

concentration locC  

(13)                   0CC loc <                                                                                                  

Consequently, M∆ , the glucose delivered to a lacuna  by dilatation caused by one cycle of 

loading is limited by:   
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For normal human locomotion the loading-reloading period is about one second and the minimal 

stress is zero. Taking into account that, for homeostasis, the amount of glucose consumed by an 

osteocyte can not be greater than the delivered amount, we obtain the following upper limit 

restriction for the osteocyte consumption rate: 
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Equation (15) should be considered as a condition for the existence of homeostatic metabolic 

equilibrium. 
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Substituting in (15) the data for the parameters in (15) taken from Table 1 we obtain: 

(16)                   117 .107.1ˆ −−×< sgR                          .                                                       

 

3.  Discussion and conclusions 

By mathematical analysis of the diffusion and stress induced fluid flow in the Munro-Piekarski 

model of the canalicular-lacunar system, we obtained limiting restrictions for osteocyte 

consumption rate representing the conditions for the existence of homeostatic metabolic 

equilibrium. Comparing the inequalities (10) and (16) we found the stress induced fluid flow is a 

more strongly restricted transport process then diffusion and consequently less effective. The last 

conclusion suggests the need for a new interpretation of experimental results where it was found 

[6] that cyclic loading increases marker penetration within lacunar-canalicular systems. There are 

some possible ways to resolve this problem. One way is that cyclic stress stimulates an active 

transport mechanism. Another way is that the Munro-Piekarski model, as also used by Kufahl 

and Saha [8] Weinbaum et. al., [17] must be altered to permit greater flow to sustain osteocytes. 

It is of importance to compare these upper limits for the rate of osteocyte glucose consumption 

with experimentally measured values. McCarthy and Yang [9] argued that because of 

morphological and functional similarity, cortical bone has a rate of consumption and cell density 

similar to articular cartilage. The value of glucose consumption in articular cartilage was 

measured by Bywater  [2] and is 11..2.0 −− hmlmg . If we relate this value to a single chondrocyte, 

assuming that the mean distance between the chondrocytes is similar to the distance between 

osteocytes, we obtain for the chondrocyte glucose consumption rate 

(17)                   115 .10~ˆ −− sgR               .                                                                          

Komarova et al., [7] measured glucose consumption rates in fetal rat calvarial cells in culture and 

found for these active primary osteoblast like cells a value for glucose consumption of 

(18)                   114 .106.1ˆ −−×= sgR  ,                                                                              

with a range from 0.1  to 114 .104.2 −−× sg . This represents an upper limit to the glucose 

consumption of osteocytes, which are less active. We conclude that the range of 1410−  to 

115 .10 −− sg  is reasonable for the glucose consumption of osteocytes. This value is one to two 

orders of magnitude greater then the upper limit for osteocyte consumption obtained by diffusion 

analysis and two to three orders greater then the upper limit obtained by stress induced fluid flow 
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analysis. The result suggests that both diffusion and stress induced fluid flow using a Munro-

Piekarski model would be ineffective as nutrient transport mechanisms. To accept or reject this 

supposition, however, it is necessary to use data directly measured for the osteocyte rate of 

glucose consumption. 
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