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Abstract

There are two main types of fluid in bone tissue, blood and interstitial fluid. The chemical
composition of these fluids varies with time and location in bone. Blood arrives through the
arterial system containing oxygen and other nutrients and the blood components depart via the
venous system containing less oxygen and reduced nutrition. Within the bone, as within other
tissues, substances pass from the blood through the arterial walls into the interstitial fluid. The
movement of the interstitial fluid carries these substances to the cells within the bone and, at the
same time, carries off the waste materials from the cells. Bone tissue would not live without these
fluid movements. The development of a model for poroelastic materials with hierarchical pore
space architecture for the description of blood flow and interstitial fluid flow in living bone tissue
is reviewed. The model is applied to the problem of determining the exchange of pore fluid
between the vascular porosity and the lacunar-canalicular porosity in bone tissue due to cyclic
mechanical loading and blood pressure. These results are basic to the understanding of interstitial
flow in bone tissue that, in turn, is basic to understanding of nutrient transport from the
vasculature to the bone cells buried in the bone tissue and to the process of mechanotransduction
by these cells.
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1. Introduction

Blood and interstitial fluid have many functions in bone. They transport nutrients to, and
carry waste from, the bone cells (osteocytes) buried in the bony matrix. They are involved in
the transport of minerals to the bone tissue for storage and the retrieval of those minerals
when the body needs them. Interstitial flow is considered to have a role in bone's
mechanosensory system. Bone deformation causes the interstitial flow over the cell
processes of the osteocyte creating a drag on the fibers that connect the cell; the drag force
created by the flowing interstitial fluid is sensed by the cell (Cowin et al., 1991, Weinbaum
etal., 1994, Cowin et al., 1995, Sharma et al., 2007, Fritton and Weinbaum, 2009). A full
physiological understanding of this mechanosensory system will provide insight into a
number of important clinical problems, including the physiological mechanisms underlying
osteoporosis, bone loss, osteonecrosis and the relationship between cardiovascular and
musculoskeletal diseases.

Since one purpose of this work is to describe how these fluid systems work, consideration is
limited to cortical bone in the mid-diaphysis of a long bone. Although most of what is
described is also applicable to bone tissue at other anatomical sites, the discussion is more
concise and direct if this limitation is stipulated.

The majority of the motive force for the blood flow is from the heart, but the contraction of
muscles attached to bone and the mechanical loading of bone also contribute to this motive
force. The majority of the motive force for the interstitial fluid flow is due to the mechanical
loading of bone, but the contraction of muscles attached to bone and the heart also supply
some of its motive force. The influence of the mechanical loading of a whole bone on the
fluid systems’ maintenance of the bone tissue is critical. The fluid flow resulting from the
mechanical loading is modeled by the theory of poroelasticity. This theory models the
interaction of deformation and fluid flow in a fluid-saturated porous medium. The theory
was proposed by Biot (1935, 1941) as a theoretical extension of soil consolidation models
developed to calculate the settlement of structures placed on fluid-saturated porous soils.
The theory has been widely applied to geotechnical problems beyond soil consolidation,
most notably problems in rock mechanics. Certain porous rocks, marbles and granites have
material properties that are similar to those of bone (Cowin, 1999). Some of the recent
developments of this topic are reviewed here.

In this presentation the vascular system in bone is described first, then the interstitial fluid
movement in bone as well as the factors that drive these flows and cause changes in the flow
patterns associated with diseases, surgery and whole body movement. Thus the sections that
follow immediately describe the arterial system, the microvascular network of marrow, the
microvascular network of cortical bone and the venous drainage of bone. The connections
between the vascular system and the interstitial fluid system are then described in a section
on bone lymphatics and blood vessel trans-vessel-wall transport. Attention then turns to the
spaces in bone tissue occupied by these two fluid systems, the vascular porosity (VP) and
the lacunar-canalicular porosity (LCP) and the interfaces between the systems. The
remainder of this work considers the poroelastic modeling of interstitial fluid flow, followed
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by a description of the most common pathologies associated with an impaired fluid flow in
bone.

2. Arterial Supply

2.1 Overview of the arterial system in bone

All elements of bone, including the marrow, perichondrium, epiphysis, metaphyses, and
diaphyses, are richly supplied by vasculature. Mature long bones in all species have three
sources of blood supply: (1) the multiple metaphyseal - epiphyseal vessel complex at the
ends of the bones, (2) the “nutrient’” artery entering the diaphyses (Fig. 1), and (3) the
periosteal vessels (Fig. 1, Fig. 2). After entering the diaphyses, the nutrient artery divides
into ascending and descending branches, which have further, radially orientated, branches
streaming to the bone cortex (Fig. 1, Fig. 2). Usually a single nutrient artery enters the
diaphyses of a long bone, though many human long bones such as the femur, tibia, and
humerus often have two. When the nutrient artery enters bone, the vessel has a thick wall
consisting of several cell layers, but within the medulla it rapidly becomes a thin-walled
vessel with two cell layers and minimal supporting connective tissue (Yoffey, 1965). After
reaching the medullary cavity the nutrient artery divides into an ascending and descending
branch, which proceeds towards the metaphyseal bony ends (Fig. 1, Fig. 2). These branches
approach the epiphyseal ends of bone, subdividing repeatedly along the way into branches,
which pursue a helical course in the juxta-endosteal medullary bone. The terminal branches
of the main ascending and descending branches supply the ends of the long bone and
anastomose freely with the metaphyseal vessels. The vessels divide and subdivide to feed
into a complex network of sinusoids (Fig. 1, Fig. 2). In the immature bone, the open
cartilaginous epiphyseal growth plate separates the epiphyseal and metaphyseal vessel
complexes.

The blood supply to cortical bone may come from either the medullary canal (younger
animals) or the periosteum (older humans, see below) (Fig. 2). The transcortical blood
supply transits in the Volkmann canals and the longitudinal blood supply transits in
Haversian systems or osteons. Haversian arteries run longitudinally in osteons (Haversian
systems) oriented roughly about 15 degrees to the long axis of a bone (Fig. 3). Human
cortical bone is largely Haversian at a rather young age compared to other animals. The thin-
walled vessels in the cortical canals of Haversian and Volkmann canals are contained in
hard unyielding canals in cortical bone and serve to connect the arterioles (the afferent
system) with the venules (the efferent system), but unlike true capillaries, they apparently
are not able to change diameter in response to physiologic needs (Rhinelander and Wilson,
1982). Diffusion from Haversian vessels to the bone cells buried in the bony matrix is
insufficient to maintain their nutrition; convection driven by the interstitial fluid pressure
gradients is necessary for the viability of these cells. Canaliculi serve to connect osteocytic
processes (Doty, 1981). Increased distance from the vascular source (the Haversian artery)
probably accounts for the finding that interstitial bone is more susceptible to ischemia than
is Haversian bone (Kornblum, 1982).
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2.2 Dynamics of the arterial system

Important elements to be considered in the hemodynamics of any tissue are fluid and tissue
pressure, fluid viscosity, vessel diameter, and the capillary bed. Blood vessels in bone are
richly supplied with nerves and are intimately connected to vasomotor nerve endings; these
nerves presumably exert a precise control over blood flow in bone (Herskovits et al., 1991).
It is known that in most soft tissues the arteriolar mechanism reduces the blood pressure
from 90 mmHg or more in arteries to about 35 mmHg at the arterial end of capillaries.
Avrterial vessels will close unless the transmural pressure is positive, that is to say, unless the
blood pressure in the capillaries does not fall below that in the extravascular space, the
interstitial fluid pressure. Note that transmural pressure (blood pressure minus the interstitial
fluid pressure) must initially exceed osmaotic pressure if filtration is to occur. Absorption of
tissue fluid depends upon the transmural pressure being less than the osmotic pressure of the
blood at the end of the sinusoid. Osmotic pressure is generally held to be about 20 mmHg. It
follows that the pressure in the collecting sinuses of the diaphyseal marrow may be of the
order of 55 mmHg. Note that one mmHg is 133.3 Pa or that 3 mmHg is approximately 400
Pa, 60 mmHg is approximately 8kPa. Bone fluids are interesting in that they exhibit
metabolically produced differential diffusion gradients (Neuman and Neuman, 1958; Martin
et al., 1958). They are sometimes limited in range, but well documented. Thus many ions,
such as potassium, calcium, and phosphorus, exist in very different concentrations between
blood and bone (Neuman, 1982).

2.3 Transcortical arterial hemodynamics

Bridgeman and Brookes (1996) have shown that aged bone cortex is supplied predominantly
from the periosteum in contrast to the medullary supply in young human and animal bones,
based on cross-sections through the mid-diaphyses. They argue that this change is attributed
to increasingly severe medullary ischemia with age, brought on by arteriosclerosis of the
marrow vessels. They note that an examination of the findings reported by investigators of
animal bone blood supply in the past 40 years shows a large measure of agreement. Long
standing controversy seems to be based on a failure to recognize that marrow ischemia
accompanies natural senescence affecting transcortical hemodynamics and entraining an
increasing periosteal supply for bone survival in old age. The change over from a medullary
to a periosteal blood supply to bone cortex is the consequence of medullary ischemia and
reduced marrow arterial pressure, brought about by medullary arteriosclerosis.

2.4 The arterial system in small animals may be different from that in humans

The marrow and cortical vascular networks in the rodent are thought to be in series while
they are in parallel in the human. From perfusion studies on small mammals (guinea pig, rat,
and rabbit) it has been concluded that the blood flow in long bones is such that the major
blood supply to the bone marrow is transcortical (De Bruyn, et al., 1970). This means that
the marrow and cortical vascular networks in the rodent are in series. Anatomic and
perfusion studies in humans suggest that the circulations of the cortex and marrow are
arranged in parallel from a longitudinally running nutrient artery (Lope-Curto et al., 1980).
It was shown that the marrow sinusoids near the endosteal surface of bone typically receive
a small arteriolar branch off the major conduit vessel as it enters the bone cortex.
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3. Microvascular network of cortical bone

The vascularization of the medullary canal is illustrated in Figs. 1 & 2. The radial branches
of the nutrient artery form a leash of arterioles that penetrate the endosteal surface to supply
the bone capillary bed. Small arterioles from these radial branches supply the marrow
sinusoids adjacent to the bone. In the adult dog, the marrow consists of adipose tissue
(yellow marrow), which provides support for the lateral branches of the nutrient artery as
they run toward the endosteal surface of the bone. However, in the immature animal, much
of the marrow cavity is filled with active hemopoietic tissue (red marrow). The type of
capillary varies between red and yellow marrow. Although it is easy to distinguish these
types of marrow macroscopically, when seen microscopically, there is no clear-cut
separation. The appearance can range from highly cellular to completely fatty. In active red
marrow, the small vessels are thin-walled sinusoids, so called because they are many times
the size of ordinary capillaries. Despite the thin walls of these vessels, Trueta and Harrison
(1953) were not able to demonstrate open fenestrations between the endothelial cells.
However, it should be noted that Zamboni and Pease (1961), using electron microscopy,
considered the vessels in red marrow to consist of flattened reticulum cells with many
fenestrations and no basement membrane. This would mean that there is minimal hindrance
at the sinusoid wall for molecular exchange. In the fatty marrow, the capillaries are closed
and continuous like those of other tissues such as muscle (Trueta and Harrison, 1953). This
is supported by in vivo observations in the rabbit (Branemark, 1961) that the vessels varied
according to the functional state of the marrow. It was estimated that the sinusoid was up to
seven times the size of the marrow capillaries, which have a diameter of 8 microns.

Throughout the cortex of long bones there is a capillary network housed in small passages
(Fig. 3). In immature bones, these are arranged rather haphazardly, but as bone remodels and
matures, a more distinct pattern emerges. In the mature dog and the human, there are two
basic systems, the Haversian canals, which run near longitudinally, and the VVolkmann
canals, which run nearly radially (Fig. 3). The two systems are intimately anastomosed to
each other. The vessels within the Haversian canals of the human tibia have been examined
by microscopy of decalcified sections (Nelson et al., 1960). The majority of the vessels were
observed to be a single layer of endothelial cells. Occasionally, near the endosteal surface of
the cortex, small arterioles with a muscular coat were seen, usually accompanied by a larger
vein.

A comprehensive examination of the cortical bone of mature and immature dogs by electron
microscopy has been reported in Cooper et al., (1966). This examination revealed
considerable detail of the capillaries in bone. The Haversian canals ranged in size from 5 to
70 microns and contained either one or two vessels that had the ultrastructure of capillaries.
On transverse section, they were lined by one or more endothelial cells, which were
surrounded by a continuous basement membrane 400-600 A thick. The junctions of the
endothelial cells varied from simple juxtapositioning to a complex interlocking. These
investigators found no smooth muscle cells in the walls of the vessels in the Haversian
canals. This picture is supported by electron microscopy studies (Hughes and Blount, 1979)
that showed that the cortical capillaries of the growing rat were similar to those found in
skeletal muscle, although a basement membrane surrounding the capillaries could not be
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demonstrated. Thus it appears that the capillaries of bone are a closed tube formed from a
single layer of endothelial cells. It has been suggested that transendothelial passage of
substances involves two separate pathways; one through the intercellular clefts for
hydrophilic substances and another across the endothelial cells themselves for lipophilic
substances. If the intercellular capillary clefts are present, they are probably filled with
material that makes their permeability low. This is suggested by the work of Cooper et al.,
(1966), who observed spaces of 175 A between adjacent endothelial cells that were filled
with an amorphous material seen by electron microscopy.

4. Venous drainage of bone

The venous complexes draining a long bone parallel those of the arteries. Many workers
have commented (Trueta and Harrison, 1953; Nelson et al., 1960) on the extreme thinness of
their walls. In the marrow, the venous sinusoids drain into a large, single-cell-walled, central
venous sinus, which in turn drains into the "nutrient” veins of the diaphyses. In the adult
dog, this thin-walled "nutrient" vein accounts for only 10% of the drainage from the
diaphysis (Cuthbertson et al., 1965). The multiple, penetrating, venous radicles in the
metaphyses and epiphysis are also thin-walled and run a more tortuous course than the
arteries (Trueta and Harrison, 1953). The major share of the venous blood leaving long
bones has been shown by phlebography to travel by this route (Cuthbertson et al., 1965).
The abundantly anastomosing periosteal network of veins is considered by some workers to
drain the diaphyseal bone cortex completely under normal conditions (Brooks and Revell,
1998). Many of the veins leaving the long bone pass through muscles, in particular the calf
muscle in the case of the lower limb. The alternate contraction and release of the muscles
containing the veins is effectively a pump returning the blood towards the heart and away
from the bone and decreasing the inter medullary pressure. The inter medullary pressure can
be reduced by exercise of the muscles of the calf. This arrangement in the case of the calf
muscles is illustrated in Fig. 4. It is clear that the long bone as a whole has multiple venous
pathways, the relative importance of which can vary with time and circumstance.

Impaired venous circulation (venous stasis) has been shown to stimulate periosteal bone
formation or increase bone mass in the young dog (Kelly and Bronk, 1990), the young goat
(Welch et al., 1993) and in a disuse, hind limb suspended, rat model (Bergula, et al., 1999).
Venous stasis was induced in the experimental animals by applying tourniquets or vein
ligation that lasted from 10 days, with additional 30 days recovery (Lilly and Kelly, 1970) or
up to 42 days (Kelly and Bronk, 1990) before the bones were examined. There are many
other studies demonstrating similar effects: (Lilly and Kelly, 1970; Arnoldi et al., 1971;
Green and Griffin, 1982; Liu and Ho, 1991). A hypothesis for the underlying mechanism of
the periosteal bone formation induced by venous stasis has been presented (Wang et al.,
2003).

5. Bone lymphatics and blood vessel trans-arterial-wall transport

The purpose of this section is to indicate where the interstitial fluid can flux from a blood
vessel and where it may flux back into a blood vessel. Interstitial fluid can flux from an
arterial blood vessel with nutritional solutes that are used to nourish the cells in bone.
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Interstitial fluid may flux back into venous blood vessels with wastes as these vessels leave
the bone; this becomes a possibility because of evidence (see below) of a lack of lymphatics
in the periosteum.

The vascular porosity occupied by interstitial fluid is the space outside the blood vessels and
nerves in the VVolkmann and Haversian canals. This bone interstitial fluid freely exchanges
with the vascular fluids because of the thin capillary walls of the endothelium, the absence
of a muscle layer, and the sparse basement membrane. There is both outward filtration due
to a pressure gradient and inward reabsorption due to the osmotic pressure. The function of
these flows is to deliver nutrients to, and remove wastes from, the bone interstitial fluid.
Lymph is the fluid that is formed when interstitial fluid enters the conduits of the lymphatic
system. The lymphatic system has three interrelated functions. It is responsible for the
removal of interstitial fluid from tissues. It absorbs and transports fatty acids and fats as
chyle to the circulatory system. The last function of the lymphatic system is the transport of
antigen presenting cells, such as dendritic cells, to the lymph nodes where an immune
response is stimulated. The lymph is not pumped through the body like blood, it is moved
mostly by the contractions of skeletal muscles (Causey et al., 2012).

The existence of lymphatic vessels in bone remains unclear. On physiologic evidence, some
sort of lymph circulation must be present. Large molecules, such as albumin (mol wt
68,000) and horseradish peroxidase (mol wt 40,000), have been shown to leak out of bone
capillaries into the interstitial fluid (Doty and Schofield, 1972; Owen and Triffitt, 1976), and
they must have a pathway to return to the general circulation. Kolodny (1925) demonstrated
that two weeks after India ink was injected into the medullary cavity of long bones, carbon
particles were found in the regional lymph nodes.

However, attempts to demonstrate discrete lymphatic vessels within marrow and bone tissue
have been consistently unsuccessful. It has been shown with injection studies using
thorotrast (Seliger, 1970) that this substance leaks from the capillaries of cortical bone into
the perivascular fluid and that eventually it can be seen in the periosteal lymphatic vessels.
A similar finding has been observed in cortical bone after the use of India ink (Williams et
al., 1984). The indirect conclusion seems to be that, although there are no demonstrable
lymphatic channels in bone tissue, the perivascular fluid as a whole circulates toward the
periphery of the bone, carrying with it substances such as large proteins and carbon particles
to be taken up by a mechanism at or near the periosteum.

Anderson (1960) noted that high arterial pressure in the bone marrow probably correlates
with an absence of lymphatics in bone marrow and cortex. We note that lymphatic
circulation is unlikely to play a role in bone fluid transport in normal bone because
lymphatic vessels are absent in bone. A chapter on the physiology of blood circulation in a
book entitled Blood Vessels and Lymphatics In Organ Systems (Abramson and Dobrin,
1984) contains no description of the bone lymphatic system. It has been shown using
immunohistochemistry that lymphatics were not present in normal bone (Vittas and Hainau,
1989; Edwards et al., 2008).
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6. The levels of bone porosity and their bone interfaces

There are three levels of bone porosity containing blood or interstitial fluid within cortical
bone and within the trabeculae of cancellous bone. A section of a long bone indicating the
vascular structure is shown in Fig. 1 and more detailed views of the local bone structure are
shown in Figs. 2 and 3. The three levels of bone porosity include the vascular porosity (VP)
associated with the Volkmann canals (Figs. 2 and 3) and the Haversian or osteonal canals
(Figs. 2 and 3), which are of the order of 20 pm in radii; the lacunar-canalicular porosity
(LCP) associated with the fluid space surrounding the osteocytes and their processes (Fig.
5), which are of the order 0.1 um in radii; and the collagen-hydroxyapatite porosity (CAP)
associated with the spaces between the crystallites of the mineral hydroxyapatite (order 0.01
um radius). The total volume of the bone fluid vascular porosity is about one half or less
than that of the lacunar-canalicular porosity (Ciani et al., 2007, 2008; Cardoso et al., 2013;
Palacio-Mancheno et al., 2014).

6.1 The vascular porosity (VP)

The vascular porosity (VP) occupied by bone fluid is the space outside the blood vessels and
nerves in the Volkmann and Haversian canals. The typical pore size (20 um in radii) of the
vascular porosity channels is not the blood vessel pore size; rather it is the size of the tubular
tunnels (Haversian systems or osteons and Volkmann canals) containing the blood vessels,
the arterioles and the venules, with the actual dimensions of these vessels subtracted from
the volume of the tubular tunnels.

The vascular porosity is a low-pressure reservoir that can interchange fluid with the lacunar-
canalicular porosity (LCP). This is the case because the lineal dimension associated with the
bone fluid VP is two orders of magnitude larger than the lineal dimension associated with
the LCP, and the vascular porosity is typically at blood pressure, which is low in bone. The
total volume of the VP is, however, considerably less than that of LCP (Morris et al., 1982;
Ciani et al., 2007; Ciani et al., 2008).

The measurement of the permeability of the vascular porosity is somewhat difficult,
primarily because of the topological intertwining of the vascular porosity with the lacunar-
canalicular porosity. This difficulty and others were discussed in some detail in (Johnson,
1984) where it is noted that experiments reported (Rouhana et al., 1981) bovine cortical
bone permeabilities on the order of 10714 m2, Factors presented in (Johnson, 1984) suggest
that the actual permeability could be larger than that value. The vascular porosity
permeabilities reported in the past are thought to be underestimates because these previous
values represent a lacunar-canalicular porosity and vascular porosity lumped measurement
rather than a vascular porosity measurement alone. However since, as noted in the section
following, the ratio of the permeabilities of the vascular porosity to those of the lacunar-
canalicular porosity are thus of the order of 108, the permeability of the lacunar-canalicular
porosity is insignificant compared to the permeability of vascular porosity.
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6.2 The lacunar-canalicular porosity (LCP)

The lacunar-canalicular porosity (LCP) consists of the fluid spaces surrounding the
osteocytes and their processes (Fig. 5), less volume of the soft tissue structures in these fluid
spaces. The status of the research on the assessment of bone porosity, permeability and
interstitial fluid flow has been recently reviewed in (Cardoso et al., 2013). The pore size
estimate of the effective radii is of the order 50 to 200 nm in radii.

These lumped measurements also compromise the measurement of the permeability of the
lacunar-canalicular porosity as pointed out (Beno et al., 2006) in the discussion of the
reported LCP permeabilities (Dillaman et al., 1991; Steck et al., 2003). A new method for
the experimental determination of the permeability of a small sample of a fluid-saturated
hierarchically structured porous material was described and applied to the determination of
the lacunar—canalicular permeability in osteonal bone (Benalla et al., 2012, 2013). While the
permeability of LCP has been estimated to be anywhere from 10717 m2 to 10725 m2
(Cardoso et al., 2013), it was shown by Benalla et al., (2013), in a combined experimental
and analytical, that the LCP permeability is on the order of 10722 m2 for human osteonal
bone. It was found that the permeability of this space has a linear dependence on loading
frequency, decreasing at a rate of 2 x 10714 m2/Hz from 1 to 100 Hz, and using the proposed
model, the porosity alone was able to explain 86% of the permeability of this space
variability.

The ratio of the permeabilities of the vascular porosity to those of the lacunar-canalicular
porosity are thus of the order of 108. This 108 ratio reflects a ratio of 167 of the diameters of
the pores of these two porosities and highlights the significant size difference, pore pressure
difference and relaxation times in these two distinct pore size porosities.

6.3 The collagen-hydroxyapatite porosity (CAP)

The collagen-hydroxyapatite porosity (CAP) has the smallest pore size (approximately 10
nm diameter) (Holmes et al., 1964; Cowin, 1999). The interstitial pore fluid in the collagen-
apatite porosity (CAP) has been shown (Wehrli and Fernandez-Seara, 2005) to be bound to
the solid structure, and the CAP is not of interest in the present considerations of interstitial
flow for that reason. This portion of the interstitial fluid is considered to be part of the
collagen-hydroxyapatite structure.

6.4 The interfaces between the levels of bone porosity

There are two external boundaries to the several porosity domains of interest in bone, the
periosteum and endosteum. These are, mechanically and biologically, very different
structures. The endosteum is mechanically insignificant while the periosteum is like a pre-
tensioned, stiff, relatively impermeable fiber stocking attached to the exterior surface of
bone. It has been reported that the periosteum acts as a barrier to bone fluid flow (Li et al.,
1987). The endosteum is simply a monolayer of cells. Multiple layers of cells at various
stages of differentiation lie under the periosteum.

There are two interfaces between the three levels of bone porosity within cortical bone and
within the trabeculae of cancellous bone, the vascular / lacunar-canalicular porosity interface
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and the lacunar-canalicular / collagen-hydroxyapatite porosity interface. Topologically, all
the lacunar-canalicular / collagen-hydroxyapatite porosity interface is completely contained
within the vascular / lacunar-canalicular porosity interface.

The first important point concerning these interfaces, and the porosities described above, is
that they change rapidly after birth, being quite porous at birth and subsequently reducing
their porosity as the bone tissue becomes fully mineralized (Li et al., 1987; Soares et al.,
1992). Experimental permeability studies clearly show time dependent changes in the
interstitial pathways as bone matures. At the earliest times the unmineralized collagen-
proteoglycan bone matrix is porous to large solutes. A study (Dillaman, 1984) with ferritin
(10 nm in diameter) in two-day old chick embryo shows a continuous halo around primary
osteons five minutes after the injection of this tracer. The halo passes right through the
lacunar-canalicular system suggesting that, before complete mineralization, pores of a larger
size can exist throughout the bone matrix. It was later demonstrated (Wang et al., 2004;
Ciani et al., 2005) that such halos were very likely an artifact of histological processing and
could be eliminated by shortened fixation methods (Fritton and Weinbaum, 2009). These
studies found that ferritin was confined exclusively to the vascular canals and blood vessels
and did not enter the lacunar-canalicular porosity. The porosity in puppies is 3.5 times
higher than that of dogs (Li et al., 1987). In the present work only the adult or fully
mineralized situation is described. The vascular / lacunar-canalicular porosity interface,
which separates the mineralized tissue from the vascular channels, is considered first.

The region interior to the vascular / lacunar-canalicular porosity is called the "milieu
intérieur" and existence of a "bone membrane" that would coincide with what we call the
vascular / lacunar-canalicular porosity interface was suggested (Neuman, 1969). This
interface is a continuous layer of bone lining cells (Miller and Jee, 1992); all the surfaces of
the Haversian canals and the VVolkmann canals are part of this interface as is the endosteum.
There is a report of tight junctions occurring in the bone lining cells on the interface (Soares
etal., 1992). In (Neuman and Neuman, 1958) it was noted that the bone fluid of the vascular
porosity (serum) and the bone fluid of the lacunar-canalicular porosity (extracellular fluid)
were nearly equivalent in composition (pH, Ca**, Na*, etc.), but it was argued that there
must be some diffusion barrier, some ion gradient or ion pump, between the two fluid
compartments, a view also later revised (Neuman, 1982). It has been analytically
demonstrated that there are high transient pressure gradients across the interface that will
serve to move the bone water across the interface (Zhang et al., 1998a,b). The bone lining
cells with tight junctions will not form a significant barrier to the transport of bone water
across this interface. During each cycle of bone loading, the bone fluid of the vascular
porosity (serum) will briefly mix with the bone fluid of the lacunar-canalicular porosity
(extracellular fluid). As a first approximation it appears reasonable to assume that the
permeability of this interface is equal to the permeability of the lacunar-canalicular porosity.

The lacunar-canalicular / collagen-hydroxyapatite porosity interface is considered next. The
evidence suggests that this interface is generally impermeable. Again, the evidence is from
tracer studies. This conclusion is supported by the studies in the alveolar bone of five-day-
old rats using the small tracer microperoxidase (MP) (2 nm) (Tanaka and Sakano, 1985).
These studies clearly showed that the MP only penetrated the unmineralized matrix
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surrounding the lacunae and the borders of the canaliculi (see Fig. 13 of that study) and was
absent from the mineralized matrix. Using more mature rats another study confirmed the
failure of the small (2 nm) MP tracer to penetrate the mineralized matrix tissue from the
bone fluid compartments (Asasaka et al., 1992). Further confirmation comes from studies
that observed tracers of ruthenium red (MW 860, 1.13 nm in largest dimension) and procion
red (MW 300-400) did not penetrate the bone mineral porosity, but were present in the
lacunar-canalicular porosity (Doty, 1997; Knothe Tate, 1998).

An important physiological consideration arises from the fact that bone serves as a reservoir
for calcium and phosphorus, and these mineral reserves should be connected to the
circulation. Clearly these minerals must cross the vascular / lacunar-canalicular porosity
interface, but must they cross the lacunar-canalicular / collagen-hydroxyapatite porosity
interface? That is to say, can the necessary minerals be supplied by the bone lining cells
from the bone matrix they are situated upon, or must the osteocytes be involved in this
process. Estimates show that sufficient mineral can be supplied by the bone lining cells,
consistent with the suggestions above that the lacunar-canalicular / collagen-hydroxyapatite
porosity interface is generally impermeable and that the permeability of the vascular /
lacunar-canalicular porosity interface is equal to the permeability of the lacunar-canalicular
porosity. However, the possibility that the interface permeability between the lacunar-
canalicular porosity and the collagen-hydroxyapatite porosity might be changed by
physiological demands is worthy of consideration. The exact method of mineral retrieval
and redeposition lies at the root of many studies (Soares et al., 1992; Williams and
McCarthy, 1986; McCarthy and Yang, 1992; Martin, 1994).

7. Interstitial fluid flow

7.1 The different fluid pressures in long bones (blood pressure, interstitial fluid and
intramedullary pressure)

Since the blood is encased in very thin-walled blood vessels that are contained within the
VP, the interstitial fluid pressure is less than the blood pressure. The difference between the
blood pressure and the interstitial fluid pressure is the transmural pressure. The VP is a vast
low-pressure reservoir for interstitial fluid that can interchange that fluid with the LCP. This
is the case because the lineal dimension associated with the bone fluid vascular porosity is
two orders of magnitude larger than the lineal dimension associated with the LCP, and the
interstitial fluid pressure in the vascular porosity is typically lower than the blood pressure
within the blood vessels.

The intramedullary pressure in normal bone is the pressure of blood in a local pool of
hemorrhage from ruptured intraosseous vessels obtained by drilling into the marrow cavity
through the cortex to insert a steel cannula through which the marrow cavity pressure is
measured. This was pointed out by Azuma (1964) and supported by Shim et al., (1972).
Therefore, the measurable marrow cavity pressure varies to some extent by the size and type
of vessels ruptured as well as by the vasomotor action in the marrow cavity under a
condition of anticoagulation. The differences in the intramedullary pressure from region to
region in a given bone, from bone to bone, and from animal to animal in the same and
different species were noted by Shim et al., (1972). If the femoral vein was occluded, the
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intramedullary pressure was elevated and nutrient venous outflow increased, an indication of
venous congestion of bone. If the nutrient or femoral artery was occluded, there was an
immediate fall in the intramedullary pressure and a profound decrease in nutrient venous
outflow. The intramedullary pressure can be increased by mechanical loading of the bone
and by venous ligature, and the intramedullary pressure can be reduced by exercise of the
muscles of the calf (Fig. 4).

The pore fluid pressures in these two pore size bone porosities are distinct and vary very
differently with time under mechanical loading of the whole bone. Under physiologically
possible rapid rise-time loadings of bone, the pore fluid pressure may rise considerably in
the LCP (Zhang et al., 1998a,b). The decay time for this pore pressure rise is much larger in
the LCP than it is in the VP (Johnson, 1984), (Zhang et al., 1998a,b). The VP is a low-pore-
fluid-pressure domain because the VP permeability is sufficiently large to permit a rapid
decay of a pressure pulse. This must be the case because the VP contains thin-walled blood
vessels carrying blood with a pressure of 40 to 60 mm of Hg; a pore-fluid-pressure
significantly greater than 40 to 60 mm of Hg will collapse these blood vessels and a
prolonged increase in the pore-fluid-pressure significantly above 40 to 60 mm of Hg would
deprive the tissue of oxygen and nutrients.

7.2 Interstitial flow and mechanosensation

Since bone fluid in the porosity with the largest lineal dimension, the VP, is always at a low
pressure, the middle porosity - the LCP - appears to be the most important porosity for the
consideration of mechanical and mechanosensory effects in bone. The interstitial pore fluid
pressure in the LCP can be, transiently, much higher. The LCP is the primary porosity scale
associated with the relaxation of the excess pore pressure due to mechanical loading. This
relaxation of the interstitial pore fluid pressure was illustrated in (Wang et al., 1999). In this
work the interstitial pore fluid pressure distributions across a bone are calculated using an
idealized bone microstructural model consisting of six abutting osteons with osteonal canals.
It is the porosity associated with the osteocytes that are the prime candidates for the
mechanosensory cell in bone. A detailed theoretical model of the contents of the lacunar-
canalicular porosity was given in Weinbaum et al., (1994) and Cowin et al., (1995).

In addition to mechanosensation a function of these flows is to deliver nutrients to, and
remove wastes from, the osteocytes housed in the lacunae buried in bone matrix (Fig. 5). An
osteocyte left in vitro without nutrient exchange for 4 hours will die (James et al., 1986).
This observation makes sense given the estimate that osteonecrosis in vivo is significant if
bone is ischemic for 6 hours or more (Catto, 1976).

The lacunar-canalicular porosity is the porosity associated with the osteocytes that are the
prime candidates for the mechanosensory cell in bone because of the fluid movement
induced by the interstitial pore fluid pressure gradients (Weinbaum et al., 1994; Cowin et al.,
1995; Sharma et al., 2007; Fritton and Weinbaum, 2009). The bone fluid in the smallest
porosity, the collagen-hydroxyapatite porosity, is considered to be immovable under normal
conditions because it is bound to the collagen-hydroxyapatite structure.
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Over the last forty years many researchers have used tracers to document bone fluid
transport; see (Knothe Tate et al., 1998) for a summary of the tracers employed. A recent
summary of these efforts is given in (Fritton and Weinbaum, 2009). These tracers show that
the normal bone fluid flow is from the marrow cavity to the periosteal lymphatic vessels
through the VVolkmann and Haversian canals. The flow passes from the Haversian canal into
the lacunar canalicular porosity to the cement line of the osteon.

7.3 The poroelastic model for cortical bone

Poroelasticity is a well-developed theory for the interaction of fluid and solid phases of a
fluid saturated porous medium. It is widely used in geomechanics and it has been applied to
bone by many authors in the last fifty years. A review of the literature related to the
application of poroelasticity to bone fluid was presented in (Cowin, 1999). Described in that
work were the specific physical and modeling considerations that establish poroelasticity as
an effective and useful model for deformation-driven bone fluid movement in bone tissue.
The application of poroelasticity to bone differs from its application to soft tissues in two
important ways. First, the deformations of bone are small while those of soft tissues are
generally large. Second, the bulk compressibility of the mineralized bone matrix is about
seven times stiffer than that of the fluid in the pores while the bulk compressibilities of the
soft tissue matrix and the pore water are almost the same. Poroelasticity and electrokinetics
can be used to explain strain-generated potentials in wet bone. It is noted that strain-
generated potentials can be used as an effective tool in the experimental study of local bone
fluid flow, and that the knowledge of this technique will contribute to the answer of a
number of questions concerning bone mineralization and the bone mechanosensory system.

A poroelastic model for the interstitial fluid flow space in bone tissue, with a reasonably
accurate anatomical model for the architecture of its pore space structure, is presented in
Cowin et al., (2009). In order to characterize the special type of porous material pore
structure considered, the phrase “hierarchical” was used as an adjective to modify
“poroelasticity.” Alternatively it could be described as a set of nested porosities like a set of
Russian nested dolls or babushka (matryoshki) is a set of dolls of decreasing sizes placed
one inside another; each doll but the smallest may be opened to reveal another doll of the
same sort inside. The idea of a smaller structure within a larger, similarly shaped, structure
is the idea that is to be transferred from a set of babushka to sets of different pore structures
in a porous material. The body fluids in tissues reside in such nested, topologically similar,
pore structures with different pore sizes in bone, and other tissue types (Gailani and Cowin,
2011). Examples of these porosities in bone tissue are the VP, the LCP and CAP.

The animal vascular tree is an example of a pore structure with two such nested systems that
are connected. In a microcirculatory bed blood flows from arteries to arterioles, then to
capillaries and on to venules and into the veins; in each of these pore structures the pore size
is relatively uniform, but it varies monotonically between levels of porosity characterized by
their pore size. The arterial system consists of the capillaries nested within the arterioles that
are nested within the arteries. The venous system consists of the capillaries nested within the
venules that are nested within the veins. The capillary plexuses of the two nested systems
are connected.
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Body fluids in tissues reside in such nested, topologically similar, pore structures with
different pore sizes in bone, tendon, meniscus and possibly other tissue types. The nesting or
ordering criterion is the porosity pore size. The nested porosities are connected so the pore
fluid may flow easily through each and across the boundaries between the two nearest
neighbor poraosities, but any particular pore size porosity may only interchange its pore fluid
with the next larger pore size porosity and the next smaller pore size porosity. The flow of
interstitial fluid in tissues like bone, tendon, meniscus and possibly other tissue types is
similar to blood flow in the vascular system in the sense that the different pore size
porosities are nested, but unsimilar in three important aspects; (1) there are only two levels
of pore size porosity important for bone fluid flow, (2) there is no flow out of, or in from,
the smaller pore size porosity into any even smaller pore size porosity, only into, or in from,
a larger pore size porosity and (3) the fluid flow direction reverses in the normal
physiological function of these tissues.

With only the exception of the animal vascular tree, the applications of poroelasticity to
fluid movement in biological tissues have simply transferred to tissues the models of the
pore structure employed in geomechanics. Existing theories of the poroelasticity of materials
with multiple connected porosities with different characteristic sizes and therefore different
permeabilities do not address the case of nested porosities. These existing theories are
appropriate for their intended use, fractured porous geological structures, but they are not
appropriate for the biological tissues of interest. The nested porosities in biological tissue are
hierarchical based on the average diameters of their fluid transport channels while the
multiple porosity poroelasticity theories for fractured geological structures are democratic.
Their fluid transport channels of a particular size may exchange fluid with transport
channels of any pore size. The primary objective of this work is to provide a model of a
poroelastic pore structure appropriate for bone tissue; it is a model that is easily extended to
other tissues such as the tendon and the meniscus. Concerning bone, a principal focus is the
modeling of the mechanical and blood pressure load-driven movement of the interstitial
bone fluid flow.

The absence of the assumption of incompressible constituents is a significant difference
between the version of poroelasticity theory employed in (Cowin et al., 2009) and the
poroelasticity theory used for previous published solutions involving soft tissues. The
assumption of incompressible constituents, while appropriate for soft tissues, is inaccurate
for hard tissues. The solution for the unconfined compression of an annular, transversely
isotropic, linear poroelastic hollow cylinder with compressible constituents was developed
by Gailani and Cowin (2008). The total load generated on a specimen by an arbitrary strain
history can be determined. Alternatively, if the load history is prescribed, then the equation
can be used to determine the strain history. The displacement field and the pore pressure
field may be evaluated for an imposed load history, as opposed to imposed displacement
history. On the basis of this solution a protocol was devised for an experimental test
procedure to determine tissue permeabilities for the smallest nested bone porosity, the
osteonal lumen wall, and the osteonal cement line. This extends to bone tissue an
experimental technique that has been very effective in determining soft tissue poroelastic
properties (Gailani et al., 2009).
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As noted above, current theoretical and experimental evidence suggests that the bone cells in
the lacunae (pores) of the lacunar-canalicular porosity are the principal mechanosensory
cells of bone, and that they are activated by the induced drag from fluid flowing through the
lacunar-canalicular porosity (Weinbaum et al., 1994; Cowin et al., 1995; Sharma et al.,
2007; Fritton and Weinbaum, 2009). The movement of bone fluid from the region of the
bone vasculature through the canaliculi and the lacunae of the surrounding mineralized
tissue accomplishes three important tasks. First, it transports nutrients to the cells in the
lacunae buried in the mineralized matrix. Second, it carries away the cell waste. Third, the
bone fluid exerts a force on the cell process, a force that is large enough for the cell to sense.
This is thought to be the basic mechanotransduction mechanism in bone, the way in which
bone senses the mechanical load to which it is subjected. Understanding bone
mechanotransduction is fundamental to the understanding of how to treat osteoporosis, how
to cope with microgravity in long term manned space flight and how to design prostheses
that are implanted in bone tissue to function for longer periods.

7.4 Interchange of interstitial fluid between the vascular and lacunar canalicular porosities

Using the hierarchical scheme described in the previous subsection a model was formulated
in (Cowin et al., 2009) for the transport of bone interstitial fluid between the VP and LCP
porosity levels in osteonal cortical bone. A section of this bone is illustrated in Fig. 3. The
osteon at the top of this figure is entirely LCP porosity except for its central lumen, called
the osteonal canal or Haversian canal, which is part of the VP porosity. The VP porosity
consists of the volume of all the tunnels in bones that contain blood vessels and includes all
the osteonal canals and all the VVolkmann canals, less the volume of the tunnels occupied by
the blood vessels.

The VP and the LCP are both modeled as poroelastic hollow circular cylinders. The
poroelastic hollow circular cylinder model of the LCP connects through its inner cylindrical
wall to the VVP; the hollow part of this cylinder is actually part of the VP. The inner surface
of the cylinder representing the LCP is the surface across which the two porosities exchange
pore fluids. The LCP is assumed to permit flow across its inner radial boundary, but not its
outer radial boundary. While other assumptions are possible, an earlier study (Wang et al.,
1999) showed that this is a reasonable assumption. The VP is assumed to permit flow across
both of its radial boundaries. The LCP hollow cylinder is the osteon of Figure 3. The VP
hollow cylinder is the entire bone of Figure 3 with central lumen of the whole bone, the
medullary canal, constituting the hollow part of the VP model. Both of these models are
continuum models and the transport connection between is the outflow-influx across the
osteonal or Volkmann inner wall between the LCP and the VP (Fritton et al., 2001). In the
domain between the inner surface and outer surface of the VP cylinder there are areal
sources-sinks that permit interchange of fluid between the two continuum models
representing the VP and LCP.

The pore fluid movement from the perivascular region or VP in bone to the bone cells
housed in the lacunae of the mineralized matrix or LCP was evaluated in (Cowin et al.,
2009). Knowledge of this fluid movement is necessary for the determination of the nutrient
transport and the effect of the fluid drag on the cell processes of osteocytes in the canaliculi,
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which is thought to be a principal mechanotransduction mechanism. The problem of
determining the exchange of pore fluid between the VP and the LCP in bone tissue due to
cyclic mechanical loading and blood pressure oscillations was solved. A formula for the
volume of fluid that moves between the LCP and VP in a cyclic loading was obtained as a
function of the cyclic mechanical loading and blood pressure oscillations. Formulas for the
fluid pore pressure in both the LCP and the VP were obtained as a function of the two
driving forces, the cyclic mechanical straining and the blood pressure, both with specified
amplitude and frequency. A general observation is that the VP and the LCP are greatly
different. The LCP is a relatively high-pressure domain characterized by a relatively small
pore size and no vascular vessels. On the other hand the VP is a relatively low-pressure
domain characterized by a relatively large pore size that contains vascular vessels. The
model shows that, although the two porosities exchange fluids, their influence on one
another in terms of pressure change is small.

The results of (Cowin et al., 2009) suggest that the VP and LCP function almost
independently, the prime mechanical influences for the two porosities being very different as
are the time scales of their response. The mechanical loading of the whole bone moves the
bone fluid in the LCP. When the bone is compressed the bone fluid is driven from the LCP
into the low-pressure VP and when the bone is in tension, or the compression is reduced, the
bone fluid is sucked from the VP into the LCP. These drainage and imbibing processes
occur on a pressure time scale that is much larger than the short pressure adjustment
relaxation time for the VP and therefore have minimum influence on the pressure in the VP.
The change in interstitial pore fluid pressure in the VP due to inflow or outflow of bone fluid
from the LCP is insignificant because of the time period of pressure adjustment that is much
shorter (estimates of these time periods are in Zhang et al., 1999a,b) than the pressure
adjustment time period for the LCP. While the bone fluid in the LCP is significantly affected
for a longer time by the mechanical loading of the whole bone, the bone fluid pressure in the
VP is hardly affected because the VP relaxes the pressure pulse by diffusion so rapidly.

8. Blood flow, interstitial fluid flow and bone pathology

8.1 Osteoporosis

An increasing number of studies indicate that cardiovascular disease (CVD) and
osteoporosis are significantly related (Table 1 in Warburton et al., 2007). Bone mineral
density has been inversely associated with coronary and/or aortic calcification (Uyama et al.,
1997; Barengolts et al., 1998; Bagger et al., 2006), and directly associated with high-density
lipoprotein cholesterol, also known as the good cholesterol (Yamaguchi et al., 2002). Recent
clinical data has revealed an association between accelerated bone loss, diabetes (Schwartz
et al., 2005) and cardiovascular pathology (Romney and Lewanczuk 2001; McGavock et al.,
2004). In cases of asymmetric vascular disease in the lower limbs (i.e. vascular function is
affected differentially on opposite sides of the body), the side that has the greatest vascular
dysfunction also displays the lowest bone mineral content (Laroche et al., 1994; Laroche et
al., 2003). The blood vessels in the proximal femur are often atherosclerotic in elderly who
has suffered femoral head fractures (Bocchi et al., 1985). The bone loss rate at the hip is
greater in women who have the greatest reduction in blood flow (Vogt et al., 1997).
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Interestingly, there is an increased risk of cardiovascular-related and stroke mortality for
each standard deviation decrease in bone mass (Browner et al., 1991; von der Recke et al.,
1999; Kado et al., 2000). Fatty involution of the hematopoietic marrow and loss of arterial
capillaries has been associated with osteoporosis (Burkhardt, 1971). Estrogen reduction after
ovariectomy results in increased osteoclastic resorption and increased intraosseous
vascularization (Laroche, 2002).

8.2 Bone remodeling

New vessels are involved in both intramembranous and endochondral osteogenesis (Collin-
Osdoby, 1994; Streeten and Brandi 1990; Trueta and Buhr, 1963) as well as in pathologic
increases in bone remodeling (Burkhardt et al., 1984). The coupling between bone
resorption and formation during bone remodeling is coordinated by the vascular bud at the
center of every bone multicellular unit (Parffit, 2000). The endothelial cells at the tip of this
capillary are considered to respond to a number of stimuli including tensile forces and
growth factors, in order to produce the signals that allow osteoclast precursors, and pericytes
and/or osteoblast precursors to exit the capillary through its wall during bone remodeling
(Parffit, 2000). Alterations in intraosseous vascularization seem to affect oxygen
consumption, bone remodeling, and particularly, bone formation (Reilly et al., 1998;
Francklin and Kelly, 1998; Laroche, 2002).

8.3 Osteonecrosis

Osteonecrosis is a common skeletal disorder that may result in bone fracture, pain and loss
of function. It is also known as avascular necrosis, ischemic necrosis, subchondral avascular
necrosis, and aseptic necrosis of bone. Osteonecrosis is characterized by focal regions of
dead bone, with empty osteocyte lacunae and lack of other bone cells (i.e. osteoblasts and
bone lining cells), which occur as a consequence of a number of conditions leading to an
impairment of blood supply to the bone tissue. The etiology of osteonecrosis is known in
conditions such as caisson disease and sickle cell disease, but it is mostly unknown for many
other conditions, such as systemic lupus erythematosus, corticosteroid-related osteonecrosis,
alcoholism and some other idiopathic forms. An intrinsic factor contributing to the
development of osteonecrosis is the impaired blood flow and vascularity of fat marrow in
comparison with haemopoietic marrow. Impaired blood flow can occur as a consequence of
vascular compression, trauma or occlusion of blood vessels by nitrogen bubbles (e.g. caisson
disease) or rigid sickle cells (e.g. sickle cell anemia). Non-traumatic osteonecrosis seems to
be associated with vessel infarction, stenosing arteritis, arteriosclerotic disease, extraosseous
arterial involvement, extraosseous venous abnormality, hypercoagulability and
hypofibrinolysis. Osteonecrosis-related infarcts in long bones are generally asymptomatic
and remain clinically undetected, until a fracture may occur. Bone infarcts are generally
adjacent to a joint, mainly in the femoral head (Cushner and Friedman, 1988), humeral head
(Frostick and Wallace, 1989), knee (Aglietti et al., 1983), foot and hand bones (Taniguchi et
al., 2003; Karlakki and Bindra, 2003; Suzuki et al., 2003; Strokon et al., 2003), and the
vertebrae (Yu et al., 2007).
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8.4 Other pathologies

In addition to osteoporosis, bone remodeling and osteonecrosis, impairment of blood
circulation in bone seems linked to other diseases such as reflex sympathetic dystrophy,
Paget disease, delayed fracture repair, and bone metastases. Also, primary
hyperparathyroidism has been associated with increased vascularization, increased bone
resorption and excessive marrow cellularity (Burkhardt et al., 1984, 1987). Bone apposition
has been correlated to intraosseous blood flow rate measured using a strontium clearance
method (Reeves et al., 1988). Moreover, use of antiresorptive bone therapy based on
bisphosphonates (e.g. tiludronate) inhibited excessive resorption without an increase in
vascularization (Laroche et al., 1996).

8.5 Possible mechanisms

Chronic inflammation, proinflammatory cytokines (interleukin-6) and tumor necrosis factor-
apha (TNF-a) have been associated with vascular disease (Blake and Ridker, 2001) and
increased bone resorption (Cohen-Solal et al., 1993). Activation of the inducible nitric oxide
synthase isoform (iNOS) pathway contributes to inflammation-mediated osteoporosis via
suppressed bone formation and osteoblast apoptosis (Armour et al., 2001b). Endothelial
nitric oxide synthase isoform (eNOS) knock-out mice has shown reduced bone volume,
bone formation rates, BMD, osteoblast numbers (Aguirre et al., 2001, Armour et al., 2001a,
Samuels et al., 2001), and exogenous estrogens. Osteoblast-like cells under pulsatile fluid
flow have increased eNOS production (Klein-Nulend et al., 1998). Overall, sex steroids (e.g.
estrogens) have been shown to affect both cardiovascular and musculoskeletal systems
(Stevenson, 2004; Rossouw, 2005; Baldini et al., 2005). Hypervascularization is also seen in
regenerative anemia and in the bone marrow response to inflammation (Burkhardt et al.,
1987). The cytokines and growth factors that regulate angiogenesis or vasomotility (e.g.
IGF, PTH or PTHrp, NO, VEGF) are also involved in bone remodeling.

Calcified atherosclerotic plaque has numerous cellular and molecular elements that
participate in bone formation including bone morphogenic protein-2, collagen-1,
osteonectin, osteopontin, matrix Gla proteins, osteocalcin and osteoprotegerin (Doherty et
al., 2003; Witney et al., 2004; Hamerman, 2005). Several plausible biological pathways
have been proposed in which decreased cardiovascular health can influence musculoskeletal
health and vice versa (Witney et al., 2004; Doherty et al., 2003; Hamerman 2005; Rajzbaum
and Bezie, 2006).

Osteoprotegerin, a member of the TNF receptor superfamily, serves as a bone resorption
inhibitor by blocking the RANK/RANK-ligand interaction (Kiechl et al., 2004; Rajzbaum
and Bezie, 2006). High levels of osteoprotegerin were found to be an independent risk factor
for the progression of atherosclerosis and the development of CVD (Browner et al., 2001;
Kiechl et al., 2004). Serum lipids and accumulation of oxidized lipids in the endothelium are
well-established risk factors for CVD, promoting arterial calcification and inhibiting bone
mineral formation (Parhami et al., 2000) while affecting osteoblasts (Parhami et al., 1997,
2000, 2002) and increasing osteoclastic bone resorption (Tintut et al., 2004). However, the
role of lipids in the relationship between CVD and osteoporosis remains controversial
because many other studies have found the opposite effect (Adami et al., 2004) or no
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contribution of lipids on bone loss (Bagger et al., 2007). Such discrepancies suggest that the
obstructive vascular disease, rather than the lipids itself, is responsible for the bone loss,
indicating that a decrease in peripheral blood flow and supply could suppress bone cell
function (Rubin and Silverberg, 2004).

8.6 Interstitial fluid flow in the lacunar-canalicular system

Mechanical loading of bones leads to deformation of the bone matrix material, generating
interstitial fluid flow (IFF) in the lacunar-canalicular porosity. The IFF is the stimulus by
which osteocytes in the LCP initiate the mechanotransduction process (Weinbaum et al.,
1994). Fluid flow has been shown necessary for mechanotransduction and maintenance of
bone mass in vitro (Klein-Nulend et al., 1995; McAllister et al., 2000; You et al., 2001; Kim
et al., 2006; You et al., 2008; Arnsdorf et al., 2009; Kwon et al., 2010). Also, the
mechanosensory function of osteocytes was proved in vivo in a murine model of osteocyte
ablation (Tatsumi et al., 2007), and apoptosis of osteocytes was shown to be a controlling
step of activation of intracortical resorption (Cardoso et al., 2009). In addition to IFF in the
LCP, IFF in the vascular porosity can also prevent bone loss and lead to bone formation, as
shown by in vivo studies in which fluid flow was decoupled from bone matrix strains (Qin
etal., 2003; 2009; Kwon et al., 2010). More recently, it has been shown that intramedullary-
driven IFF in the vascular system can also prevent bone loss and lead to bone formation,
even in the absence of osteocytes, suggesting that bone cells other than osteocytes (i.e. bone
lining cells or quiescent osteoblasts) can be responsive to IFF in the vascular porosity
(Kwon et al., 2010, 2012). The IFF mechanisms for stimulation of bone cell
mechanotransduction and prevention of bone loss in the VP and the LCP seem to be
decoupled since the fluid pressure, relaxation time, and lineal dimension of their porosities
are several orders of magnitude different.

9. Summary

The vascular system in bone and the transcortical arterial hemodynamics were described in
detail. The reviewed literature shows that with ageing, the vascular supply in cortical bone
changes from medullary to periosteal, as a consequence of medullary ischemia and reduced
marrow arterial pressure produced after arteriosclerosis. Throughout the cortex of long
bones there is a microvascular network of capillaries running within anastomosed Haversian
and Volkman canals. The fluid in this network is drained into the venous sinusoid
complexes, central venous sinus and the nutrient veins with the help of skeletal muscle
contractions. Impaired venous circulation leading to venous stasis stimulates periosteal bone
formation. The existence of lymphatic vessels in bone remains controversial, and more
research at this regard is needed. The characteristics of the three different levels of bone
porosity and their bone interfaces were also described. The bone porosity includes the
vascular porosity associated with the VVolkmann canals and the Haversian or osteonal canals;
the lacunar-canalicular porosity is associated with the fluid space surrounding the osteocytes
and their processes; and the collagen-hydroxyapatite porosity is associated with the spaces
between the crystallites of the mineral hydroxyapatite.

The anastomosed VP and LCP are the two bone porosities involved in interstitial fluid flow
and mechanotransduction. Blood is encased in very thin-walled blood vessels that are
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contained within the VP, a vast low-pressure reservoir for interstitial fluid. The interstitial
fluid pressure in the vascular porosity is typically lower than the blood pressure to avoid
collapsing blood vessels in the VVP. The intramedullary pressure can be increased by
mechanical loading of the bone and by venous ligature, and it can be reduced by exercise of
the muscles surrounding bone. The lineal dimension associated with the bone fluid vascular
porosity is two orders of magnitude larger than the lineal dimension associated with the
LCP. The total volume of the VP is, however, considerably less than that of LCP. The ratio
of the permeabilities of the vascular porosity to those of the lacunar-canalicular porosity are
of the order of 108, the permeability of the lacunar-canalicular porosity is insignificant
compared to the permeability of vascular porosity.

Lumped measurements in cortical bone compromise the measurement of the permeability of
the lacunar-canalicular porosity because of being intertwined with the vascular porosity. A
hierarchical poroelastic model for the interstitial fluid flow space in bone tissue was used to
determine the permeability of the LCP without the influence of the intertwined VVP. The
model shows that, although the two porosities exchange fluids, their influence on one
another in terms of pressure change is small. The drainage and imbibing processes occur on
a pressure time scale that is much larger than the short pressure adjustment relaxation time
for the VP and therefore have minimum influence on the pressure in the VP. Recent studies
in single isolated osteons with this hierarchical poroelastic model allowed the assessment of
LCP permeability alone.

Finally, a direct relationship between vascular disease and bone mineral density
measurements has been found in several clinical studies after adjusting the data for many
common risk factors (e.g. age, years after menopause, BMI, level of education, smoking,
physical inactivity), suggesting both chronic diseases may be linked by common
pathophysiological mechanisms; however, a causal link between CVD and osteoporosis has
not been proved yet. The mechanisms responsible for the relationship between
cardiovascular disease and musculoskeletal pathologies remain to be determined.
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Fig. 1.
Schematic diagram showing the vascular arrangement in the long bone diaphysis. Modified
from Williams et al., (1984).
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Fig. 2.

The capillary network within cortical bone. The major arterial supply to the diaphysis is
from the nutrient artery. There is an abundant capillary bed throughout the bone tissue that

drains outwards to the periosteal veins. Modified from Williams et al., (1984).
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Lacunae containing osteocytes Osteon or compact bone
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Fig. 3.
The osteon at the top of this figure is entirely PLC porosity except for its central lumen,

called the osteonal canal or Haversian canal, which is part of the PV porosity. The PV
porosity consists of the volume of all the tunnels in bones that contain blood vessels and
includes all the osteonal canals and all the Volkmann canals, less the volume of the tunnels
occupied by the blood vessels.
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Fig. 4.
The vascular connection between bone marrow, cortex, periosteum and attached muscle.
From Fig. 9.37 of Brooks and Revell (1998).
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Figure 5.

A transverse cross-section of a pie-shaped section of an osteon. The osteonal canal is on the
upper right, the cement line to the left. The osteonal canal is part of the vascular porosity,
the lacunae and the canaliculi are part of the lacunar-canalicular porosity and the material in
the space that is neither vascular porosity nor lacunar-canalicular porosity contains the
collagen-apatite porosity. The three interfaces, the cement line, the cellular interface and the
lacunar-canalicular interface are each indicated. The radius of an osteon is usually about 100
mm to 150 mm, and the long axis of a lacuna is about 15 mm. Using this information it
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should be possible to establish the approximate scale of the printed version of this
illustration.
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