Radboud Repository

Radboud University Nijmegen {§

1
g

PDF hosted at the Radboud Repository of the Radboud University
Nijmegen

The following full text is a publisher's version.

For additional information about this publication click this link.
http://hdl.handle.net/2066/146473

Please be advised that this information was generated on 2018-07-07 and may be subject to
change.


http://hdl.handle.net/2066/146473







THE PROCESS OF
MECHANICAL ADAPTATION

IN TRABECULAR BONE



ISBN 90-9010773-8

Uitgegeven door Ponsen & Looijen, Wageningen

© Margriet Mullender, Nijmegen, 1997
All rights reserved. No part of this book may be reproduced or used in any

form without written permission of the author.

This publication was financially supported by grants from:

Sulzer Orthopedics Ltd., Research Department, Switzerland

D.H. Heijne Stichting - Basko health care, Amsterdam, Nederland
Howmedica Nederland, Haarlem, Nederland

Dr. h. c. Robert Mathys Stiftung (Foundation), Bettlach, Switzerland
WEST Meditec, Bilthoven, Nederland

MERCK Biomaterial, Amsterdam, Nederland

Turnschool TURNACE Gymastics Amsterdam



THE PROCESS OF
MECHANICAL ADAPTATION

IN TRABECULAR BONE

een wetenschappelijke proeve op het gebied van de

Medische Wetenschappen
PROEESCHRIFT

ter verkrijging van de graad van doctor
aan de Katholieke Universiteit Nijmegen,
volgens besluit van het College van Decanen in het
openbaar te verdedigen op dinsdag 11 november 1997

des namiddags om 1.30 uur precies

door
MARGRIET GEZINA MULLENDER

geboren op 19 augustus 1965
te Amstelveen



Promotor: Prof. Dr. Ir. R. Huiskes

Manuscriptcommissie: Prof. Dr. A. van Oosterom
Prof. Dr. W. van den Berg
Dr. P.T.AM. Lips (VUA)



CONTENTS

|

Introduction

2 A physiological approach to the simulation of bone remodeling as

a self organizauonal control process
Proposal tor the regulatory mechanism of Wolff's law

Osteocyte density and histomorphometric parameters 1n cancel-

lous bone of the proximal femur 1n five mammalian species

Osteocytes and bone lining cells - which are the best candidates

for mechano-sensors 1n cancellous bone’
Osteocyte density changes 1n aging and osteoporosis

Differences 1n osteocyle density and histomorphometry between

men and women and between healthy and osteoporotic subjects

The cftect of the mechanical set point of bone cells on the me-

chantcal control of trabecular bone architecture
Discussion

Summary

Samenvatting

Acknowledgements

Curriculum Vitae

13

27

45

59

75

87

99

I15

121

125

129

131






INTRODUCTION

Trabecular bone, also called cancellous or spongeous bone, 1s onc ol two
macroscopically distinct types It consists ot a complex three-dimensional lattice of struts
and plates, which occupies about five to fifty percent of the bone volume The remaining
part contains marrow and blood vessels The other type 1s cortical (dense or compact)
bone This 1s solid bone, except for blood vessels and cells embedded 1nside the matrix
These two types form the skeleton, 1n which cortical bone 1s mainly found 1n the shafts of
long bones, and trabecular bonc 1s primarily located near joint surfaces, at the end ol long
bones and 1n the vertebrae, but also between cortical shells, such as inside the pelvic bone
Bone 1s characterized by 1its calcified extracellular matrix, which provides its high
stiffness This property points at the major function of bone, which 1s to sustain and
transfer mechanical loads Other functions arc storage of calcium and other matrix
constituents and the production of blood cells 1n the bone marrow

Although bone appears Lo be a very stablc and 1nert matenal 1t 1s, 1n fact, a vital
and dynamuc tssue Bone 1s constantly being broken down and rebuilt in a process called
remodeling, which continues throughout lite The primary advantage of this proccss 1s
maintenance of mechanical integrity and adaptation to mechanical loads Bone 15
remodeled 1n a highly coordinated way by specialized cells, osteoclasts and osteoblasts,
bone resorbing and bone forming cells, respectively In this process, osteoclasts first
excavate a 1esorption pit, which osteoblasts relill with osteoid, which mineralizes slowly (o
lorm new bone During bone formation, some osteoblasts are embedded inside the bone
matrix and differentiale into osteocytes The trabecular bone surface 1s covered with a
layer of lining cells These cells are also thought to represent a final stage of osteoblastic
differentiation The osteocytes are stellate shaped, with long thin processes that are
connected to those from other osteocytes and with lining cells and osteoblasts at the bone

surlace Together they form a network throughout the bone matrix (Fig 1)
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Humans gain bone mass
during growth until a2 maximum
1 reached at the age of about 20
years, approximate-ly between

the ages of 25 and 30, bone mass

starts o decrease gradually In

women, this loss 15 accelerated trabecular bone osteoblasts
during the menopause as a result Fgure 1
A schematic picture of bone tissue with the various
of a reduction 1n estrogen !
& npes of bone cells

production Age related bone
loss can be considered as
normal, however, about one third of the population i1n developed countries develops
osteoporosis (Wasnich, 1996, Ross, 1996) This condition 1s characterized by low bone
mass and a deteriorated bone architecture (confeience report, 1993) It presents itself
through bone fractures, after minimal trauma The most common fracture sites 1n
ostcoporosis are the iemoral neck, the veitebrac, and the distal torearm, where trabecular
bone would normally attribute substantially to the mechanical strength The problem of
osteoporosis 1s extensive For inslance, the prevalence of vertebral fractures in elderly
people ranges from 10-45% (O’Neill et al , 1996, Jones et al , 1996, Davies et al , 1996,
Ross, et al, 1995) In the U S A, the total number of osteoporotic fractures annually 1s
roughly 15 million, associated with costs of health care of $5-$10 billion (Zohman and
Lieberman, 1995, Riggs and Melton, 1995) With continued aging of the population, 1t 1s
only to be expected that the incidence ot osteoporotic fractures will increase even further

Due to the complexity of the regulatory processes involved, 1t 1s presently unclear
what causes the malfunction of bone maintenance tn osteoporosis However, the world
wide problem of osteoporosis 1mpels researchers to unravel the mechanisims responsible for the
control of bone architecture Many agents, such as growth factors and hormones, are
involved 1n the regulation of bone remodeling, of which very little 1s currently known It 15
generally assumed that, besides chemical agents, mechanical tactors play an important
role Rodan (1996) summarizcd the regulatory process as bone homeostasis 1s controlled
by mechanical factors i a hormonal emuronment Disturbances 1n this finely tuned
process may lead to perturbation ol the remodeling balance and result 1n bone loss, or
occasionally, an increasc of bone mass, but may perhaps also lcad to inappropnate bone

architectures
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The compelence of bonc 1s determined by its mechanical properties The
relationship belween trabecular bone architecture and 1ts mechanical function has been
recognized tor several centuries (Treharne 1981) In 1892 Wolff described how the
directions of trabeculae coincide with the directions of the stress trajectories as can be
calculated 1n a mathematical model Ever since, Woltt’s law has been reterred to as the
phenomenon that bone architecture adapts to mechanical loads Nevertheless, the first onc
to speculate on thc mechamism of bone adaptation, 1¢ the process controlling the
distribution of bone mass, was Roux (1881) He suggested a process analogous to Darwin’s
evolution theory, only with cells as the individuals Cells that are appropnately stimulated
will prosper and form more matrix, whereas other cells, that do not receive the approprniate
stimulus, will disappear Translated to bone tissue, Roux proposed that bone will be
formed at locations where the local stresses are relatively high and bone will vanish where
stresses arc low Although this general theory has become more or less the prevalent one,
its consequences for the behavior ol the remodeling process have never been fully resolved

That changes 1n mechanical loading aftect bone 1s clear from many experimental
studies Whereas overloading stimulates bone formation (Rubin and Lanyon, 1984), disuse
induces bone loss (Carter et al, 1981, Schaffler and Pan, 1992, Thomas et al, 1996,
Biewener el al, 1996, L1 et al, 1990, Palle et al , 1992, Jaworski and Uhthotf, 1986,
Kannus et al , 1996) The dilficulty to investigate the exact role of mechanical faclors 1s
partly duc to the complexity of measuring and controlling mechanical variables 1n bone
tissuc In addition, 1t 1s difficult to assess the mechanical and morphological properties of
the complex three dimensional trabecular bone architecture The techmques for making
three dimensional reconstructions of bone recently developed (Odgaard et al, 1994,
Ruegsegger et al , 1996) and large scale finite element models of bone architecture (van
Rietbergen et al, 1994) have provided new prospects The reconstruction of bone
architectures 1n the computer offers the possibility to accurately analyze its three
dimensional morphological characteristics (Odgaard, 1994) which, until this moment, had
to be inferred from two dimensional measurements of bone surtaces (Parfitt et al , 1983,
1987) Moreover, with the recently developed finite element methods these reconstructions
can be mechanically analyzed Using this method, it 1s now possible to siumulate
mechanical tests and even to fully characterize the mechanical properties of trabecular
architectures (Van Rietbergen et al , 1994, 1996)

It has been only recently that researchers have started to investigate the precise
mechanisms by which bone ussue 1s able to detect mechanical loads and by which

pathways mechanical signals may affect bonc remodeling Presently the leading theory 1s
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that the osteocyte network functions as a mechano-sensory system Some cvidence {or this
theory was found In organ cultures, 1t was shown that osteocytes respond metabolically to
mechanical loading of the bones (Pead ct al , 1988 Skerry et al, 1989 Lean ct al 1996)
Isolated osteocytes were tound to be extremely sensitive to mechanical stumulation by fluid
flow (Klein-Nulend et al , 1995), which has been proposed to be the mechanism by which
these cells are also stimulated 1in vivo (Reich et al 1990, Reich and Frangos 1991,
Weinbaum et al , 1994, Harrigan and Hamulton, 1993)

The prediction that a local control mechanism, such as proposed by Roux, produces
the typical trabecular structures that resist mechanical loads effectively with iclatively
little material 15 fai from trivial Nevertheless, indications that this 1s indeed the case were
given by the work of Weinans et al (1992) With the use of computer models they
simulated adaptation ol bone to mechanical loads 1n a locally regulated process They
discovered that such a process tnduces the formation of patteins In a recent theoretical
analysis of this type of process, Wemnans and Prendergast (1996) explained that the
nonlinear nature of this process 1s the reason for pattern formation The positive tecd-back
control loop and discrete sensor sites are the ingredients that ar¢ responsible for the
dynamic behavior of the process The process passes through bifurcations and each
resulting morphology 1s metastable, prone to yjump to a different metastable morphology
after perturbation of the system

The findings of Wernans et al (1992) and the experimental information have lead
us to hypothesize that the morphology of trabecular bone 1s the result of a process of self
orgamzation, controlled by ostecocytes, which 1n turn are stimulated by local mechanical
signals Whereas Wernans and Prendergast (1996) conclude that in order to simulate the
adaptive behavior of bone, thts non hinear behavior (caused by the positive feed-back loop
and discrete sensor sites) should be incorporated 1n analytical models used we think that
first 1t 1s neccosary to investigate 1f the assumption that adapuve bone remodeling 15 such a
non linear process 1s indeed a realistic one The principal questions that are addressed in
this thesis arc whether Roux s hypothesis 1s feasible (chapters 2 and 3) and, 1t this 1s the
case, whether this hypothesis can be substantiated by measurements of parameters in the
proposed process, specifically the density of sensor cells and the trabecular morphology
(chapter 4) In addition, we have tested if the ostcocyles, which we have assumed to be the
mechano-sensors, are also thc most surtable candidates for this role (chapter 5) Finally we
have studied the question whether osteoporosis might be explained by differences 1n the

parameters 1nvolved 1n the regulatory process (chapters 6 8)



INTRODUCTION

REFERENCES

Bicwener, A A, Fazzalart, N L, Konieczynski, D D. and Baudinette, R.V. (1996) Adapuive changes
in trabecular architecture 1n relation to functional strain patterns and disuse. Bone 19: 1-8.

Carter, D.R, Vasu, R. and Harns, W.H. (1981) The plated femur relationships between the chan-
ges 1n bone stresses and bone loss. Acta Orthop Scand. 52+ 241-248

Conference report, Concencus, development, conterence, prophylaxis and treatment of osteoporosis
(1993) Am. J. Med 94: 656-660

Davies, K.M | Stegman, M.R., Heaney, R P. and Recker, R.R (1996) Prevalence and seventy of
vertebral fracture: the Saunders County Bone Quality Study Osteopoi osis Int. 6: 160-165.

Harrigan, T.P. and Hamilton, JJ. (1993) Bone strain scnsations via transmembrane potential
changes in surface ostcoblasts: loading rate and microstructural implications. J. Biomechan-
ics 26: 183-200.

Jaworski, Z.F. and Uhthoff, H K (1986) Reversibihity of nontraumatic disuse osteoporosis during its
active phase. Bone 7 431-439,

Jones, G, White, C., Nguyen, T., Sambrook, P N, Kelly, P.J and Eisman, J A (1990) Prevalent
vertebral deformities: relationship to bone mineral density and spinal ostcophytosis in elder-
ly men and women. Osteoporosis Int. 6: 233-239.

Kannus, P., Jarvinen, T.L , Sievanen, H., Kvist, M., Rauhaniem, J., Maunu, V.M., Hurme, T.,
Jozsa, L. and Jarvinen, M. (1996) Effects of immobilization, three lorms of remobilization,
and subsequent deconditioning on bonc mineral content and density in rat femora. J. Bone
Miner. Res. 11: 1339-1346.

Klemn-Nulend, J., Van der Plas, A., Semeins, C.M., Ajubi, N E |, Frangos, J.A., Nyweide, P J,, Bur-
ger, EH (1995) Sensttivity of osteocytes to biomechanical stress in vitro. FASEB J 9: 441-
445,

Lean, JM, Mackay, AG, Chow, JW, Chambers, TJ 1996 Osteocytic expression of mRNA for ¢-fos
and IGF-I: an immediate carly gene response to an osteogenic stimulus. Am J Physiol 270.
E937-E945.

O'Neill, T.W , Felsenberg, D, Varlow, J , Cooper, C., Kanis, J A and Silman, A 1. (1996) The pre-
valencc ot vertebral delormity 1n curopean men and women: the European Vertebral Osteo-
porosis Study J. Bone Miner. Res. 11: 1010-1018.

Odgaard, A. (1994) Three-dimenstonal quantulication of cancellous bone structure. In: Barbosa,
M.A and Campilho, A., Eds., Imaging techmques in biomateriuls. Elscviers Science Pu-
blishers, The Netherlands, pp 181-188.

Odgaard, A., Andersen, K., Ullerup, R., Frich, L.H and Melsen, F. (1994) Thrce-dimensional re-
construction of entire vertebral bodies. Bone 15 335-342.

Palle, S., Vico, L., Bournin, S. and Alexandre, C (1992) Bone tissue response to {our-month antior-
thostatic bedrest a bone histomorphometric study. Calcif. Tissue Int 51. 189-194.

Parlitt, A M., Mathews, CH.E, Villanueva, AR and Kleerckoper, M (1983) Relationships
between surface, volume, and thickness of thiac trabecular bone 1n aging and osteoporosis. J
Clin Invest 72:1396-1409.

Parlitt, A.M., Drezner, M K, Gloneux, F H.,, Kanis, J A., Malluche, H, Meunter, P.J, Ott, S M.
and Recker, R.R. (1987) Bone histomorphometry Standardization of nomenclature, symbols,
and units J. Bone Min. Res. 2. 595-610

Pead, MIJ, Suswillo, R, Skerry, TM, Vedi, S, Lanyon, LE 1988 Increased 3H-undine levels in osteo-
cytes following a single short period of dynamic bone loading 1in vivo. Calaf Tissue Int
43(2). 92-96

Rerch, K M. and Frangos, J A (1991) Ellcct of flow on prostaglandin E; and 1nositol triphosphate
levels 1n ostcoblasts Am J Plnysiol. 261 ¢428-¢443

11



CHAPTER 1

Reich, KM, Gay, CV and Frangos, J A (1990) Fluid shear stress as a mediator ot osteoblast cy
chic adenosine monophosphate production J Cell Physiol 143 100-104

Riggs, B L and Melton, L J-3rd (1995) The worldwide problem of osteoporosis insights atforded
by epidemiology Bone 17 S§505-S511

Rodan, G A (1996) Coupling of bone resorption and tormation during bone remodehng In Marcus,
R, Feldman, D and Kelsey, J , Eds , Osteoporostis, 289-299

Ross, P D (1996) Osteoporosis Frequency, consequences, and risk factors Arch Intern Med 156
1399-1411

Ross, PD, Fupwara, S, Huang, C, Davis,J W, Epstein, RS, Wasmich, R D, Kodama, K and
Melton, L J-3rd (1995) Vertebral fracture prevalence in women in Hiroshima compared (o
Caucasians or Japanese in the US Int J Epidemiol 24 1171-1177

Roux, W (1881) Der Kampf der Tetle im Organismus Engelmann, Leipzig

Rubin, CT and Lanyon, L E (1984) Regulation of bone formation by applied dynamic loads J
Bone Joint Surg Am 66 397-402

Ruegsegger, P, Koller, B, and Muller, R (1996) A microtomographic system for the nondestructive
evaluation of bone architecture Calcif Tissue Int 58 24-29

Schaffler, M B, Pan, HQ (1992) Alterauions of trabecular microarchitecture during immobiliza-
tion-tnduced bone loss Trans Orthop Res Soc 17 p239

Skerry, TM, Bitensky, L, Chayen, J, Lanyon, LE 1989 Early strain-related changes in cnzyme activi-
ty 1n osteocytes following bone loading in vivo J Bone Min Res 4 783-788

Thomas, T, Vico, L, Skerry, TM, Caulin, F, Lanyon, LE, Alexandre, C and Lafage, M H
(1996) Architectural modifications and cellular response during disuse-related bone loss in
calcaneus of the sheep J Appl Physiol 80 198-202

Treharne, R W (1981) Review ot Wolff's law and 1ts proposed means of operation Orthop Rev
10 35-47

Van Rietbergen B, Weinans, H, Huiskes, R and Odgaard, A (1994) A new method to determine
trabecular bone elastic propertics and loading, using micro-mechamical finite clement
models J Biomechanics 28 69-81

Van Rietbergen, B, Odgaard, A, Kabel, J and Huiskes, R (1996) Direct mechanics assessment of
mechanical symmetnes and properties of trabecular bone archilecture, J Biomech 29 1653-1657

Wasnich, R D (1996) Vertebral fracture eprdemiology Bone 18 179S-183S

Weinans, H and Prendergast, P J (1996) Tissue adaptation as a dynamurcal process far from equili-
brium Bone 19 143-149

Weinans, H , Huiskes, R and Grootenbocr, HJ (1992) The behavior of adaptive bone-remodeling
stmulation models J Biomechanics 25 1425-1441

Weinbaum, S, Cowin, S C and Zeng, Y (1993) A model for the excitation of oslteocytes by me-
chanical loading-induced bone fluid shear stresses J Bromechanics 27 339-360

Wolff, ] (1892) Das Gesetz der Transformation der Knochen, Berlin, A Hirchwild The law of bone
remodeling Translated by Maquet, P and Furlong, R Springer-Verlag, Berlin (1986)

Zohman, GL and Lieberman, J R (1995) Penoperative aspects of hip fracture Guidelines for 1n-
tervention that will impact prevalence and outcome Am J Orthop 24 666-671

12



A PHYSIOLOGICAL APPROACH TO THE
SIMULATION OF BONE REMODELING AS A

SELF ORGANIZATIONAL CONTROL PROCESS

M G Mullender, R Huiskes and H Wemnans
Journal of Biomechancs 27 1389-1394, 1994

ABSTRACT

Although the capactty of bone to adapt to functional mechanical requirements has
been known for more than a century, 1t 1s sull unclear how the bone adaption processes
are regulated We hypothesize that osteocytes are sensitive to mechanical loading and
control the 1egulation of bone mass n their environment Recently simulation models
were developed of such a process It was discovered that these models produce
discontinuous structures, not unlike trabecular bone However, 1t was also found that
severe discontinuities violate the continuum assumption underlying the finite element
method and that the solutions were element mesh dependent

We have developed a more physiologically and mechanically consistent simulation
model which mawntains the self-organizanonal characteristics but does not produce severe
discontinutties This was accomplished by separating the sensor density and range of
action from the element mesh

The results clearly show that predicted trabecular morphology, 1 e sizes and
branching of struts, depend on the actual relatonship between local load, sensor density
and range of influence We believe that the model 1s suitable to study the relationship
between trabecular morphology and load and can also explain transformations of

morphology, in the sense of 'Wolff's Law'
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INTRODUCTION

It 1s generally accepted that bone adapts to mechantcal loading A decrease 1n
mechanical load causes resorption of bone, whereas an increase leads 1o bone formation
This adaptive process 1s usually referred to as bone adaptive modeling or remodeling
Although this adaptive capacity of bone tissue has been known for more than a century,
most of the processes involved in this behavior are still poorly understood Specialized
cells, the osteoclasts and osteoblasts respectively, arc responsible for resorption and
formation, but the mechanisms involved i1n the regulation of these actor cells are still
unclear Some way of measuring mechanical loading 1n bone must exist, 1n order for bone
to adapt to the mechanical requirements It has been hypothesized that bonc contains cells
which are sensitive to mechanical signals and which 1n turn control the actor cells Cowin
et al (1991) suggested that osteocytes, because of their favorable position and architecture,
may tunction as mechanoreceptors It has indecd been shown that bone cells are sensitive
to mechanical stimuli (Rodan er al, 1975, Harrell et al , 1977, Somjen et al, 1980, 1982,
Binderman et al, 1984) More specifically, El Haj et al (1990) showed that mechanical
loading affects the cellular metabolism of osteocytes 1n cancellous bone Recently these
studies were reviewed by Burger and Veldhuizen (1993) Osteocytes are regularly
distributed throughout the bone, interconnected and connected with bone lining and actor
cells at the bone surface (Menton er al , 1984) This makes them very
surtable candidates for the role of mechanical sensor The hypothesis that bone contarns
mechanoreceptors 1mplies that the regulation of bone mass by actor cells 1s governed
locally by sensor cells In other words, 1t 1s assumed that bone mass regulation occurs at a
local level, which 1s typical for a self-organizational control process (Yates, 1987) It i1s
noteworthy that as early as 1881 Roux suggested remodeling to be governed by such a
‘quantitative self-regulating mechanism' (Roesler, 1987)

Recently, simulation models, using tinite element (FE) analysis, were developed 1n
which bone remodeling 1s mathematically described as such a self organizational
biological control process (Huiskes et al, 1989, Weinans et al, 1989, 1990, 1992,
Beaupré et al, 1990) The sensor cells are assumed (o 'measure’ a mechanical signal and
stimulate the actor cells (the osteoblasts and oslcoclasts) 1n their vicinity to adapt bonc
mass accordingly Wenans et al (1990, 1992) discovered that when applhed to a simple
model of local trabecular bone, this process produced a discontinuous patchwork not
unlike trabecular bone 1tselt They found that this behavior was caused by a ncgative {ced-

back loop 1n the regulation model For a realistic set of parameter values the only stable
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solution 1s one 1n which clements are either empty or saturated to the maximal permissible
density In addition, they found that the process displayed chaotic behavior, due to 1ts
dependence on a large set of non linear equations (one per element) Although Weinans et
al (1992) emphasized the assets of the control scheme as an explanatory model for the
emergence of trabecular moiphology, 1ts predictive quality was not without problems First
of all, thc discontinuous element patchwork that emerges violates the continuum
assumptions on which the finitc element method 1s based Hence, the stress calculation 1n
the eventual mesh 1s highly inaccurate Seccondly although the trends of the solution
remain ntact when the clement mesh 1s refined, the solution 1s 1n tact mesh dependent

This woik generated considerable nterest from other groups working 1n the same
area Jacobs and Beaupre (1992) reanalyzed the same local FE model with their bone
remodeling simulation procedure (Beaupre et al, 1990) and found the same elfects
Harrigan and Hamilton (1992) developed analytical and numerical formulations of the
problem They confirmed the instability ol the continuous solution, depending on the
valucs of the parameters 1n the solution process They stressed that the discontinuous
solution, obtained tor realistic parameters, was 1n {act impermissible Jacobs et al (1992)
suggested Lo repair the process {ormulation by using quadratic instead of bilinear elements
Lo altenuate the discontinuous behavior of the tinite clement model They also suggested to
averaging the densities calculated 1n the nodes over the surrounding elements, whereby the
development ot discontinuities 15 prevented

We believe that the only problem of the self-organizational regulation models
hitherto presented are the artifacts introduced inadvertently in the fimte element
formulation In these models, each clement 1s assumed to have one sensor cell which
regulates bone mass 1n that samc element Hence, the region ot sensor ctfect 15 hmited by
the boundailes of the elements, which are artetacts because they do not represent a
physical reality As a result, the solution 1s nfluenced by the element mesh Or, 1n other
words, the mesh begs the question

In this paper a more physiologically and mechanic-ally consistent approach to the
self-organizational bone regulauon process 1s presented [t 15 hypothesized that osteocytes
act as sensors by appraising a mechanical signal (Fig 1) Each sensor then produces a
stimulus for bone mass regulation 1n 1ts cnvironment, the eftect of which diminishes
exponenually, away from the sensor's location So cach actor cell 15 stimulated by the
sensor cclls, depending on their remotencss from the sensor location This approach

mtroduces the concept of sensor (osteocyte) density, independent from the FE mesh, and of
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sensor 1nfluence range (Cowin et al , 1991) as a model for the numerous interconnections

of osteocytes and actor cells

/ external loading

/ 7

— mechanical
— signal
sensors O
o/j stimulus  mechanical
actors properties

|
T—v A bone mass ——T
Figure 1

The basic assumptions of the biological control mechanism of adaptive bone remodeling are shown
in this scheme a local mechamcal signal 1s appraised by a sensor (osteocyte), which produces a
sttmulus for bone mass regulation to actors n 1ts environment Changes of bone mass are trans
lated in changes of mechanical properties, thus also of mechanical signals

The purpose of this project was to investigate whether this hypothesis produces
mechanically permissible solutions consistent with the trabecular morphology of bone. In
addition, the effects of the parameter values 1n the model - sensor influence range, sensor

density - the FE mesh and the external load on the predicted morphology were studied

METHODS
The bone considered 1s assumed to have N sensor cells, arbitrarily distributed over
its volume An arbitrary sensor 1 measures a signal S, the strain energy per unit of mass,

at 1ts location calculated from (Weinans et al 1989, 1992)

U
Sl = —‘ » (])

P,
where U, 15 the strain-energy-density and p, the density at the location of the sensor The
density p(x) at location x 1s regulated by the stimulus value ®(x), to which all sensor cells

contribute, relative to their distance from x, hence

N
D(x)= zfl(x)(Sl - k), (2)
1=]

16
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where k15 a reference signal and fi(x) 1s a spatial influence function Here, the tunction

filx)=eWxrP )

was used, with d,(x) the distance bctween sensor : and location x This function 1s
tllustrated 1n Fig 2, the rate of the spatial intluence reduction 1s given by the parameter D
D represents the distance from a sensor at which location its effect has reduced toe', 1¢e

36 8 percent

Ji(x)

100

0137

000

P d(x)

Figure 2
The spatial influence of sensor 1, expressed as fi(x) 15 a function
of di(x), the distance berween sensor 1 and location x

The density p(x) 15 now governed by the rate

dp (x)

" =1 P(x), with 0<p(x)<p,,, @)

where p, 1s the (maximal) density of cortical bone, and T 1s a Ume constant regulating the
rate of the process

The clastic modulus at location x 1s calculated from the density according to (Rice
et al 1988, Currey, 1988)

E(x) = Cp(x)! &)

where C and y are constanls
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In the FE model used, the stress components ¢ and the strain components € are
determined at the integration points of each clement, and interpolated per element to give
their values 1n the sensor points (0, and €) The stiain energy density 1s calculated Irom
the tensor product U, = %2 §, €, where 1 refers to the sensor number Using equation (1)
the signal per sensor point S, 15 then determined The stunulus @, 1s evaluated 1n the
center ol each element j, using cquation (2), and a ncw density value p, 1s calculated 1n

clement y, 1n accordance with equation (4), from

pj(r+Ar) = pj(l) + A1T (1) (6)

where At 1s the ume step 1n the 1teration process The 1teration 1s continued until no more
significant changes 1n the density distitbution occur

This method was tested in a 2-dimensional plate model, as applied eailier by
Weinans et al (1992) The plate 1s loaded by a compressive stress distribution, decreasing
linearly over the top edge (Fig 3) In the calculations, a uniform initial density
distribution of p = 0 8 g/em® was used The bone uissue 15 assumed to be 1sotropic  The
reference signal value & = 025 J/g,
the maximal density py, = 174
glem’, T = | (g/m*)¥(MPa time- 10 N/mm? M
umt), C = 100 MPa/(g/cm’)* and ¥y 1s
20, as 1 the calculations of
Weinans et al (1992) The plate was
meshed with  40x40 four-node

I mm

elements The sensor distiibution e ceao e e eas .

A

was unilorm and 1ty density was X
assumed to be 1600/mm’ (N = c et e .
1600), associated with a scnsol

influence parameter of D = 0025

mm The behavior of the model was . o e o
studied for variations of the mecsh
density, the sensor density (N), the I'gure 3

Two dimenstonal plate model of bone tissue with
sensor range ol influence D and the sensor cells (dots) subjected to a compressive load
external load as mdicated
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RESULTS

First the model was tested relative to the earlier one used by Weinans et al. (1992),
by reproducing its conditions. For that purpose, the distance-influence parameter was
diminished to D = 0.001 mm. The results shown in Fig. 4 are very similar for both
models, indicating that indeed the conditions of earlier models can be reproduced. For a
larger range of influence of the sensors, such that the stimuli generated by the sensors
overlap, the model behaved as expected, producing trabecular-like structures without the
checker board patterns seen as a result of earlier models (Fig. 5; D = 0.025 mm). The
solution has been shown to be independent of mesh refinement, as shown in Figs. 5a and
b, where the results for 80x80 and 40x40 meshes are compared. Although the morphology
is not the same in both cases due to the differences in the density-pattern representations,
the solutions are structurally similar.

As the sensor grid was separated from the FE-mesh, the number of sensors could be
varied independently. A saturation effect occurred when the number of sensors was
increased: increasing the sensor density beyond a particular value (N about 1000) did not
further influence the results. The value of this 'cut-off' density number also depended on
the influence parameter D; for a larger value of D, saturation occurred at a lower sensor

density.
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Figure 4

Comparison of the density distributions as predicted by the earlier model (a), used by Weinans et al.
(1992), and the model described here, where the distance-influencing parameter is diminished to D =
0.001 mm (b). In both models the number of sensors is equal to the number of elements: N = 1600.
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Figure 5

Density distribution resulting from the bone remodehing simulations using a 80 x 80 FE mesh (u)
and a 40 X 40 FE mesh (b). The number of sensors N = 1600 and the influencing parameter D =
0.025 mm.

1.75 g/em’

Figure 6
Density distnibution as predicted by the bone remodeling simulation, where the influencing parame-
ter D is increased 10 0.05 mm (N = 1600).
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Changing the range of action of the sensors D, for a constant sensor density, has a
distinct influence on the morphology (Fig. 6). If D is small relative to the plate size, finer
struts are formed and more branching can be seen than for a larger D. A form of 'self
similarity' is evident when comparing Figs. 5 and 6. Similar results were obtained when
the 'scale’ of the problem was varied, i.e. by enlarging the plate dimensions and range of

influence D by the same ratio.
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Figure 7

Bone remodeling is simulated starting with a uniform density distribution and using a compressive
ramp load (a). After remodeling, a trabecular morphology has emerged (b). When equilibrium is
reached an additional shear load (3.5 Nmm?) is applied (c). The simulation predicts that the mor-
phology adapts to the new loading requirements and a new equilibrium is reached (d).
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Solutions hitherto produced were based on a uniform density as the initial
condiion That the model can also cxplain transtormations of morphology 1n the sense ol
Wolff's Law, 1s demonstrated in Fig 7 The morphology that emetged fiom the unitorm
distribution as stimulated by the compressive ramp load (Fig 7b) 1s provided with
additional boundary shear stresses As a result, the morphology transtorms to a new

equilibrium (Fig 7d)

DISCUSSION

We have developed a simulation model of the sell orgamzational biological control
process ot bone remodeling, suitable 0 study the relationship between (rabecular
morphology and load and the hypothescs comprised 1n Wolff's Law It should be clear that
for the purpose of studying trabecular morphology the element mesh should be fine
enough to adequately describe the trabeculae In order to compare the results with the
results from previous models some sumplifications have been made 1n this study We used
a two-dimensional square plate and a uniform 1nitial density distribution 1o investigate the
model behavior This 1s not a realistic assumption for bone remodeling, but as shown, the
model also pertorms well [rom a nonuniform starting configuration Further, a unifoim
sensor distribution was assumed, but this 1s no principle limitation of the model

In this model, the sensor points are defined independently of the FE-mesh In other
words, the sensor cells are modeled separately trom the actors which are represented by
the elements 1n the model, cnabling us to vary sensor density and sensor influence The
model results reported by Weinans et al (1992) can be reproduccd 1f the influence domain
ol the sensors 1s smaller than the element size The ditterence between the figutes shown
here and the higures [rom Weinans et al arc duc to a difference tn the time increments
used Weinans et al used larger ume steps which resulted 1n a dilferent remodeling
pathway and shghty diticient results The behavior of the model conlirmed ouw
assumption that the checker board type density patterns found in earlier models were
caused by a discontinuous stimulus distribution due to the artificial limitation of sensor
action to the bounded region of one element

The sensors are considered Lo control the remodeling process by comparmg the
mechanical signal with a reterence signal Further we presumed that therr iniluence
decreases cxponentially with increasing distance Obviously, as 1t 1s still unknown 1f the
remodeling process 1s contiolled by the sensor cells, as opposed o the actor cells for

instance, and how these cells (nfluence actor cells, no evidence exists to support these
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assumptions But, 1t we assume that the osteocytes, located in the bone matrix, are
sensitive to mechanical stimuli as was shown by El Haj et al (1990) and that they acuvate
the actor cells by using chemical pathways (Binderman et al 1984, Rodan, 1975), these
propositions are quite realistic The distance over which the sensor cell can influence actor
cells 15 also speculative The cxistence of a conncctive network of osteocytes 1s widely
accepted and ostcoblasts and bone lining cells are also believed (o take part 1n this network
(Menton et al, 1984, Cowin et al, 1991) Thus, 1l seems reasonable to assume that the
area which 15 intluenced by a sensor 15 limuted, yet, that this arca 1s large enough, such
that at each arbilrary point 1n the bone tussuc a significant stimulus can be received We
assumed that the influence domain of the osteocyles has a magnitude 1n the order of the
trabecular (hickness (about 0 15 mm) Using this more realistic environmental-sensor-
influence model, trabecular like structures arc tormed without the formation of alternating
densily patterns near the load application surface Hence, the problem of ‘checker board'
type densily patterns can be solved by using a morce realistic model without the addition of
the averaging procedures proposed by Jacobs ef al (1992), provided that the element size
15 small enough 1n proportion to the sensor influence range (1 e the element size should be
1n the range of the influcnce parameter D or smaller)

Duc (o the separation of FE mesh and sensor gnd, the FE-mesh can be refined
without changing the essential model characteristics The similarity between the solutions
tor different mesh refincments confirm that the solution 1s no longer FE-mesh dependent

The model can be used (o study the ielationship belween sensor distribution (e g
osteocyte densily) and trabecular morphology The results obtaincd suggest that the etfects
ot sensor cell density are subject to a saturation criterion It appears that the solution 1s
independent ot thec number of sensors, provided that the distibution of the mechanical
signal 1s 'adequately’ measured by the sensors in the structuie A reduced number of
sensots relative o the 'saturation’ amount results 1n a coarser structure Note that reducing
the number of sensors while maintaining a constant range of influence will ultimately lead
to a discontinuous stimulus distribution and hence an alternating densily pattern
Accordingly, the sensor influence parameter D affects the minimum number of scnsors
necessary to obtain a continuous stimulus distribution For a larger D the critical number
of sensors 1s smaller The critical sensor density was about 1,000/mm” where D 15 0 025
mm This value hics 1n the same order of magnitude as the values of osteocyte lacunae
numbers found 1n spongy bonec of several difterent species, which ranged between
1,000/mm’ and 3,000/mm? (Marott1 et al, 1990) However, these figurcs should be
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considered carefully Marolt et al only measured the number ot osteocyte lacunae per area
of bone uissue The number of osteocytes per volume ol bone 1s still unclear In order to
make a valid comparison between expertmental data and the model results 1t 1s necessary
to establish the number of osteocytes per volume of bone ussue

It was also shown that D has a distinct effect on the eventual morphology of (he
structure The results indicate that the formation of trabecular-like structures s
charactenistic of the model behavior, as has been suggested earlier by Weinans er al
(1992) and Harrigan and Hamilton (1992), but that the thickness ot the struts and the
degree of branching 1s determined by the range of action of the sensors, whereby a smaller
range results 1n finer struts and more branching This etfect may be explained by a less
homogeneous stimulus distribution, 1 ¢ larger stimulus gradients, in the case ot a smaller
range of action of the sensors It was found that the thickness of the trabeculae produced
by the model was similar to the magnitude of the sensor influence domain This was 1n
agreement with our assumption stated carlier

The results presented here clearly show that predicted trabecular morphology, 1e
sizes and branching of struts, 1s dependent on the actual relauionship betwcen local load,
sensor density and range of influence Our hypothesis 1s that differences in trabecular
morphology 1n various species can be explained by variations 1n these parameters We
believe that trabecular morphology can be explained as a result of a load-dependent local
self-organizational biological control process We conclude that the method described here
1s suitable to study the effect of the various parameters presumably controlling this process

and may be used to estimate physiological parameters
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PROPOSAL FOR THE REGULATORY

MECHANISM OF WOLFF'S LAW

M G Mullender and R Huiskes
Journal of Orthopaedic Research 13 503-512, 1995

ABSTRACT

It 15 currently believed that the trabecular structure in bone 15 the result of a
dynamic remodeling process controlled by mechanical loads We propose a regulatory
mechamism based on the hypothests that osteocytes located within the bone sense me-
chantcal signals and that these cells mediate osteoclasts and osteoblasts n thewr vicinty
to adapt bone mass A computer-simulation model based on these assumptions was used to
investigate if the adaptation of bone n the sense of Wolffs Law and remodeling
phenomena as observed in reality, can be explained by such a local control process The
madel produced snuctures resembling actual trabecular architectures The architecture
transformed after the external loads were changed, aligning the trabeculae with the actual
principal stress orientation n accordance with Wolff's traqjectorial hypothests As
reality, the relative apparent density of the structwre depended on the magnitude of the
applied stresses Osteocyte densiry mfluenced the remodeling rate, which s also
consistent with experimental findings Furthermore the results indicated that the domain
of influence of the osteocytes affects the refinement of the structure as represented by the
separation and thicknessof the struts We concluded that the trabecular adaptation to
mechamcal load as described by Wolff can be eaplained by a relanvely simple
regulatory model The model 1s useful for mvesnigating the effects of physiological

parameters on the development mamtenance and adaptation of bone
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INTRODUCTION

More than a century ago, Wolff (1892) put forward his trajectorial hypothests,
which 1mpied that the internal structure of bone 1s adapted to mechanical demands, such
that the trabecular patterns coincide with stress trajectories Although the hypothesis that
the shape and the internal structure of bone adapt to functional or mechanical
requirements generally has become known as Wolff's law, the present 1dea that remodeling
of bone 1s a continuous dynamic control process originated from Roux (1881) He
suggested that the adaptive processes 1n bone are regulated by cells influenced by the local
statc of stress

Only recently have scientists first begun expcrimenting with mathematical control
models of mechanical bone-mass regulation (Pauwels, 1965, Frost, 1964, Cowin, 1976)
The model of Cowin and Hegedus (1976) - in particular, the theory of adaptive elasticity -
provided the mathematical background for future developments It assumed a continuous
feed-back loop between the maintenance of bone mass and local strain values 1n the
tissues, enabling mathematical predictions of local bone regulation based on external
loads Others later proposed similar mathematical remodeling rules, albeit introducing
different kinds of mechanical signals to control the iced-back loop to maintenance of mass
(Hart et al , 1984, Huiskes et al , 1987, 1989 Carter et al 1989, Beaupre et al, 1990)
These authors used finite element methods to link external loads to local mechanical
signals, thereby enabling computer simulations ol bone-mass regulation 1in complex
geometrical structures, such as whole bones It was shown 1n validation studics, that these
computer simulations could accurately predict long term bone formation and resorption
around orthopaedic implants 1n animals and humans (van Riectbergen et al, 1993,
Weinans et al, 1993, Huiskes, 1993) Nevertheless, these are empirical models, not
physiological ones They are usetul to estimate the gross outcome of a remodeling process,
but do not explain anything about the remodeling process 1tself In addition, these models
regulate only bone mass, and 1gnore the trabecular structure

Weinans et al (1992) found that these kinds of computer models are likely to
produce noncontinuous patchworks when used to simulate remodeling of a continuous,
uniform material, after application of an external load It was cstablished thal this
phenomenon was based on 1nstable behavior of the finite element solution procedure 1n
conjunction with a positive teed-back loop Since every element 1n the model acts as a
more or less independent strain sensor and mass regulator, 1t acls 1n competition with 1ts

neighboring elements Each element tends to fill up o 1ts maximum capacity or,
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alternatively, to fade out (Weinans et al, 1992) The results of these analyses were
inconsistent  with therr underlying theory ot continuum mechanics and hence
impermissible However, they insptred us (o re-examune the hypothesis of bonc as a self-
optimizing structure, as proposed by Roux (1881), which resulted 1n our proposal tor a
physiologically-based mathematical control model of local bone-mass regulation
We hypothesize osteocyles as sensors of a mechanical signal or “mechanoreceptors” (Cowin
et al, 1991, Marott1 et al, 1990, Lanyon, 1993) and regulators of bone mass by mediating the
actor cells - the osteoblasts and osteoclasts (Fig 1) The mathematical model proposed to
simulate this control process uses the strain energy density as the mechanical signal that the
osteocytes appraise (Huiskes et al, 1987) The ostcocytes, distributed through the bone 1n a
particular density pattern, cmit a stimulus 1n their environments cquivalent to the difference
between the local strain energy density and a constant refetence value The actor cells
tegulatc bone density 1n their arca between zero and maximal density, dependent on the
total stimulus they receive from the osteocytes, whereby the influence of an individual
osleocyle stimulus diminishes exponentially according Lo 1ts distance from the actor cell
concerned
It was shown earlier that such a simulation model, when used together with the

finite element method, produces trabecular patterns i1n an imtial domain of uniform

J external loading
/ 7/
-~

mechanical
signal

osteocyles 5

stimulus  mechanical
properties
Y

osteoclasts
osteoblasts

— A hone mass ——
Figure 1

A schematic 1epresentation of the hypothetical regulatory mechanism Bone remodeling 1s assumed
to be connoled by an adaptive local feed back loop The osteocyles tn the bone sense a local
mechanical signal and n turn stmulate the actor cells  the osteoblasts and osteoclasts - in thewr
vicinity The actor cells adapt the local bone mass in accordance with the magnitude of the receved
stimulus This results in a change of the local mechanical properties which ugain affects the local
mechanical signal
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density, after 1t 1s externally loaded (Mullender et al , 1994) Furthermore, 1n contrast to
other models (Wecinans et al, 1992, Harrigan and Hamilton, 1992), the solution 1s
spatially stable and mesh- independent, provided that the mesh 1s adequately retined
(Mullender et al , 1994)

The purpose of this study was to investigate whether this proposed control model 15
indeed a feasible candidate tor the cell based bone-mass regulation process suggested by
Roux For that purpose, three questions had to be answered First, if the parameters of the
model (1nitial density pattern, external load, reference strain energy density, osteocyte
density, and maximal bone elastic modulus) are given realistic values, does the modcl
produce trabecular patterns of realistic morphology’ Second, can the model confirm the
trajectorial hypothesis of Wolff? And third, can the model reproduce adaptive remodeling
phenomena found 1n reality ? These questions are addressed in this paper In addition, the

eftects of the physiological parameters 1n the model are investigated

METHODS

The bone tissue 1s assumed (o contam n osteocytes per mm’ located in the
mineralized matrix, with a total ol N 1n the domain considered Each osteocyte 1 measures
a mechanical signal S,(t) (MPa), the strain energy density 1n its location In turn, the
osteocyte stimulates actor cells (osteoclasts and osteoblasts) to adapt the bone mass
depending on the difference between the measured signal (5,()) and a reference stgnal &
(Fig 1) The nfluence of an ostcocyte on its environment 1s assumed 10 decrease
exponenually with increasing distance to the actor cells The nfluence of osteocyte ¢ on

the actor cells at location x 15 desciibed by the spatial in[luence function

f(x)= e 4D (1)

where d,(x) (mm) 1s the distance between osteocyte ¢ and location x The parameter D
represents the distance (mm) from an osteocyte at which location 1ts etlect has reduced to
e'1e,368%

The relattve density at location x 1s regulated by the stimulus value F{x,1), 1o which

all osteocytes contribute, relative to their distance from x, hence

N
Fx,0)=Y) f,(x) (S,(t)—k) (2)

=1
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The regulation ot the relative density ni(x,t) 1n location x 1s governed by the rate

d’"((ix") =1F(x,t) with 0<mx,t)<1 )
!

where T (MPa' s ') 1s a constant regulating the rate of the process It 1s assumed that the
osteocytes disappear at locations where the density approaches zero, hence these sensors
are disconnected 1n the model during the process The local elastic properties were calcu-
lated from the local relative density with use of a cubic power relationship 1n accordance
with experimental data from Currey (1988) Hence, the elastic modulus at location x 1s

calculated Irom
E(x,t) = Cm(x, )Y (4)

where C (MPa) and vy are constants

The model was applied to a square domain of 2x2 mm, with a thickness ot 0 02
mm (20 pm) The domain was loaded at each face with uniform tensile or compressive,
and shear stress distributions, such that a particular principal stress state was mumucked,
albert with variable orientation relative to the domain Hence, the external load 1s
characterized by principal stress values &, and G,, associated with a principal stress
orientatton @

Finite element analysis was used to calculate the mechanical variables inside the
bone for externally applied loads The FE model was meshed with 80x80 four-node
elements Stresses and strains 1n the locations of the osteocytes were calculated via linear
interpolation from the stresses and strains in the nodal points The mechanical signal per

osteocyte was then calculated according to
S =-0, ¢ 5)

where o, and €, are the stress and strain tensors in the location ot osteocyte ¢ The local
bone densily was regulated per element by the total stumulus received from the ostcocytes
(equation (3))

Several of the model parameters were set from the beginning The maximal elastic
modulus of the trabecular tissue was taken as Eq, = 5,000 MPa (Chor et al , 1990, Rho et
al, 1993, van Rietbergen et al, 1995) Using an exponent of y = 3 (Currey, 1988) 1n
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equation (4), this implies that C = 5,000 MPa. The rate constant was arbitrarily set at T = |
MPa' s'. This means that the velocity of the simulation process is measured in simulalion
time, unrelated to real time. The (exlcrnal) principal stress values were taken as o, =
and 0; = -6, with 6 = 4 MPa, which is considered to be a valuc in a realistic range for
human trabecular bone in the proximal femur (Brown and DiGioia, 1984). However, ¢
was also varied to study its effects.

The osteocyle density was taken as n = 1,600/mm?, uniformly distributed over the
domain. This number was based on reports by Marotti et al. (1990), who found 500-3,000
lacunae per square milimeter in 20-30 um histological slices from several species.
However, to study its effect, osteocyte densily was also varied in the analyses.

The reference strain encrgy density is not known, but estimates can be derived [rom
investigations of Rubin (1984) and Rubin and Lanyon (1987). They found in several
species that peak values of strains in bone during normal, “physiological” activitics vary
between 2,000 and 3,000 pstrain. With a lissue modulus of 5,000 MPa, and if umaxial
strain state is assumed, this implies normal peak strain energy density values between 0.01
and 0.0225 MPa, which was used as the range of variation of k in the analyses.

No information is availablc on the regional osteocyte inlluencing [unction
represented by the influence parameter D (equation (1)). Its effect on the model bechavior
was studied by varying this parameter. It was shown earlier that the size of the clement
should not be smaller than the range of influence of the sensors (Mullender ct al., 1994).
Hence, a minimum value of D = 0.025 mm was assumed, as limited by the size of the
elements.

Two kinds of initial conditions were considered. First a uniform relative density
distribution of m = 0.8, and second, an arbitrary initial pattern of a regular lattice. This
second pattern was based on the fact that in the process of bone morphogenesis, the initial
configuration is always trabecular, due to the patterns of perichondral mineralization

inherent to endochondral ossification (Aray, 1965; Schaffler et al., 1993).

RESULTS

When the reference paramcler values that have been described were used, the
density distributions converged to trabecular patterns of struts of maximal density
surrounding emply porcs after application ol load. This occurred regardless of the initial
distribution of density or the principal orientation of stress (Fig. 2). The morphological

qualities of the resulting architecturcs can be characterized by three independent global
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Initial morphology Equlibrium morphology
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Trabecular-like patterns are formed by the simulaied 1emodeling process starung from a uniform
muneral distribution (A) or a lattice structure (B) The eventual directions of the trabeculae match
the external principal stress ortentations The osteocyte influence parameter D = 0 05 mm, the ref-
erence strain energy density k = 002 MPa The orientanion of the principal stress ¢ = 30°

NA N

parameters the relative apparent density (or analogously, the bone area fraction), the
average trabecular orientation, and the perimeter/area ratio (corresponding to the three-
dimensional surtace/volume ratio (Patfitt et al , 1987)).

The relative apparent density 1n the equilibrium morphology depends predominantly
on the magmtude of the external load in relation to the value of the reference strain energy
density & For & = 0 02 MPa and the chosen principal stress magnitude of 4 MPa, the re-
suluing relative apparent density was about 0 5, associated with a bone area fraction also of
0 5 The osteocyte influence paramcter D had an effect as well, however, twice the magm-
tude ot D - fiom 0 05 to 0 10 mm - resulted 1n only a 10% increase in the relative apparent
denuty The etfect of the tnitial morphology on the relative apparent density was marginal.

This 1s remarkable, because 1ts effect on the final architecture was considerable (Fig 2).
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Trabecular orientation was always duectly related to the external principal slress
ortentation This implies that when, for a particular equilibrium morphology (e g, Fig
2b), the principal stress orientation 1s rotated, the architecture “transtorms” and the
trabeculae are realigned to the principal stiess orientation (Figs 3 and 4) Durning this
process, bone {ormation occurs at the surfaces of the trabeculac Evidently, although the
overall equilibrium ortentation of the trabeculae 1s 1n accordance with the principal stress

orientation, not every single trabecula 1s aligned similarly (Figs 3 and 4)

Imial morphology Remodeling in progress Equilibrium morpholog

NIV R R L

Figure 3

One particular equilibrium configuration (Fig 2B) was used as the imtial morphology After the
orientation of the applied stresses was changed from ¢ = 30" to @ = (¥, the architecture adapted 10
align with the new sness ortentation The nabeculae that were unloaded gradually disappeared
while other overloaded rabeculae adapted by realigning and thickening The purameter values D
=0050mmandk =002 MPa

Iutial morphology Equilibrium morpholog)
~ -~

V) D

2 o’

Figure 4

With use of the same trunial morphology as in Fig 3 the principal stresses were rotated by 15°
Sfrom @ = 30" 10 @ = 15° In this case, all exisnng nabeculae remained but they adapted to the new
loading situation All trabeculae realigned some trabeculae thickened and others became thinner
The parameter values D = 005 mm and k = 0 02 MPa
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Inmial morphology Equulibrium morphology
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Equilibrium morphology Equilibrium morphology
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Figure 5

The effect of the influence parameter D on the end-configuration 1s shown With use of the luthice
structure as the starting configuration, the osteocyte influence parameter D was varied D affects
the dimensions of the formed structure Increasing values of D result in a lower pore density and
less and thicker struts

The perimeter/arca ratio depended mostly on the osteocyte regional influence
range, as represented by the influence parameter D (Fig 5) For a smaller D, the
architecture became more refined, with more, smaller pores and thinner trabeculae For
given values of the external stress and reference strain energy density &, trabecular
thickness seems 1o be directly related Lo the value of D However, the perimeter/area rauio
also depended on the imtial morphology, as 1llustrated 1n Fig 3, where the bonc perimeter
decrcases after rotation of the principal stress orientation

The osteocyte density, for osteocyle densities higher than a certain threshold value, had
little efiect on the quality of the solution The threshold osteocyte density 1s the density
where the distance between osteocytes 1s about equal to the influence parameter D of the

osteocytes. Lower osteocyte densities resulted 1n large gradients in the sumulus, which
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caused spaual differences 1n the remodeling rate When bone was resorbed, this occurred
most rapidly in the location of the osteocyte iself, such that the osteocyte disappeared
while the surrounding bone remained.

The remodeling process can be characterized by changes 1n the mineral distribution
and changes of the relative apparent density in tme, as represented by the rate of
remodeling A general pattern could be observed 1n the change of mineral distribution.
Bone formation always occurred at the surfaces of overloaded trabeculae while
underloaded trabeculae gradually disappeared, thinned or became porous. This implies
that the newly formed architecture is based on the nitial configuration, such that
trabeculae can only form at locations where bone already exists. The process also
depended on the external load 1n relation to the 1mtial configuration. When the principal
stress orientation was rotated slightly relative to the directions of the trabeculae, the
trabeculae realigned (Fig. 4) However, when the principal stress orientation was rotated
considerably relative to the directions of the trabeculae, some trabeculae became totally
unloaded and disappeared, while other trabeculae, which were overloaded, realigned and
thickened at the same time (Fig 3). The effect of overloading and unloading on trabecular
adaptation 1s also demonstrated 1n Fig 6, where a trabecula was artificially disconnected
while the same externally apphied load was maintained. The disconnected and therefore

unloaded trabecula disappeared, while the neighboring, overloaded trabeculae thickened.

Initial morphology Equilibrium morphology
2\ 1\ 2=\ \

. .

Figure 6

One strut in the equilibrium architecture 1s artifictally discon-nected, while the external stress 1s
maintained After remodelling the existing architecture 1s agawin adapted to the applied stresses by
removal of the unloaded trabecula and thickening of the overloaded trabeculae. Note that the trabe-
cula under the sectioned one, alhgned with 1t, also disappears
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Relative apparent density
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— 2500 mm?
04
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Fgure7

The relative apparent density of the structure as a function of remodeling time for three different
osteocyte densities (n = 500 mm’® n = 1600 mm? and n = 2500 mm?) Osteocyte densiutv clearly
influences the remodeling rate For higher osteocyte densities the remodeling rate increases The
relative apparent density in the end-configuration 1s independent of osteocyte density

The rate of remodeling was affected by both the parameter D and the osteocyte density as
both parameters influence the magnitude of the stimulus received in the bone tissue The
remodeling rate increased for larger values of D and higher osteocyte densities (Fig 7)

The mechanical quality of the resulting architectures can be characterized by 1ts principal
strain, principal stress and strain energy-density distributions These distributions were
determined primarily by the value of the reference stgnal k, but the influence parameter D
also had a small effect When D =0 050 mm, the principal strain in the structure averaged
4,200 mstrain, with principal strain values ot 1,000 to 7,000 mstrain 1n more than 90% of
the bone tissue The principal stress averaged 7 7 MPa, with a vaniation of 0-20 MPa 1n
more than 90% of the area of bone The strain energy density, mcasured 1n the locations of
the osteocyles, averaged 0 02 MPa, which equals the reference value k and varied between
0 and 0 045 MPa High stress or strain values were found at the boundary of the plate and

can be considered as boundary artefacts

DISCUSSION

Presently, no consensus exists about the mechanisms controlling functional
adaptation of bone It was suggested that osteocytes are primary candidates for the role of

mechanical sensors because of their favorable architecture and distribution (Cowin et al |
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1991, Lanyon, 1993) It has frequently been demonstrated that the precursors ot the
osteocyles, the osteoblasls, are senstive to mechanical strmulh (see Burger and
Veldhuyyzen (1993) tor a recent review) but knowledge about the response of osteocytes 10
mechanical sttmulr 1s scarce Skerry et al (1989) and Dodds et al (1993) found that
osteocytes responded rapidly to dynamical loading of bone Recently, Klein-Nulend et al
(1995) found that 1solated osteocytes were more sensitive to [luid shear stress than
osteoblasts Marott1 et al (1990) suggested that osteocyte death precludes bone turnover
These findings support the assumption that osteocytes are sensors of the local mechanical
load The results of Dunstan et al (1990), who tound that patients with hip fractures who
had extensive osteocyte death 1n the femoral head had little mucrofracturc callus compared
to osteoporotic patients who had prominently wviable bone, also indicate that bone
remodeling and mucrofracture repair are related to the presence of sufficient viable
osteocytes 1n bone

The mechanism by which the osteocyte within the bone may sense a mechanical
signal still 1s subject to speculation It 15 believed that osteocytes are stimulated by the
interstinal (Tuid flow caused by mechanical loading, either indirectly by the detection ol
streamung potentials (Harrigan and Hamulton, 1993) or directly by detection of shear
stresses at the cell surface (Weinbaum et al , 1994) In addition, very little 15 known about
the pathway by which the local mechanical stimuli are transduced nto the activation of
osteoblasts and osteoclasts A coupling between the activity of these cell types has been
established (Parfitt, 1982) and units of combined resorptive and formative cell populations
are referred to as basic multiccllular units (Frost, 1964) Nevertheless, the regulation of
these units stll 1s obscure It has been hypothesized that the osteocytes communicate
directly with adjacent cells through the osteocytic processes and that a signal propagates
by way of the osteocytic network towards the osteoblasts and bone lining cells at the bone
surface (Weinbaum et al, 1994, Harrigan and Hamulton, 1993, Marott1 et al, 1990)
Support for this assumption has been supphed by Jeansonne et al (1979), who
demonstrated electrical coupling and molecular transport between osteoblasts, and Doty
(1981) and Palumbo et al (1990) who showed that gap junctions between osteocytes and
osteoblasts exist The lining cells and osteoblasts, 1n turn, are thought to nfluence the
prohferation and activity ol osteoclasts (Martin, 1983, Enksen and Kassem, 1992)
Furthermore, bone cells are involved 1n paracrine and possibly autocrine eftects (Rodan

1993) It has been shown that osteoblastic cells do produce local factors and the sensitivity
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ot osteoclasts and osteoblasts to several mediators has also been established (Burger and
Nyweide, 1991, Eriksen and Kassem, 1992)

In this study, we used a mathematical model to mvestigate 1f a local control
mechanism, based on the hypothesis that osteocytes are mechanoreceptors and regulators
ot bone mass, actually can predict remodeling of trabecular bone as we would expect
according to Wolltf's law In the model we used quite simple relationships for (a) the
signal sensing function of the osteocytes, (b) the influence of the osteocytes on the actor
cells, and (c) the relationship between the stimulus recetved and the change 1n local bone
density We assumed that the actual signal measured by the osteocytes 1s related to stress
and strain at 1ts location The strain energy density was used as the mechanical signal, and
only the amplitudes of the strain energy density were taken into account, hence, the
influence of strain rate was neglected Only net changes 1in bone mass were modeled, and
only the nct effects of the basic cellular units were considered Thus, the model cannot be
used (o investigate changes 1n osteoclast or osteoblast activity Implicitly, the material of a
trabecula 15 modeled as being homogeneous and 1sotropic This 1s also a simplification of
reality Finite element analysis was used to calculate the mechanical varniables inside the
bone specimen The solution process was 1ntroduced earlier by Mullender et al (1994),
who showed that the results were independent of the hinite element mesh, as long as the
clements were smaller than the influencing parameter D and small enough to adequately
describe the resulting trabecular structure from a continuum mechanics point of view

The location of the sensors within the mineralized matrix has consequences for the
remodehng behavior The stimulus for remodchng always originates from within the
mineralized matrix Due to the decay of the stimulus with increasing distance, the model
predicts that new bone 1s formed at the boundaries of existing trabeculae, as 1t 1s 1n reality
However, resorption of bone 1s not restricted to the boundaries of trabeculae In the model,
In contrast to reality, 1t can take place at locations inside the bone matrix as well
Although this happened only if the loading configuration was changed drastically, this
behavior 1s not physiological

The most striking behavior of the proposed control mechanism 1s the formation of
trabecular like patterns Weinans et al (1992) showed that positive feed-back loops in the
regulating process cause spatial discontinuity It 1s interesting to note that, already 1n
1881, Roux described the regulation of bone remodeling as a positive feed-back loop, as he
stated that parts of the bone that are stressed more than other parts will increase therr

strength, thereby unloading the other parts which then will cventually disappear, until a
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structure has developed where bone 15 only present at the locations where the highest
stresses occur (Roux, 1881) This phenomenon can also be observed 1n the model and
results 1n the formation of a trabecular structure whercby the regional influence of the
osteocytes prevents spatial discontinuity The development of the structure 1s such that the
load 1s resisted by as tew struts as possible but, the number and thickness of the struts are
controlled by the parameter values 1n the model, particularly region of influence of the
osteocyte, the reference strain energy, and the magnitude of the applied external load The
oulcome of the regulatory process depends principally on the applied loads It 1s
noteworthy that the signal controlling the process - the strain energy density - 1s a scalar
and independent of stress orientation Stll, the results showed that the trabecular
architecture 1s formed 1n accordance with the magnitude and the directions ot the external
principal stresses Hence, the ostcocytes would not need information about the local strain
orientation 1n order to form, in concert, an anisotropic structure

The adaptive behavior of the model was investigated by change of the orientation or
the magnitude of the principal stresses and by artificial disconnection of one strut 1n an
equilibrium architecture In all three cases, the behavior of the model showed surularities
with actual remodeling behavior observed 1n cancellous bone After the orientation of the
principal stress was changed, the architecture transformed to resist the new pattern of
stress In the newly formed structure, the orientations of the trabeculae approximate the
new principal stress orientation Thesc predictions are consistent with Wollf's trajectorial
hypothesis When the level of load 1s changed, the model predicted that the architecture
adapts by changing the thickness of the struts while mamntaining the same number of
struts This 1s consistent with the results from Jee and Li (1990), who found that, in the
overloaded limb of a rat, the trabecular number and separation remained unchanged while
the trabecular thickness increased significantly Mosekilde (1990) showed that, once
disconnected, trabeculae are removed by resorption and suggested this was due to
mechanical adaptation This behavior also was reproduced by the model An important
observation 1s that, again, the regional influence of the osteocyte 1s essential to the
remodeling behavior of the model In order to form new bone the ostcocytes’ stimulus must
reach outside the area of mineralized bone

The model 1s particularly suited for investigation of the dependence of the
remodeling behavior on the physiological parameters 1n the remodeling process
Varyiation of the osleocyte density within a certain range influenced only the remodeling

rate 1n the model This result 1s 1n agreement with the finding that osteocyte lacunae are
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larger and more numerous 1n bone regions with a higher bone turnover than in regions
whith a lower turnover (Cané et al, 1982) However, lack of experimental data prevents
turther verification of this finding For extremely low osteocyte densities, remodeling rates
depend predominantly on the distance trom the osteocytes whereby resorption especially
occurs most rapidly at the location of the osteocyte 1tself The result 1s that 1n some areas
the osteocytes disappear, while the surrounding bone remains, 1n the end leaving very few
osteocytes Although this model behavior 1s not compatible with reality, 1t imphes that a
certain munimal number of osteocytes 1s necessary for adequate functional adaptation

The function f,(x) with the influencing parameter D represents the relationship
between distance and the osteocyte's influence on 1ts environment, where an increase of D
results 1n a larger influencing domain of the osteocyte If 1t 1s assumed that osteocytes
communicate through the osteocyte network and by way of the release of local mediators,
the relationship depends on the extent of the osteocytic network, 1ts connectivity and the
diffusion rate of the local mediators Actual information about these factors 1s far from
complete It was shown here that the effect of distance not only 1s essential to the
tormation of trabecular patterns and to the adaptive capacity of the model, but that 1t also
has mmportant effects on the structure formed The parameter D affects the refinement of
the architecture as represented by the perimeter to area ratio, dependent on trabecular
separation and thickness Trabecular thickness 1s about twice the magnitude of the
parameter D This indicates that the domain of influence of an osteocyte has indeed the
same range as the extent of the connected osteocytic network Smaller values of D also
resulted 1n a slightly lower total mass, which caused higher resultant strains and stresses
in the trabeculae This implies that the existence of a network 1n the bone, by which a local
mechanical stimulus can affect the local area within a certain distance, 1s useful for the
regulation of the maximal local load

If, for instance, we compare the results from the model with the experimental
finding that the trabecular thickness of the 1liac cancellous bone 1n normal humans 1s 100-
200 pm and the trabecular plate separation, 400-600 pm (Parfitt et al, 1983), we can
estimate that the influence parameter D should be 50-100 um Nevertheless, although the
predicted morphologies show a general resemblance with aclual trabecular morphologies,
the trabecular structure 1s essenually a three-dimensional structure and a three-
dimensional model 1s needed 1n order to compare the predicted morphology with actual

trabecular bone
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The distribution of mechanical variables, principal stress, principal strain and
strain energy density, was non-uniform Fyhrie et al (1992, 1993) and van Rietbergen et
al (1995) showed that values for stress, strain and strain energy density varied widely 1n a
piece of trabecular bone loaded by umiaxial displacement Although these authors did not
use physiological loads, it seems likely that there are always parts 1in the bone that are
stressed more than other parts This assumption 1s consisient with our results

In conclusion, 1t was demonstrated that the genesis of trabecular morphology, 1ts
transformation induced by changes 1n the loading pattern and the alignment of trabeculae
with the principal onentations of the stress patterns - 1n accordance with Wollfs
hypothesis - can be explained as the result of a local biological control process It was
shown that many featurcs of bone remodeling can be explained by assuming a relauvely
simple mechanical regulatory process The behavior ot the model corresponds very well
with actual remodeling behavior observed 1n trabecular bone This mathematical model
can be usetul for the investigation of the effects of physiological parameters, such as
density ot osteocytes, domain ol their intluence, degree of mineralization, and distribution
of stress Further valhidation of the hypothetical regulatory mechanism 1s currently
ongoing

Our results do not prove that the regulation model proposed 1s correct They prove,
however, that Roux's hypothesis was rcalistic bone morphogenesis, maintenance, and

adaptation can be explained by a (surprisingly simple) local, cell-based control process
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OSTEOCYTE DENSITY AND HISTO-
MORPHOMETRIC PARAMETERS

IN CANCELLOUS BONE OF THE PROXIMAL

FEMUR IN FIVE MAMMALIAN SPECIES

M G Mullender, R Huiskes, H Versleyen, and P Buma
Journal of Orthopaedic Research 14 972-979, 1996

ABSTRACT

The species-spectfic relationships between trabecular morphology and osteocyte
density were investigated in the femoral heads of thirty adult amimals of five mammalian
spectes (rat rabbit, Rhesus monkey, ptg and cow) Our hypothesis is that osteocytes are
mechanosensory cells and are involved in the regulation of bone remodeling According
to the predictions from a simulation model, this hypothesis implies that the influencing
distance of osteocytes, together with the magnitude of the mechanical loads, determines
the thickness of trabeculae and that the number of osteocytes prumarily affects the rate of
bone remodeling The number of osteocytes per bone volume ranged from 93,200 mm” n
rat to 31,900 mm "’ in bovine cancellous bone Osteocyte density was inversely related to
the size of the species Since basal metabolic output 1s related to body mass, we speculate
that osteocyte density may be related 1o metabolic rates Trabecular thickness was larger
in the cow than n the other species, but the range of variation between species was
relatively small This agrees with the hypothests that trabecular thickness s inuted by the
domain that can be regulated by an osteocyte and that this domain s of similar size
regardless of the species Only in the rat was trabecular thickness considerably smaller
than n the other species This 1s probably due to the presence of the cartilaginous growth
plate n the femoral head of the rat The relationships with species are different for
osteocyte density than for morphometric parameters Hence, our data support our
hypothesis that osteocyte density s not directly associated with the macroscopic

trabecular architecture
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INTRODUCTION

Cancellous bone 1s thought to be designed to optimally lulfill 1ty mechanical
functions Wolff (1892) proposed that the orientations of the trabeculae are adapted to
directions of the principal stresses acting on the bony structure As early as 1881, Roux
suggested that the capacity of bone to adapt 1ts architecture to mechanical loading 1s the
result of local regulation by cells that are influenced by mechanical stimult More than a
century has passed, but the mechanisms by which the adaptive behavior of bonc 1s
regulated are still not understood Recently, in an attempt to clanfy these relationships
between adaptation of trabecular bone and mechanical load, a regulatory mechanism was
proposed (Mullender et al , 1994, Mullender and Huiskes, 1995, van Riethergen ct al
1995) It was based on the hypothesis that ostcocytes regulate the local adaptation of bone
mass, driven by mechanical stimuli Although, in fact, 1t 1s not certain what mechanism 1s
responsible for sensing the mechanical loading 1n bone, the involvement ot osteocytes has
been suggested by several authors (Marotti et al , 1990, Cowin ct al , 1991, Lanyon, 1993,
Aarden et al, 1994) The simulation model could explain the morphogenesis ot typical
trabecular morphologies with plates or rods, depending on the external loading pattern
(van Rietbergen ct al, 1995), and could also explain thc adaptation of the trabeculat
pattern to the directions of the applied loads (Mullender and Huiskes, 1995)

In addition, 1t has been shown that particular parameters 1n the regulatory process
had distinct effects on the predictions of the model In the model, it was assumed that the
amplhitude of the stmulus produced by each individual osteocyte decreases exponentially
with increasing distance from the osteocyte The decay of the sumulus with incieasing
distance 1s characterized by one parameter called the osteocyte-influencing distance, 1 ¢,
the distance over which the osteocytes can effectively influence the activity of actor cells
The model predicted that osteocyte-influencing distance typically aftected the dimenstons
of the trabecular morphology an increase of the osteocyte-influencing distance caused a
decrease of the number of trabeculae, while their thickness and separation increased
(Mullender and Huiskes, 1995) In other words, the influencing distance ot the osteocytes
determined the scalc of the predicted trabecular patterns The magnitude of the applicd
loads aftected the relative volume of the bone by modulating trabecular thickness In
contrast, the number ol osteocytes per bone volume had no eftect on the morphometric
parameters of the predicted architecture but alfected only the rale of the remodeling

process

46



OSTEOCYTE DENSITY AND HISTOMORPHOMETRIC PARAMETERS

The actual values ot osteocyte density and the domain of influence of osteocytes are
unknown [t 1s sull unclear how osteocytes signal other cells It they produce chemical
messengers (Klein-Nulend et al , 1995), their eftect will depend on diffusion Diftusion of
signaling molecules 1s determined by the same physical laws 1n all animals and 1s likely to
be indcpendent of cell packing On the other hand, osteocyles may signal other cells
directly by means of gap junctions (Doty, 1981, Palumbo, 1990) and electrical coupling
(Jeansonne et al , 1979) In that case, their range of influence may depend on cell density
but may also depend on the density of their processes and other parameters Hence, the
relationships between species, osteocyte density and the influencing distance of individual
cells are not entirely clear yet

The predictions of the model have led us to hypothesize that trabecular thickness 1s
determuned primanily by the influencing distance of the regulating cells, which we assume
to be the osteocytes, and that trabecular thickness 1s not directly related to osteocyte
density If this 1s true, trabecular thickness can be used as an indicator of the range of
influence of the osteocyte In addition, we hypothesize that the rate of bone modeling and
remodeling 1s closely related to the number of osteocytes Since 1t 1S known that basal
metabolic rate 15 inversely related o body size (Schmuidt-Niclsen, 1984, Spaargaren, 1994,
Couture and Hulbert, 1995), we speculate that turnover rates may also vary between
mammals of divergent sizes To test these hypotheses, we have investigated wether
histomorphometric parameters and ostcocyte density depend on species size in trabecular

bone of five ditierent mammals of various sizes

METHODS
ANIMALS

Femoral hcads were obtained from 30 healthy tull grown mammals of five different
spectes six Wistar rats (7 = 0 months old (xSD)), six New Zealand White rabbits (18 + 0
months old), seven Rhesus monkeys (56 = 1 | years old), six domestic pigs 30 £+ 04
years old), and five domestic cows (6 4 + 3 2 years old) The diameters of the femoral
hecads were measured The femoral heads were tixed with a 4% phosphate buflered (0 1 M)
tormalin  solution, pH 72 Right femoral heads wecre used for morphometric

mecasurements, and lett femoral heads were used for measurements of osteocyte density
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HISTOLOGY

The undecalcified right femoral heads were embedded 1n polymethylmethacrylate
Sections of 20-40 pm thickness were made with use of a Leitz sawing microtome (Leitz,
Rockleigh, NJ, U S A) fitted with a diamond sintered blade The surfaces of the sections
were stained using a modified Von Kossa method, which stained the bone surface black
The left femoral heads were decalcified with 20% EDTA and embedded in
polymethylmethacrylate Before embedding, the femoral heads of pigs and cows were
divided 1nto eight blocks Senal sections (7 pm) were made using a Lertz microtome and
statned with hematoxylin and eosin Both the left and right femoral heads were sectioned

in the frontal plane

HISTOMORPHOMETRY

Morphometric parameters were measured
using a mcroscope 1n conjunction with a digital
camera (Videk Megaplus Camera, Kodak, NY,
USA) Digital analysis soft-ware (TIM, Difa
Measuring Systems B V and TEA, The Nether-
lands) was used to analyze the images The digi-
tal images were thresholded and manually cor-
rected for artifacts The number of bone pixels
divided by the total number of pixels (Pp) 1n the
area of analysis and the number of intersections
between bone and none-bone pixels per unit lest
line length (P.) were determined P was taken as
the average value measured 1n two perpendicular
directions From these measure-ments a number

of morphometric parameters were calculated

metaphysts

according to the parallel plate model (Parfil et
al, 1987) bone volume fraction (BV/TV) = Pp , cow
bone surface per bone volume (BS/BV) =2P, / Pp

(mm 1Y), mean trabecular plate thickness (Tb Th)

=2/ (BS/BV) = Pp / P (mm), mean rabecular Figure 1

A schematic representation of the sites
of measurement n the femoral heads
trabecular number (Tb N) = P_ (mm ) of pigs and cows

plate separation (Tb Sp) = (1 - Pp) / P (mm),
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Measurements were taken from eight sections from the midfrontal plane 1n each
amimal In the rat, rabbit, and monkey, the total trabecular area 1in each section was
analyzed Due to the large size of the temoral heads of pigs and cows, only a part of the
total trabecular area was analyzed per section, 1¢ four fields of 16 mm? in four specific
sites (Fig 1)

Osteocyte density was measured using a mucroscope (Leitz) in conjunction with a
digitizing system (Videoplan, Kontron Bildanalyse, Eching-Munchen, Germany) The
number of osteocyte nucle: per bone area (N Ot N¢/B Ar) was measured 1n a total of 32
randomly sclected fields (0 16 mmz) 1n 16 nonconsecutive sections per animal In total, a
bone area ot 1 5-3 5 mm’® was analyzed per animal The method described by Gundersen
(1986), by which osteocytes are 1dentitied 1n two successive sections, was used to measure

a percentage of double counts, dcfined as

the number of osteocyte nuclet identified in both sections
% double counts = f > f

x100% (1)
the total number of osteocyte nucler in the first section

The percentage of double counts was measured 1n two animals per specles 1n (wo

randomly selected fields of eight section pairs The mean value per species was then used

to estimate the number of osteocyte nuclel per bone volume according to

(100% - % double counts) N NO:t Nc/B Ar
100% t

NOtNc/BV =

(2)

with ¢ (mm) representing the section thickness
Averages and standard deviations of all measured parameters werc determined per

group Differences between groups were tested using analysis of variance

RESULTS

The trabecular morphologies of animals of the same spectes had very similar
appearances This 15 also evident from the small variation among morphometric data of
animals of the same species (Fig 2) In one rabbit trabecular only were thickness and
separation distinctly larger than in the other rabbits (Fig 2) From a qualitative
examination of the trabecular morphologies of the different species, it appeared that the
dimensions of the trabecular structures are quite similar 1n all species, except for the rat
(Fig 3) In the rat, trabecular thickness and trabecular separation were significantly

smaller and trabecular number and bone surface per bone volume were significantly larger
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The individual data points of three structural parameters - trabecular thickness, trabecular separation,
and nabecular number - are given for each armimal In addition, the individual data points of the nunber
of osteocyte nuclei per bone area are presented

than 1n the other species The measurements indicated, however, that several
morphometric parameters in the cow also difter from those 1n the other species (Table 1).
In the cow, trabecular number was significantly lower and trabecular thickness and
separation were higher than in the other species, although the difference between the
trabecular thickness i1n the cow and that in the rabbit was not signilicant The
morphometric parameters in the rabbit, monkey and pig were not significantly different,
with the exception of trabecular separation, which was sigmficantly larger in the pig than

1n the monkey (Table 1).
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Table 1 Histomorphometric parameters (average * SD) of trabecular bone
in the femoral heads of five mammalian species.

Rat (n = 6) Rabbit (n = 6) Monkey (n=7) Pig(n=6) Cow(n=35)

Femoral head (cm) 03 200" 10 z00" 14 +01[° 16 +02¢ 55 x04°

Relative bone

volume 050 =004 044 =005"" 045 =005“" 040 +002® 040 =004"

Trabecular

number (mm ') 654 +024° 272 +037" 308 x021" 270 +012® 207 =005

Bone surface per

bone volume (mm ") 268 £29° 126 +21" 140 x20° 136 x12"° 108 207

Trabecular

thickness (um) 77 £9" 165 =32" 147 £21 151 13" 190 =13

Trabecular

separation (Jim) 77 x5 212 =" 180 =16" 229 =8 299 =264

No of osteocyte

nucler per bone

area (mm’?) 9428 +495" 6792 685" 4001 +479° 3995 £654° 2048 +244¢

Double counts (%) 308 +06 366 +16 37 +04 245 08 244 224
(n=2) (n=2) (n=2) (n=2) (n=2)

No. of osteocyte

nuclel per bone

volume (mm *) x10" 932 £54° 615 =68" 373 +48¢ 431 £76 319 +29¢¢

The parameter values arc compared between species
«b<d¢ nequal characters indicate a sigmificant ditference with p < 0.01.

The number of osteocyte nucler per bone area was similar for animals of the samce
species, but showed large variation between spccies (Fig. 2). The mean values differed
significantly between all species, except between the pig and the monkey (Table 1). The
number of osteocytes per bone area decreased with increasing size of the animal. The
percentage of double counts is an indirect measure of the average sizc of the osleocyte
nuclei. This percentage ranged from 24 and 37 % and was lowest in the pig and the cow
and highest in the rabbit and the monkey. Due to these dilferences, the rclative differences
betwceen the calculated number of osteocyte nuclei per bone volume were smaller than the
relative ditferences between the measured number ot osteocyte nuclei per bone area, The
number of oslcocyte nucler per bone volume dittered significantly beiween all species

except between the pig and the monkey and between the cow and the monkey (Table 1).
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Table 2 Histomorphomerric parameters in fowr specific sutes within the femoral heads of prgs and
cows Average values + standard deviation
Relative Trabecular Bone Trabecular Trabecular No of osteocyte
bonc number surtace/bone  thickness  separation nuclei/bone area
volume (mm 1) volume (mm ’) (um) (um) (mm 2)
Pig (n=6)
Epiphysis
1 041 2002 294 020" 143 +08° 142 8 201 z16" 4408 +978"
2 043 +002° 2 88 +024° 136 +12¢ 149 14" 202 £19° 3882 +82 9"
3 040 005" 284 022 144 226" 143 224 211 216" 3979 £62 6"
Metaphysis
4 037 004* 215 2016" 120 16" 171 221 298 33 376 6 +68 8"
Cow (n=5)
Epiphysis
1 037 £004° 216 +012° 118 208" 172 =13 294 234 306 1 +29 Q¢
2 049 x0067 224 007 93 =137 220 =28 229 2237 2889 +304°
3 041 004 214 008 105 =10 194 £19¢ 275 223 2746 471
Metaphysis
4 011 007 176 xOlld 117 =10 174 =15 398 +42° 3121 #3114

The parameter values are compared between the different sites within the same species
«b<d Unequal characters indicate a significant difference with p < 0 01

Figure 3

0 1
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Examples of digital images of trabecular morphologies of each species are given Note that in the

rat the growth plate is still present
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Consistent differences could be found between the morphometric parameter values
measured at the different sites 1n the femoral heads of pigs and cows The average
parameter values per site are presented in Table 2 The relative bone volume was
consistently lower 1n the metaphysial area than in the epiphysial area, due to a
significantly smaller trabecular number and larger trabecular separation n the
metaphysial area In both species, the trabecular bone was densest 1n site 2, 1e  the most
central location of the epiphysis This difference was significant only in the cow No

significant differences 1n osteocyte numbers were observed between the different locations

DISCUSSION

We have assumed that osteocytes regulate the local bone turnover, influenced by
mechanical sumuli Previous results suggested that trabecular thickness and separation
might be independent of osteocyte density (provided that a certain minimum number of
osteocytes 1s present) but dependent on the distance over which the regulatory signals can
affect the actor cells (Mullender et al, 1994, Mullender and Huiskes, 1995), and that
osteocyte density affects the rate of bone remodeling In the light of these results two
questions were investigated 1n this study First, are the values of morphometric parameters
in trabecular bone limited within a certain range or do they differ between species of
various sizes, and sccond, how 1s bone cellularity related to bone structure and species?

Significant differences in morphometric parameters between sites of measurement
were found The difterences between sites 1n cows and pigs consisted of a smaller bone
volume 1n the metaphysis compared with the epiphysis due to a sigmficantly smaller tra-
becular number In the most central area of the cpiphysis, the relative bone volume was
highest, this was associated with larger trabecular thickness and smaller separation These
differences within the epiphysis may be explained by differences 1n loading, assuming that
the central part of the epiphysis transfers the largest part of the load to the underlying
bone However, the differences in morphometry were significant only 1n bovine epiphysial
bone

When the morphometric parameters for the different species are compared, it
appears that trabecular thickness and separation are smallest 1n the smallest species (rat)
and largest 1n the largest species (cow) The opposite holds for trabecular number These
results indicate that trabecular thickness and separation tend to increase and trabecular
number tends to decrease with increasing size of the species However, the absolute range

of varniation between morphometric parameters, especially trabecular thickness, in the
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rabbit, monkey, pig and cow was actually remarkably small (trabecular thickness ranged
from 147 to 190 um). The femoral diameter increases as much as 5.5-fold from the rabbit
to the cow, whereas trabecular thickness showed at most a 1.2-fold increase (between
monkey and cow). Although few allometric studies of trabecular bone structure are
available, histomorphomeltric parameters are regularly being used to give an indication of
the quality of cancellous bone structure. In Table 3, an arbitrary selection ol values is
given for trabecular thickness in animals of several mammalian species, which served as
controls in a wide range of experimental studies. These data indicate that trabecular
thickness 1s indeed of the same order of magnitude 1n all of these species and that no
relationship between the size of the species and trabecular thickness seems to exist.
Nevertheless, the values reported for trabecular thickness in the rat are invariably lower
than those reported in the other species. Within this group of species, the rat is not only
the smallest but also the only one in which the growth plates do not usually close. Hence,
the smaller mean trabecular width 1n the rat might be due partly to the presence of primary
trabeculae and relatively new secondary trabeculae, which usually are more numerous and
thinner than relatively older sccondary trabeculae (Schaffler et al., 1993). Furthermore, the
growth plate provides a more even distribution of the mechanical load, which causes a

very different mechanical environment compared with the other species.

Table 3 Trabecular thickness measured in cancellous bone of several mammalian species.

Source Species Age Location Trabecular
thickness ((m)

Jee and L1, 1990 Sprague-Dawley rats 9 mos Prox. tibia metaphysis 40-45
Vicoetal., 1993 Wistar rats 15 wks Prox. ubia metaphysis 37
Vicoetal, 1993 Wistar rats IS wks Prox tbia epiphysis 71
Vicoetal, 1993 Wistar rats 15 wks L2 53
Vico et al,, 1993 Wistar rats 15 wks Femoral fossa trochanten 78
Wu et al., 1990 New Zealand White rabbits Mature Femoral head 146
Wu et al, 1990 New Zealand White rabbits  Matute L3 111
Fettman et al , 1992 Cats Adult ll1ac crest 184
Norrdin et al , 1993 Cats 13-18 mos [liac crest 105
Kuhnetal, 1990 Mongrel dogs Mature Distal femur 170-210
Mosekilde et al , 1993 Minipigs 16 mos L4 110
Kragstrup et al , 1984  Pigs 14 mos L4 134
Bourrin et al , 1992 Rhesus monkeys Adult (9 yrs)  Ihac crest 103
Lundun et al., 1994 Macaques Adult (95 yry) L2 125
Schmitzler et al, 1993 Baboons Adult Ihac crest 9]
Parfitt et al , 1983 Humans Adults < 50 yrs Ihac crest 145
Odgaard, personal Sperm whale (11 m, ? Vertebra 180

communication, 1995 n=1) (Physeter catodon)
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The differences belween morphometric paramcters found between species suggest
that in these species the remodeling process is regulated within a specific spatial range.
However, the absolute differences belween parameter values are quite small, which
indicates that the local domain of regulation is of similar size in the mammalian species
that we used, except in the ral. This is consistent with the hypothesis that the regulatory
domain of osteocytes is similar regardless of species. Only in the rat is the trabecular
thickness clearly smaller; this may be due to the diffecrent mechanical environment in the
femoral heads of rats but also to a smaller spatial regulatory domain. Possibly the
regulation in the femoral head of the rat is modificd by the presence of the cartilageous
growth plate and the presence of chondrocytes within the primary rabeculae.

The percentage ol double counts is an indirect measure of the size of the cell
nucleus, because a larger cell nucleus has a greater chance of being hit by sectioning. The
percentage of double counts was measured in only two animals per species; however, the
results from the animals of the same species were always very similar (which can be seen
from (he small standard deviation). It was noteworthy that the perccntage of double counts
was lowest in the cow and the pig, indicating that these animals have smaller osteocyte
nuclei than the other species. The percentage of double counts was not related to the
number of osteocyte nuclei per bone area.

The results show that the number of ostcocyle nuclei per bone volume is specific for
each species and seems to be inversely related to species size, although osteocyle density
was similar in the pig and the Rhesus monkey. The number of osleocyte nuclei per bone
volume ranged from 93,200 mm™* in the rat o 61,500 mm* in the rabbit o 31,900 mm™
in bovinc cancellous bone. Data of osteocyte density in various species are scarce.
Mullender et al. (1995) found that osteocyte density in cancellous bone of the iliac crest in
humans (30-55 years old) varicd around 13,000 mm™?, which is lower than the values
measured in the animals. They also reporicd that both osteocyle and lacunar density
decreases wilh incrcasing age. Li et al. (1991) measured osteocyte density in 5 tm sections
of cortical bone in several regions of the tibia and the second metatarsal in the rat. They
found that osteocyte density varied between 810 and 1,060 per mm’. They also found that
osteocyte density could be affected by cxercise. Although their data agree very well with
the values that we obtaincd for the rat, these values arc actually not comparable with ours,
because they counted ostcocytes (not osteocyte nuclei) and used thinner sections. Norrdin
et al. (1993) counled osteocyte nuclei in trabecular bone of the iliac crest in cats. They

reported an osteocyte density of 156 per mm’ bonc. However, they measured osteocyte
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density 1n | pum sections, which explains the small number compared to our values If 1t 1s
assumed that osteocyte nucle1 1n cats are similar 1n size to those 1n the species that we
used, the number of osteocytes per bone volume estimated from their data 1s close to the
values that we found for monkeys and pigs Marotti et al (1990) and Hobdell and Howe
(1971) have been, to our knowledge, the only authors to compare osteocyte densities 1n
various species Contrary to our findings, the data trom Marott1 et al (1990) suggests no
relationship with amimal size, therefore they stated that neither osteocyte density or
lacunar volume seem to be related to animal species Since they found osteocyte density to
be much higher in woven bone than 1n lamellar bone, they argued that osteocyte density,
distribution, and shape are strictly related to collagen fiber texture Most of the data of
Hobdell and Howe (1971) were collected in primary bone They found only small
differences 1n osteocyte density 1n primary bone between several mammalian species
(24,000-33,000 per mm®) For example, they found no difference 1n osteocyte density
between a rat and an elephant From these findings, 1t can be seen that the relationship
between osteocyte density and species 1s not straightforward and depends on the type of
bone. In addition, age and loading may affect osteocyte density Hence, more data are
needed to draw definite conclusions about the relationships between osteocyte density and
other variables

Still, we speculate that osteocyte density may be related to turnover rates It 1s well
known that body size, basal metabolic rate, life span and growth rate are all interrelated
according to physiological scaling laws (Schmudt-Nielsen, 1984) Hence, 1t can be
expected that turnover rates also are related to the size of the species, and our finding that
1n cancellous bone osteocyte density decreases with the size of the species fits well with
this concept Furthermore, as the rate of turnover 1s much higher in woven bone than 1n
lamellar bone 1t 1s also consistent with the greater osteocyte densities 1n the former type of
bone than in the latter In addition, Cané et al (1982) found that, 1n dogs, the number and
size of osteocytes are larger 1n locations within the bones with a higher turnover rate than
in locations where turnover 1s lower

In concluston, 1t was found that morphometric parameters and osteocyte density
both are related to species size The range of vanation of trabecular thickness between
species, however, 1s relatively small This finding agrees with the hypothesis that the
thickness of trabeculae 1s hmited by the size of the domain that can be regulated by
osteocytes Osteocyte density in trabecular bone, however, varies widely between species

and 1s inversely related to species size The relationships with species are different for
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osteocyte density than for the morphometric parameters. Hence, the data support our
hypothesis that osteocyte density is not directly related to the macroscopic trabecular

architecture.
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OSTEOCYTES AND BONE LINING CELLS —
WHICH ARE THE BEST CANDIDATES FOR

MECHANO-SENSORS IN CANCELLOUS BONE?

M.G. Mullender and R. Huiskes
Bone 6: 527-532, 1997

ABSTRACT

Previously, we have investigated the possible role of osteocytes as mechano-
sensors, and mediators of bone turnover. It was found that the proposed regulatory
mechanism produced morphologies of trabecular bone, under particular loading
conditions, which were consistent with morphogenesis and adaptation as seen n reality.
The main objective of this study was to discern whether lining cells or osteoblasts could
possibly play a similar role as effectively with regard to their capacity for self-
optmization of the trabecular architecture, in terms of a low apparent mass to stiffness
ratio. For that purpose the earlier analyses with osteocytes as mechano-sensors,
distributed throughout the bone, were repeated for mechano-sensors located at bone
surfaces only. Compared to the osteocyte model, the surface cell remodeling algorithm
was reluctant to change its architecture, which implies that it is less sensitive to changes
in the loading pattern. This resulted in less efficient bone adaptation, which was reflected
by a considerably higher relative mass for a similar apparent stiffness in the loading
direction. In other words, more mass is needed to obtain an equally stiff structure, at the
apparent level, with respect to the externally applied loads. Furthermore, stresses and
strains at the tissue level vary across a much wider range, relative to the osteocyte model,
where the higher incidence of elevated strains indicates an increased failure risk.
Therefore, we conclude that mechanical information at the bone surface may not be

suffictent to adequately regulate functional bone adaptation.
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INTRODUCTION

Although 1t 1s generally accepted that bone tissue adapts 1o mechanical demands, the
regulatory mechanisms responsible for this process are not understood For one thing, the
mechanism by which the bone ussue senses mechanical stimuli has not been established
Neither the cells responsible for transduction of mechanical 1nto chemical signals nor the means
by which the actual bone remodeling processes are subsequently regulated are identified

Osteocytes, located within the bone matrix, bone lining cells, covering the bone surface,
and osteoblasts have all been proposed to play important roles as mechano-sensors in the
regulatory process In vitro studies showed that the activity of both lining cells and osteocytes
increased after loading (Skerry et al , 1989, El-Haj et al , 1990) Osteocytes were suggested as
the most suitable candidates for the role of mechano-receptors, because of their location and the
interconnections by which they communicate with each other and wath cells at the bone surface
(Marott: et al , 1990, Cowin et al, 1991, Lanyon, 1993) It was proposed that these cells are
stimulated by fluid flow 1n the caniculi, due to mechanical loading of the tussue (Weinbaum et
al, 1993, Harrigan and Hamulton, 1993) In fact, it was shown experimentally that ostcocytes
are very sensitive to fluid flow across their cell membranes (Klein-Nulend et al , 1995)

The hypothesis that osteocytes sense imechanical signals and regulate the local
adaptation of bone mass was recently invesugated for 1ts feasibility, using a computer simulation
model (Mullender and Huiskes, 1995) In this regulatory model, bone density was adapted at
any location within the ussue, according to a stumulus recerved from the osteocytes 1n the
vicinity It was shown that the proposed regulatory mechanism could explain the genesis and
adaptation of trabecular patterns 1n accordance with (he external loads, indicating that such a
hypothests 15 realistic (Mullender et al , 1994, Mullender and Huiskes, 1995, van Rietbergen et
al , 1995a, van Ruetbergen et al , 1996a) Nevertheless, 1n reality trabecular bone turnover occurs
only at surfaces and not within the tissue Furthermore, the question rematns, iIf scnsors located
at the bone surface (lining cells and osteoblasts) could regulate bone remodeling equally well It
was shown 1in many studies that osteoblasts and osteoblast-like cells are very sensiive to
mechanical loads as well (see Burger and Veldhuiyzen (1993) for a review) In addition, Miller
et al (1989) and Parfitt (1984) suggested that bone lining celis probably play important roles 1n
bone remodeling by mediating the activation of the bone remodeling sequence

We have investigated two quesuons 1n this paper First, do the results of the regulatory
model based on osteocytes as mechano-sensors differ from those previously described, 1if, as 1n
reality, remodeling 1s allowed only at trabecular surlaces”? Second, can a simulation model,

based on the assumption that lining cells and osteoblasts are mechano-sensors and regulators of
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bone turnover, explain mechanical adaptation of trabecular bone equally well? To investigate
the latter question, a model was developed based on the alternative hypothesis that sensor cells
are located only on the trabecular surfaces. The behavior of this regulatory model was compared

to the regulatory models 1n which the sensors are located within the bone matrix.

METHODS

Two hypothetical regulatory mechanisms for trabecular bone (re)modeling were
compared. In both regulation schemes local mechanical signals are appraised by sensor cells
which subsequently stimulate populations of osteoclasts and osteoblasts (basic multicellular
units, BMUs) to adapt the local bone mass (Fig. 1). In the first regulation model, osteocytes are
assumed to be the sensor cells (osteocyte model), while in the second regulatory mechanism it is
presumed that only cells covering the trabecular surface act as sensors (surface cell model). For
the osteocyte model two possibilities were compared. The first is “overall remodeling”, which
implies that bone density can be adapted at any location in the tissue. This model was described
earlier by Mullender et al. (1994) and Mullender and Huiskes (1995). The second is *‘surface
remodeling”, where the bone density is allowed to change only at the bone-marrow interface. In

the surface cell model, surface remodeling was investigated only

mechanical
signal
osteocytes
mechanical
1. stimulus properties

Figure {

Two alternative hypothetical regulatory schemes are compared. Bone remodeling 1s assumed to be con-
trolled by local feedback. The first hypothesis 1s that osteocytes appraise mechanical signals and stimulate
BMUs to adapt bone mass (1) The second hypothests states that bone surface cells (lining cells and os-
teoblasts) are the mechano-sensors and that these cells stunulate bone turnover by BMUs (2). In both
schemes, this results in a change of local mechanical properties, which again affects local mechanical
signals.
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MATHEMATICAL FORMULATION OF THE REMODELING HYPOTHESES

The mathematical foundation of the models was analogous to Mullender and Huiskes
(1995) The strain energy density (SED) was taken as the mechanical signal S(t) (MPa)
measured by a sensor cell ¢ The strain energy density 15 1n fact the local elastic (strain) cnergy
stored per volume of bone tissue According to the difference between the actual signal and a
reference signal k, the sensor produces a siimulus The amount of stimulus received by the
BMUs depends on the distance between the sensor cell ¢ and the location x of the actor cells
The local stimulus value F(x,¢) at location x at time ¢ 1s the sum ol the stimul recetved from all

S€NSors

N
Flxt) = Y f,(x)(S,(1)-k), (1)

=1

with N the number of sensors and the spatial influence function
=d.(x)
D
fi(x) =e ; (2)

describing the decrease in stimulus with increasing distance d{x) (inm) between location x and
sensor ¢t The parameter D determines the decay of the influence function
The change 1n the relative density m(x, 1) in location x 1s governed by the local stimulus

value F{(x,t) Hence, in case of overall remodeling

dm(x,1)

y =t F(x,t)  with 0 < m(x, 1) < I, (3)
'

and 1n case of surface remodeling

dm(x, t
% =1 F(x,r) X € trabecular surface
!
with 0 <m(x,t)< ] (4)
dm(x,1)
p =0 X & trabecular surface
t

where T (MPa's') 1s a constant regulating the rate of the process The local clastic properties

were calculated from the local relative density using a cubic power relationship 1n accordance
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with experimental data (Currey, 1988) Hence, the elastic modulus at location x was calculated

from

E(x,t) = C m’ (x,0), (5)
with C (MPa) a constant

NUMERICAL FORMULATION

The regulatory models were applied to a volume of bone tissue Input to the
regulation models was given by the magnitudes and directions ot the mechanical loads In
turn, the model predicted the distribution of bone mass in time, 1 ¢ the development of
architecture, for given parameter values The bone tissue was modeled by finite elements,
which allowed the calculation of the mechanical variables inside the tissue for externally
applicd loads The development of bone architecture 1n time was simulated numencally,
1e equations (3) and (4) were solved recuisively, using a numerical integration technique
(torward Euler) to find the new values for the relative density per element The procedure
was continued until the changes 1n architecture were virtually zero A variable time step
was used that was calculated from the maximal stimulus and a prescribed maximal change
1n relative density at any location according to van Rietbergen et al (1996a)

For surface remodeling, 1t was necessary 1o define a bone-marrow interface within
the finite element model since changes 1n density arc only allowed at this location Bone
surfaces were modeled by elements of intermediate density, representing partial volumes
of bone and marrow These elements are located between elements with minimal density

(marrow) and elements with maximal density (bone) (Fig 2)

marrow
. m=0
v interface
' O<m<l
bone \‘, |
m=1 \ FE mesh

Figure 2

The jagged boundaries of the elements prevent an accurate representution of a smooth bone surface
This problem has been solved by allowing boundary elements to have intermediate densities repre-
senting partial volumes of bone
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The difference between the osteocyte model and the surface cell model was the
location of the sensors In the osteocyte model the sensors were umtormly distributed over
the mineralized bone matrix In the surface cell model, the sensors were located in the
centers of the elements representing the bone surface Stresses and strains 1n the locations
of the sensors were calculated via extrapolation of the values 1n the integration points to
the nodal points of each element, and subsequent-ly linear interpolation to the location 1n
which the sensor was situated The mechanical signal per sensor was calculated according

to
S = 4o, &, (6)

where o, and ¢, are the stress and strain tensors in the location ol sensor ¢

APPLICATION OF THE REMODELING HYPOTHESES

The regulation models were applied to a plate of 2x2mm (thickness 0 02 mm),
meshed with 80x80 four-node elements The inital architecture was an arbitrary
trabecular structure resembling a lattice (Fig 3) The physiological parameters 1n the
models were the reference energy k, the sensor density # [equal to their number N divided
by the area of bone tissue (osteocyte model) or divided by the length of the bone perimeter
(surface cell model)], the exponential osteocyte-influence function (characterized by the
distance parameter D), and the constants T and C (equal to the maximal clastic modulus)
n was taken as 1600 mm ? n the osteocyte model and 40 mm ' 1n the surface cell model
Osteocyte density was chosen within a physiological order of magnitude, which was
estimated lorm measurements by Marott1 et al (1990) and Mullender et al (1996a,
1996b) The value for lining cell density was based on an average length of the cells of 25
pm However, no actual data of iming cell density were available A value of 0 02 MPa
was uscd for k and D was 100 pm (Mullender and Huishes, 1995) C was taken as 6 GPa
(van Rietbergen et al , 1995b) and the rate constant was arbitrarily set at T= 1| MPa Ig!

The plate was loaded at each side with uniform stress distributions The stress
magnitudes ¢; and G, wete 5 MPa and -2 5 MPa respectively Alter 200 increments (after
which stable configurations were reached) the loading configuration was altered by
changing the applied stress orientations from 20° to 0° relative lo the plate Hereafter, the

simulations were continued tor another 200 increments
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EVALUATION OF THE RESULTS

The resulting architectures were evaluated {or their apparent mechanical properties
and the relative apparent density. To assess the mechanical propertics of the architeclures
produced by the models, the global stiffness matrices were determined for each
equilibrium architecture from the structure morphology and the element stiffness matrices
according to van Rietbergen et al. (1996b). From the global stiffness matrix, the axes of
orthotropy and the principal Young’s moduli associated with these axes were determined
(Rietbergen et al., 1996b). To appraise the differences between architectures at the tissue
level, the stress, strain and SED distributions in the structures produced were determined,
by calculation of the maximum principal stress and strain values and the SED values in

cach element.

RESULTS

All models converged towards equilibrium solutions which resembled trabecular-
like structures (Figs. 3a-c). The number of increments necessary to reach a stable solution
was smaller for “overall remodeling” than for “surface remodeling”. In addition, the
remodeling rate (although given in arbitrary units) was about two times higher for “overall
remodeling” as compared to “surface remodeling”. After convergence, the signals (SED)
in the sensors averaged 0.02 MPa, which is equal (o the value of the reference signal &, in
all models.

The architectures produced by the osteocylc model described earlier and the
osteocyte model, in which remodeling was only allowed at the bone-marrow interface,
were not identical but very similar. The apparent properties ol the equilibrium
architectures were very similar as well. In these architectures, the axes of orthotropy were
identical to the external loading directions. Furthermore, the proportion between the
principal Young’s moduli, E,. and E,, was between 1.7 and 2.0 (Table 1), which
approximates the proportion between the load magnitudes ¢, and o,. In other words, the
anisotropy of these structures matched the externally applied loads. Both the relative
apparent densities and the maximal principal Young’s moduli were somewhat higher (2-
6%) in the structures produced by surface remodcling than those produced by overall

remodeling (Table 1).
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The equilibrium archuectures are presented for the osteocyte models using overall remodeling (a),
and surface remodeling (b), and for the surface cell model (¢). The architectures produced by both
osteocyte models show large resemblance. Note that the arclutectures produced by the surface cell
model are closer to the initial architecture.
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The distributions are shown of strain energy density in the tissue of the equilibrium architectures
produced by the osteocyte model (surface remodeling) and the surface cell model. The distributions
Sor the osteocyte model are very similar for both load cases and peak at the value of the target
signal. In contrast, no clear optimum 1s present in the distributions for the surface cell model.
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The maximal principal strain values vary around 3000 mstrain in the architectures produced by the
osteocyvte models The mavimal principal stramn distributions for the surface cell model are different
for each load case In particular, the archutecture produced by the first load case shows a much
wider distribution, indicanng thai it 1s less well adapted to the applied loads.
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The surface cell model produced very different architectures compared to the
osteocyte models (Fig 3c) The equilibrium architecture after 400 increments shows
clearly that, using this remodeling algorithm, the 1nitial architecture 1s more persistent 1n
the eventual result Local adaptation occurs, but the equilibrium architecture s closer to
the 1nitial one than those produced by the osteocyte models The equilibrium architecture
for the first load case was not orthotropic, which implies that the principal Young's
moduli cannot be deterrmuned Instead, the Young’s moduli 1n the directions of the applied
loads were determuned The apparent density 1n this architecture was about 11% higher
than for the osteocyte model, whereas the apparent Young's modulus 1n the main loading
direction was only 2% higher The stiffnesses 1n all other directions were considerably
higher than those 1n the osteocyte models Atter the direction of loading was changed, the
trabeculae re-orientated In this second architecture, which was rather similar to the nitial
configuration, both the apparent density and the apparent stiffness values were lower 1n

the surface cell model than in the osteocyte models

Table 1 Apparent properties of the produced archutectures for each model

Model Apparent properties

Principal Young’s
modult 1n orthotropic

directions
Relative Exx Eyy Gxy
Algorithm Load case density (Gpa) (Gpa) (Gpa)
Osteocyte model
Overall remodeling 1 052 179 104 023
2 052 185 108 017
Osteocyte model
Surface remodehing 1 055 189 103 022
2 054 200 105 023
Surface cell model 1 061 192' 150" ?
2 050 177 107 012

! Young’'s modulus in direction of applied load
2 Architecture was not orthotropic
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The evaluation of the mechanical variables at the tissue level revealed that, for the
architectures produced by the osteocyte models, the SED values always varied around 0.02
MPa, which is equal to the target signal. In contrast, the SED distributions for the surface
cell model have no clear optimum value (Fig. 4). With osteocytes as the sensors, the
maximum principal stress and strain distributions were similar for the two load cases as
well as for both the overall and surface remodeling algorithms. The narrow shape of the
maximum principal strain distributions show that the greater part of the tissue was
strained at a similar lcvel (Fig. 5). Compared to the osteocyte models, these distributions
were much wider for the surface cell model and also varied more betwecen the two

equilibrium architectures.

DISCUSSION

Previously, we have considered a strain adaptive bone-remodeling theory for which
it was assumed that osteocytes appraise mechanical signals and regulate bone adaptation
(Mullender and Huiskes, 1995). Adaptation of bonc density could take place at any
location within the tissue represented in the model. It is known, however, that bone
remodcling in trabecular bone occurs only at surfaces. A more realistic description of the
process, based on surface remodeling, was compared with the previous model. Both
remodeling algorithms produced qualitatively similar architectures. This is not surprising,
because although the previous model allowed remodeling to take place throughout the
tissue, it was in fact limited predominantly (o the surfaces of existing trabeculae
(Mullender and Huiskes, 1995). Nevertheless, it was found that remodeling occurs much
faster in overall remodeling as compared to surface remodeling. This is caused by the
restricted volume available for simultancous transformation in the latter case. We
conclude, however, that the results from the surface remodeling algorithm are very similar
to the ones from the overall remodeling algorithm reported earlier (Mullender and
Huiskes, 1995).

The second goal of this project was to establish whether bone surface cells, such as
lining cells and osteoblasts, could potentially regulate bone remodeling by themselves,
without mechano-sensory stimuli from osteocytes. For this purpose, two regulation models
were compared. Some limitations of these models need o be discussed. First, trabecular
bone tissue was represented in two dimensions. This limils comparison with actual bone,
but presumably has no consequences for the comparison between the regulatory schemes,

because van Rictbergen et al. (1995a) showed that the ostcocyte-based regulation process
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behaves similarly 1n a thiee-dimensional model Second, the usc of square elements limits
the representation of trabecular geometry This 15 partly resolved by allowing itermediate
bone densities 1n boundary elements (Fig 2) More importantly however, digital models
introduce solution errors at boundary elements It has been shown that these errors can be
sigmtrcant and that further refinement of the clement mesh does not necessarily reduce
these boundary artifacts (Hollister ct al , 1992) The use of smooth boundary models does
not solve this problem, for these were shown 1o produce sumilar errors (Guldberg and
Hollister, 1994) To minimize boundary artifacts, the sensors in the surface cell model
were chosen at the centers ol the boundary elements (as opposed o the clement nodes)
Nevertheless, errors are nevitable when calculating signals 1n boundary elements and no
solution tor this problem 15 yet available (Guldberg and Hollister, 1994) Howcver, the
eftect of these errors on the remodeling results should be limited, because the pattern of
boundary errors 1s oscillatory (Guldberg and Hollister, 1994) and therefore, errors arc
averaged out by the sensor influence tunction, which [ilters” the erroneous oscillations
and reduces their effect on the stimulus distribution Another imitation 1s that only one
specitic load case was considered, whereas 1n reality bone 1s loaded by a variety of loading
patterns, changing both in amplitude and direction However, this probably does not affect
the quality of the differences found between the models and 1t facilitates the assessment ol
effectiveness of the resulting architectures considerably Furthermore, only nct bone loss or
gain was considered Hence, the models do not account for scparate effects of ostcoblasts
and ostcoclasts and effects associated with the remodeling sequence Finally, strain energy
density was chosen as the mechanical signal, because the models used here are too coarsc
to obtain a more precise measure ol the mechanical signals that osteocytes or lining cells
perceive when the tissue 1s loaded Strain energy density 1s a measure of the energy stored
as a result of deformation of the tissue, and may be considered as a reasonable indication
of the mechanical deformation which the cells experience Although 1n tact, 1t 1s stll
unclear how bone cells sensc mechanical signals, 1t 15 also uncertain how a more accurate
representation ol the mechanical signals might affect the results

It was found that bone remodeling regulated by osteocytes 1s very cllective indeed
The bone mass 15 distributed such that the apparent stiffness of the architecture 1s very
well adapted to the cxternally applicd loads, 1 e the equilibrium architecture has properties
of (near) minimal mass tor a certain average strain energy density value As a result, the
total mass of the structure produced 1s relatvely independent of the loading direction

However, with surface cells as sensors, remodeling 15 less sensitive to the external loads,
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which 1s manifested by less change in the architecture When bone remodeling 1s regulated
by osteocytes, 1t leads primarly to adaptation of the architecture, but 1f 1t is regulated by
surface cells, 1t mainly causes adaptation ol strut thickness in the existing architecture,
which leads to changes 1n the total mass Apparently, with osteocytes as sensors, the
remodehing process drifts more easily towards a signiticantly different morphology Bone
adaptation 1s less effective for changes of the loading directions with surface cells as
sensors This 1s evident from the frequency distribution plots, which indicate that parts of
the structure receive relatively little loading, whereas other parts carry relatively high
loads It might be argued, however, that 1n reality loading patterns are relatively constant
For changes 1n load magnitudes only, surface cells should be equally capable to regulate
adaptation as osteocytes, since changes 1n the load magnitudes require changes 1n mass
rather than in architecture It should be noted that adding surface cells to the osteocyte
model makes no ditference for the output of the model This 1s duc to the choice of the
surface cell location 1n the boundary elements, which are also included 1n the tissue area
where osteocytes are located

Computational models, according to which strain derived signals are evaluated at
the tissue surface and where bone mass 1s adapted accordingly, as in the present surface
ccll model, have been introduced by Luo et al (1995) and Siffert et al (1996) They found
changes 1n strut thickness after changing the load magnitudes 1n a unit cell model (Siftert
et al , 1996), but also shape changes when applying loads to 1dealized structures (Luo et
al , 1995) However, their results can not be casily extrapolated to larger, more complex
structures, which inhibits comparison with our results

The present results indicate that osteocytes would be more efficient sensors than
bone surface cells, 1n the sense that they produce architectures with a more appropriate
mass distribution relative to the apphed loads It has long been suggested (Wolff, 1892) or
even implicitly assumed that bone 1s an optimal structure, however, 1t 1s uncertain 1f this 1s
in fact the case Therefore, the superior performance of osteocytes as sensors gives no
direct evidence that they actually fulfill this role

In conclusion, the incorporation of surface remodeling into the remodeling
algorithm had no essential eticcts on the architectures produced or their properties The
regulation of functional bone adaptation by mechano-sensitive osteocytes would be the
most etfective modality This indicates that mechanical information at the bone surface

may not be sufficicnt to adequately regulate functional bone adaptation
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OSTEOCYTE DENSITY CHANGES

IN AGING AND OSTEOPOROSIS
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ABSTRACT

Recently, 1t was suggested that osteocytes are involved in the regulation of bone
remodeling We have exanuned human trabecular bone of the tliac crest of fracture
patients and control subjects to determine 1f osteoporosis s associated with changes in
osteocyte denstity or osteocyte death The relutionships of these parameters with age was
also investigated It was found that osteocyte death was not related to age, nor was 1t
icreased in osteoporosts compared with the contiols In healthy adults ranging from 30
to 91 years, lacunar number per bone area decreases with advancing age, from about
210/mm® to 150/mm*® Significantly higher lacunar and osteocyte numbers per bone tissue
volume were found n osteoporoucs than in controls (17,100 lacunae/mm’ and 13,300
osteocytes/imm’ vs 12,900 lacunae/mm’ and 10,500 osteocytes/mm’ respectively), whereas
lacunar area was significantly reduced in osteoporotics (from 44 1 pm* 10 39 1 pm®)
These findings are companble with the hypothesis that in osteoporosis osteoblasts produce
less bone per cell This can n turn explamn the reduced wall thickness, which has

previoushy been described as characteristic for osteoporosis

75



CHAPTER 6

INTRODUCTION

Bone is a dynamic tissue undergoing continuous renewal. The mechanical integrity
of bone is ensured by removal of bone and subsequent replacement by new bone. After the
age of 25-30 years, a slightly negative balance between bone resorption and formation may
cause progressive bone loss. Usually, mechanical integrity is maintained. However, in
ostcoporosis, excessive bone loss and loss of structural elements can lead to mechanical
failure (Parfitt et al., 1983). As turnover is highest in cancellous bone, osteoporosis
becomes manifest particularly in regions where the trabecular architecture is of great
structural importance such as, for instance, in the vertebral body and the femoral
trochanter. The cause of osteoporosis is sought in a disturbed regulation of the bone
remodeling process (Eriksen et al., 1994). It is well cstablished that mechanical usage is
essential for the maintenance of bone. Hence, several investigators suggested that
osleoporosis is possibly caused by an inadequate appraisal of the mechanical load in bone,
because the changes in bone occurring in ostcoporosis are similar to changes resulting
from disuse (Frost, 1988; Rodan, 1991). Yet, the normal regulation of bone remodeling
has still to be unraveled. The regulation of the remodeling sequence and the coupling
mechanism between the activity of osteoclasts and the activation of osteoblasts are still
unknown.

Recently, it was suggested that osteocyles play a role in the regulation of bone
remodeling. It was hypothesized that ostcocytes rcgulate the recruitment ol basic
multicellular units (BMUs) in response to mechanical stimuli (Marotti et al., 1990; Cowin
etal, 1991; Lanyon, 1993; Aarden et al., 1994} and that they play a role in the modulation
ol osteoblast activity and the recruitment of ostcoblasts which differentiate into osteocylcs
(Marotti et al., 1992). A number of experiments (in vivo and in vitro) showed that
osteocytes respond to mechanical loading with an increased production of factors which
are known to affect bone turnover (Lanyon, 1993; Klein-Nulend et al., 1995). Mullender et
al. (1994) and Mullender and Huiskes (1995), using a computer simulation model, have
shown that trabecular modeling patterns due to mechanical stimuli can be explained
quantitatively by assuming osteocytes to act as strain-scnsing cells in a regulatory process.
They showed that osteocyte density and range of influence, i.e. the distance from which
they can affect BMU activily, may have dislinct cflects on the trabecular morphology.
They also showed that a reduced sensitivity ol osleocytes to mechanical load caused bone

loss in a similar way as did disuse.
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The above hypotheses and lindings have led us to the hypothesis that a disturbance
in the regulation of bone remodeling 1n osteoporosis may be associated with a lack of
osteocytes or inefficacy of function To investigate this hypothesis, we have determined the
number of osteocytes per bonc area and volume and the fractton of empty lacunae, as an

indicator ot osteocyte death, 1n osteoporotic patients and control subjects

MATERIALS AND METHODS
SUBJECTS

The osteoporosis group consisted of 14 patients [4 men and 10 women, age 65 2 +
7 2 years (mean + SD)] with each at least one vertebral crush fracture (collapsed vertebra),
and 23 patients (9 men and 14 women, age 73 6 + 11 3) with hip fractures Transihac
biopsics were taken from all patients Iliac crest bone samples trom twenty-five autopsy
subjects (sudden death in previously healthy persons) and four patients who received
cosmetic or orthopacdic surgery unrelated to bone disease were obtained for the control
group (24 men and 5 females, age 57 0 + 18 5 years) Nonc ol the control group had a his-
tory of any disease known to predispose to osteoporosis and neither control subjccts or

paticnts recerved drugs with known effects on bone

HisToLoGY

The undecalcified biopsies were embedded 1n methylmetacrylate, sectioned (5 {tm)
and stained with Goldner's trichrome Histomorphomeltry was perlormed on the trabecular
bone of two sections per biopsy Microscopic fields were sampled 1n equally spaced rows
by moving the specimens 1n equally sized steps such that the total specimen area was
covered A Zeiss integrating cycepicce was used for the measurement of trabecular bone
volume (BV/TV) by counung the number of hits and the number of intersections More
extensive histomorphometric data ot both groups were published 1n a different study
(Uitcwaal et al , 1987)

In addition, the number ot lacunae occupied by osteocytes and the number of emply
lacunae per bone area were measured 1n trabecular bone Osleocytes are colored red and
are readily visible 1n the bone matnix Empty lacunae were defined as lacunae without any
visible remnant of a cell inside These measurements were performed using a Zeiss micro-
scope 1n conjunction with a digital image analysis system (Videoplan) Twenty fields were
sampled 1n two sections per subject (x25 objective) by moving the specimen 1n equally

stzed steps 1n x and y directions In this way, a total bone arca of approximately 1 mm? per
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subject was mcasured to determine lacunar and ostcocyte numbers The investigator had
no knowledge about the ongin of the sections From these measurements the following
parameters were deducted the iraction of empty lacunae (number ol empty lacunae / total
number of lacunae), the total number of lacunae per bone area (N Lc/B Ar) and the
number of lacunae occupied by osteocytes per bone area (N Ot/B Ar)

The measured number of osteocyte lacunae per arca depends on both the number of
lacunae per volume and the average lacunar size As we wanted to determine 1f differences
in lacunar number per bone area between controls and osteoporotics are due to ditferences
in lacunar s1ze or to differences in lacunar number per bone volume, we also measured
lacunar area (Lc Ar) as an ndicator of lacunar size These measurements were made by
outlining at least 75 lacunae per section i1n randomly selected fields, totaling at least 150
lacunae per subject (x100 o1l immersion objective)

The measured parameters N Ot/B Ar, N L¢/B Ar and Le Ar were used to estunate
the number of osteocytes per bone volume (N Ot/BV) and the number of lacunae per bone
volume (N Lc/BV) Furst, the measured lacunar area was uscd to calculate an average
“osteocyte radwus’® R Assuming that osteocytes have a spherical shape, the measured
Lc Ar 1s equal to Le Ar = %/, ®R?, for infimtely thin scctions If the equation 1s corrected
tfor the section thickness () and 1f 1t 1s further assumed that & 1s the thickness of the
smallest part of a cell which must be included 1n the section for 1ts 1dentification, the

equation modifies to

M

Lc Ar = TC[R2 (R_K)! J

MR k+ %)

As this equation 1s not easily inverted in order to calculate R, 1t was estimated by titting R
to obtain the measured Lc Ar with a maximal error of 0 005 um? This 1s only a rough
estimate of R, because ostcocytes 1n fact have an elliptical shape

The number ot osteocytes and lacunae per volume wetre calculated according to

N Ot/B Ar

NOt/BV = ———— (2)
2R + 1 2k

N Lc/BV = N Lc/B Ar 3)
2R ++ 2k
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where k and ¢ are the same factors as above (Sissons and O'Connor, 1977). A section

thickness £ = 5.0 pm and a valuc ol £ = 0.2 um was used.

STATISTICAL ANALYSIS

Averages and standard deviations of all measured parameters were determined per
group. The reproducibility of the method for measuring lacunar density and size was
assessed using the coefficient of variation. These parameters were measured four times in
six sections by one observer and were again measured by a second investigator. To
increase reproducibility, all measurements were conducted by the same investigator.
Correlations between paramcters and age were examined by lincar regression analyses.
Differences between groups were tested using the two-tailed Student’s r-test. To exclude
effects of age differences, only subjccts older than 55 years were used for the comparison
between the control group and the ostcoporosis group. However, it should be noted that the

group of hip fracture patients was still older than the control group.

RESULTS

The values for reproducibility are given in Table 1. The mean values and standard
deviations of all measured parameters are given in Table 2. No differences in parameter
values were found between males and females within each group. BV/TV was significantly
decreased in the osteoporotic patients relative to the control group older than 55 years. The
BV/TV of two control subjects could not be reliably measured because the specimen sizes
were too small. The N.L¢/B.Ar and also the N.Ot/B.Ar were significantly higher in
younger controls than in older controls. In addition, the N.Lc/B.Ar and N.OUB.Ar were

Table 1
Coefficient of variation (%) for repeated measurements®,

Intraobserver Interobserver
Lacunae per bone area 45 35
Osteocytes per bone area 4.8 5.3
Percentage of empty lacunae 39 7.6
Lacunar arca 14.6 23.1

“Reproducibility ol lacunar numbers, osteocyle numbers and fraction of
empty lacunae is good, but measurements of osleocyte size show large
variation.
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Table 2
Subject data and histomorphometric parameters in control subjects and osteoporotic patients
(average values and standard deviations).

Controls Osteoporolic patsents >55 ys.
<55ys. >55ys. combined hip fract. vert. fract. combined
Total 12 17 29 22 12 34
Male 12 12 24 ] 2 10
Female — 5 5 14 10 24
Age (ys) 390 77" 697 120 S70 £185 797 £93 676 £47 754 £99
BV/TV (%) 180 613 168 £59° 174 61 125 =4 1* 84 42" 110 +45°

NLc/BAr(mm?) 2065 £292° 1657 +383 1826 +399 2030 £297* 2289 £282° 2121 x314"
NOUBAr(mm?2) 1728 +349* 1351 +380 1507 +407 1583 £236" 1760 £216* 1645 +242°
Fract emply lacunae 017 +008 019 =0.10 0!8 +009 022 +005 022 £006 022 £005

Lc Ar (um?) 473 58 441 £73 455 +68 B85 £41" 400 £62 391 249"
NL¢/BV (10°mm?) 156 £20* 129 £32 140 £30 165 25" 184 £22 171 =25
NOUBV (10'mm™) 131 +24 10530 116230 12819 13722 1313 £20

a4

b

significantly different from the control group >55 years (p < 0.05)
sigificantly different from the control group >55 years (p < 0.01)
measurements of two subjects discarded (n = 15).

L

significantly higher in the hip fracture and vertebral fracture groups relative (o the older
control group (Fig. 1). Lc.Ar was significantly smaller in hip [racture patients and in the
combined osteoporosis group than 1n the older control subjects (Fig. 2). As the lacunar size
was smaller in the osteoporosis group relative Lo the older control group, the diffcrences in
number of lacunae and osteocytes per bone volume were even more pronounced than the
differences between numbers per bone area. The N.Lc/BV and N.OUVBV were also
significantly higher in the younger controls in comparison with the older controls. The
fraction of empty lacunae did not differ significantly between groups.

The relationships between several parameters and age arc presented in Table 3. In
the control group, the number of lacunac and osteocytes per bone area and per bone
volume declined significantly with advancing age (Figs. la and 1b). The fraction of empty
lacunae and lacunar area were not significantly related to age. No significant relationships

between age and other parameters were found in the osteoporosis group.
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(b)

The relationships benwveen age and the number of lacunae per bone area (a) und the number of
osteocyles per bone area (b) are presented. In the control group (M), the number of lacunae as well
as the number of osteocytes per bone area decrease with age. In both groups of fracture patients
(vert. fract. O; hp fract. [X1), the numbers of lacunae and osteocytes per bone area are
significantly increased compared with controls of similar ages

Table 3

Linear regression equations and correlation coefficients of several parameters in relation 1o age

Correlation
X y Group n Regression equation  coefficient
Age (years) N Lc/BAr (mm?) Controls 29 y=241.32-103x" 048"
Ostcoporotics 37 y=267.65-076x -0.27
Age (years) N OUBAr (mm?) Controls 29 y=210.10-1.04 x" 047"
Osteoporotics 37 y=200.30-049 x -023
Age (years) NL¢/BV (10°mm?*)  Controls 29  y=18.00-0.07x" 042
Osleoporotics 37 y=2116-0.06x -0.25
Age (years) N.OUBV (10°'mm ‘) Controls 29 y=1566-0.07x" -0.44°*
Osteoporotics 37 y=1583-0.04x -0.20

‘p <005 p<0.0l
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Lacunar area (Wum )? 60 [ .

50 +
40

®

B o
=
?0 N L J
25 50 75 100

Age (years)

Figure 2

The lacunar area 1s given as a function of age Although the 1eg1ess10ns are not signtficant they
tlustrate that lacunar area v reduced 1n osteoporosis compared to the control group (control B,
vert fract O, lp fract [X1) Regiessions (— ) Controls y = 4996 - 008 x (p =026)and( )
Osteoporoticsy =43 11-005x (p = 046)

DISCUSSION

Recently, 1t was suggested that osteocyles arc involved 1n the regulation ol bone
remodeling (Marott1 et al , 1990, 1992, Cowin ct al , 1991, Lanyon, 1993, Aarden et al ,
1994, Mullender et al, 1994, Mullender and Huiskes, 1995) Furthermore, 1t was
proposed that the incorporation ot osteoblasts into the matrix (1e the inclusion of
osteocytes) 1s a highly regulated process in which the pre-osteocytes themselves and
osteocytes already incorporated are actively nvolved (Netuss: et al 1991, Palumbo et al
1990a, 1990b, Marott: et al , 1992) Therefore, 1t 1s plausible that changes or disturbances
1 (pre-) osteocyte function also affect osteocyte morphology and osteocyte number 1If we
assume that osteocytes do indeced play a central role in the regulation of bone turnover, a
disturbance of this regulatory process may be caused by disturbances 1n osteocyte presence
or viabihty The questions mvestigated in this study were Does osteocyte number and size

diifer between osteoporotic patients compared with contiols, and does excessive osteocyle
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death occur 1n osteoporosis? In addition, we have nvestigated whether osteocyte death,
osteocyte density and lacunar density are related o age

Few investigators have actually measured osteocyte density Hobdell and Howe
(1971) found that the average volume of bone matrix associated with one osteocyte lacunae
was 0000077 mm’® tn human adult lamellar bonc This 1s equivalent to 13,000 mm
lacunae per bone volume Sissons and O Connor (1977) report values lor N Lc/BV
between 13,900 and 19,400 mm* in human cortical bone, depending on the type of
sections used The most accurate method to determine numbers of cells per volume 1s
known as the disector method (Sterio, 1984, Gundersen, 1986) However, this method
requires senal sectioning of the specimen As our specimens were already processed for
the purpose of histomorphometric analysis 11 was not possible to use the discctor method
Instead we measured lacunar area, which 15 a direct estimate of lacunar volume and the
number of osteocytes per bone area, which 1s a method generally accepted lor other cell
types such as osteoblasts or osteoclasts Although our calculated tigures for osteocyte and
lacunar numbers per bone volume only give an estumate of the actual higures, our figures
(N Lc¢/BV ranging from 12,900 to 18,400 mm %) agree very well with the values reported
carlier

Significant difterences were found 1n osteocyte density and lacunar density between
osteoporotics and controls (>55 years) Lacunar and ostcocyte number per bone area were
stgnificantly increased 1n osteoporotic patients rclative to controls A higher number of
osteocyte lacunae per bone area may be due to a higher number of lacunae per bone
volume and/or (0 enlarged lacunar sizes (Sissons and O'Connor, 1977, Sterio, 1984)
Enlarged osteocyte lacunae have been reported 1n osteoporotic patients (Wright et al,
1978) and 1n calcium deticient rats (Sissons et al , 1990, 1984) However, 1n this study we
found that the lacunar area was smaller 1n the osteoporosis group compared with controls
Hence, the differences in numbers of lacunae and osteocyles per bone volume were even
more pronounced than these differences 1n numbers per bone area These results suggest
that 1n osteoporosis less bone volume was produced per osteocyte There are three possible
explanations tor this phenomenon (1) a higher percentage of the bone forming osteoblasts
15 embedded as osteocytes, whercas the average activity or longevity 1s unchanged, (2) the
bone forming aclivity ot osteoblasts 1s reduced, and (3) the average lite span of osteoblasts
ts shorter The latter two explanations seem o be the most likely ones, because they are
compatible with the findings that bone formation and mecan wall thickness are decreased

1n osteoporotic patients compared with normals (Eniksen et al , 1990, Darby and Meunzer,
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1981). Eriksen and Kassem (1992) even state thal the most marked ditfference between
osteoporotic and normal women is a considerable reduction of mean wall thickness in
osteoporotics. While Eriksen and Kassem (1992) suggested this to be due to a reduced
osteoblastic vigor, Lips et al. (1978) explained the decrease in mean wall thickness by a
decreased longevity of (he osteoblasts. To distinguish between (hese two hypotheses, Shih
et al. (1993) investigated thc rclationship between bone formation rate and osteoblast
surface. They found that although bonc formation rate is reduced in women with
osteoporosis compared (o normal women, the relationship was similar in both groups. This
implies that in osteoporotics either fewer osteoblasts are recruited or that active osteoblasts
are transformed quicker into less aclive ones. Our results suggest that the bone forming
capacity per cell is reduced, which is compatible with the latter explanation of Shih et al.
(1993). For, a decreased longevily of osteoblasts may explain that a higher number is
incorporated as osteocytes per bone volume. The reduced lacunar size may also indicate a
history of reduced activity of these cells.

The relationship between age and osteocyte density in humans has (to our
knowledge) not yet been reported. A significant decrease of osteocyte and lacunar density
associated with a (not significant) decrease in lacunar size was found with increasing age
in healthy adults from 30-91 years. This decrease was also observed in the osteoporosis
group, but it was not significant due to the smaller age range. Some contradiction exists in
these results. As Lips et al. (1978) showed that mean wall thickness in trabecular bone
decreases with aging, it would be cxpeccied that osteocyte number increases with increasing
age and that this increase is more pronounced in osteoporosis. However, it was found that
osteocyte densily decreases with age. Hence, it seems that two different phenomena occur
at the same time. In order to explain these phenomena, it is necessary Lo investigate the
relationship between osteocyle number and remodeling activity more closely.

The percentage empty lacunae was used as an indicator of osteocyte death.
Nonviable osteocytes can stain normally up to 16 weeks (Kenzora, 1978), but a gradual
loss of osteocytes will be rellected by an increase of empty lacunae. It is possible that
lacunae appear to be empty due to sectioning artifacls. However, this is very unlikely
because the bone is undecalcified and the cellular processes of osteocyles are integrated
within the bone matrix. Further, if artifacts occur, it is assumed that they occur equally in
both control and osteoporosis groups such that differences in the number of empty lacunae
between the two groups will still be detected. The percentage of empty lacunae ranged

from 5 to 40% in all subjects. No significant correlation was found between the percentage
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empty lacunae and age 1n both the control and the osteoporosis groups Similar results
were found by Baud and Auil (1971), who looked at bone trom the mandible In contrast,
Wong et al (1985, 1987) observed a loss of viable osteocytes 1n the femoral head with
increasing age and Frost (1960) also found that the percentage empty lacunae increased
with age Dunstan et al (1993) showed that the occurrence of osteocyte death with age
depends strongly on the location of measurement They found that osteocyte death did
increase with age in the femoral head but did not increase 1n the second lumbar vertebrae
They suggested that bone with a constant high viability 1s remodeled at a higher rate, and
thus bone 1s replaced before the osteocytes have a chance to die

The fraction emply lacunae was not significantly elevated 1n osteoporosis compared
with controls Hence, 1t seems that osteoporosis 1s not associated with increased osteocyte
death, which challenges the hypothesis that mechanical load 1s appraised inadequately due
to increased osteocyte death However, the hypothesis that osteocytes are less sensitive to

mechanical stumuli still needs to be investigated
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DIFFERENCES IN OSTEOCYTE DENSITY AND
HISTOMORPHOMETRY BETWEEN
MEN AND WOMEN AND BETWEEN

HEALTHY AND OSTEOPOROTIC SUBJECTS

M G. Mullender, R Huiskes, C. Alexandre!, L Vico!

submutted

ABSTRACT

Recently, the hypothesis that osteocytes sense mechanical sttmult and are involved
tn the regulation of bone remodeling has gained support It was suggested that
osteoporosis 1s associated with a reduction 1n osteocyte mechano-sensitivity However,
little 15 known about osteocytes and their function in healthy or in diseased bone In this
study the relanonships between osteocyte density, bone 1emodeling parameters, gender
and osteoporosis were investigated The numbers and sizes of osteocytes were measured,
in addition to conventional histomorphometric parameters of trabecular bone, in healthy
postmenopausal women and healthy men of simular ages and i men and women with
vertebral fractures Females were found to have markedly more osteocytes and higher
total lacunar area per bone area than males, independent of the disease Furthermore,
patients with vertebral fractures had reduced osteocyte numbers and reduced total
lacunar area Histomorphometric parameters revealed no differences between parameters
of bone architecture, bone formation and i1esorption between men and women In
vertebral fracture patients, bone mass, trabecular number and thickness, and bone
turnover were significantly reduced while eroded surface was increased relative to
healthy subjects These results are consistent with impaired osteoblast function n
patients Moreover, the differences in osteocyte numbers present evidence that alterations
occur within the whole population of cells of the osteoblastic ineage Further research is
needed to elucidate the interplay between the role of osteocytes, mechanical load,

hormones and other factors
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CHAPTER 7

INTRODUCTION

Both men and women lose bone with advancing age During menopause the rate ot
bone loss 1s increased, which leads to an increased risk ol bone fracture 1n postmenopausal
women compared to men of the same age However, the incidence of fractures 1s not only
related to bone mass, but also to bone architecture It 1s thought that, 1n osteoporosis, the
quality of the bone architecture 1s reduced as well as bone mass (Kleerekoper et al , 1985,
Parfitt, 1984) Loss of bone mass 1s the result of increased osteoclastic activity, reduced
osteoblastic activity or both Scveral authors have reported that the mechanism of bone
loss differs between men and women Whereas women lose bone mass mainly by the loss
of whole trabeculae (Parfitt et al , 1983, Recker ct al , 1988, Steiniche et al , 1994, Moore
et al, 1992), in men the trabecular architecture remains intact but trabecular thickness
reduces (Aaron et al, 1987, Scane el al, 1993) The precise mechanisms and causes of
changes 1n remodeling activity 1n osteoporosis, and diffcrences between gender, are stll
unclear In fact, the regulation of normal bone turnover has not yet been unraveled

During the last decade, the hypothesis that osteocytes play an important 10le 1n the
regulation of bone rernodeling has garned support It 1s assumed that they mediate other
cells to imubate remodeling activity 1n response to mechanical stimuli (Marotti, 1990,
Cowin et al, 1991, Lanyon, 1993, Mullender and Huiskes, 1995, Aarden et al , 1996,
Parhitt, 1996) It has been shown that osteocyles are mechano-sensitive (Pead et al , 1988,
Skerry et al, 1989, Klein-Nulend et al , 1995, Lean et al , 1996) In addition, 1t was shown
in computer simulation studies that osteocytes are extremely well suited for the regulation
of functional mechanical adaptation in bone (Mullender et al, 1994, Mullender and
Huiskes, 1995) Rodan (1997) suggested that the coupling between osteoclastic and
osleoblastic activity may be mechanically regulated In addition, 1t has been hypothesized
that 1n osteoporosis mechanical signals are poorly measured, mimicking a situation of
disuse (Frost, 1988, Rodan, 1991) It1s well known that accelerated loss of bone 1n women
during menopause 1s assoctated with reduced levels of estrogen The finding that estrogen
receptors are abundantly present 1n osteocytes (Braidman et al, 1995) and rclatively
sparsely 1n other cells of the osteoblast lincage (Oursler et al, 1996) suggests that
osteocytes are likely to be involved in the regulation of bone remodeling Moreover, the
incorporation of osteoblasts into the bone matrix 1s a highly regulated process in which
osteocyles, osteoblasts and pre-osteoblasts act 1n close cooperation (Nefusst el al 1991,
Palumbo et al 1990a, 1990b, Marott et al , 1992) Hence, knowledge of the ostcocyte
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population may be important {or normal bone biology and lor the assessment of bone
diseases

Previously we have tound that osteocyte density in trabecular bone from the 1lium
decreases significantly with increasing age and that osteocyte density ditfered between
normal and osteoporotic subjects (Mullender et al , 1996) As osteocyte density reflects the
result of the remodeling process and osteocytes may in turn affect remodeling activity,
these results suggest that differences exist between normal and osteoporotic subjects In
this study we aimed (o investigale the relationships between osteocyte density, bone
remodeling paramcters, gender and osteoporosis For this purpose histomorphometric
parameters were measured 1n cancellous bone 1n healthy postmenopausal women and

healthy men of similar ages and 1n women and men with vertebral crush fractures

MATERIALS AND METHODS
SUBJECTS

In this study tour subgroups of subjects werc compared a control group and an
osteoporotic group, each subdivided tn males and females The control subjects were all
healthy volunteers, who gave their informed consent for the tests performed The male
control group consisted of 21 men over 60 years of age (mean age 67 + 6 (SD) years), the
femalc control group consisted of 13 postmenopausal women (mean age 64 + 5 (SD)
years) All control subjects were healthy and none of them were taking any medication
known to atfect bonc density or calcium and bone metabolism The osteoporotic groups
were male and female subjects with untreated osteoporosis They each had at least one
non traumatic vertebral crush tracture, but no other bone disease These groups consisted
of 15 men (mean age 60 + 11 (SD) years) and 40 women (mean age 70 £ 11 (SD) years)

None of the patients was taking drugs with any known efiect on bone metabolism

MATERIALS

Transihac bone biopsics, were obtained with a Bordier trephine of 8 mm 1n
diameter from all subjects The site of biopsy was 2cm 1nierior from the 1hac crest and 2
cm posterior from the antetiosuperior tliac spine The biopsies were processed according to
the methods described by Chappard ct al (1983a) All control subjects and 35 female and
11 male ostcoporotic subjects had recerved two demethyl chlortetracycline labels separated
by an interval ot 12 days 7 pm sections were cut (K Jung microtome) Four unstained

scections were used tor the assessment of fluorescen