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Abstract The control mechanism of mechanical bone
remodeling at cellular level was investigated by means of an
extensive parametric study on a theoretical model described
in this paper. From a perspective of control mechanism, it
was found that there are several control mechanisms working
simultaneously in bone remodeling which is a complex pro-
cess. Typically, an extensive parametric study was carried out
for investigating model parameter space related to cell differ-
entiation and apoptosis which can describe the fundamental
cell lineage behaviors. After analyzing all the combinations
of 728 permutations in six model parameters, we have iden-
tified a small number of parameter combinations that can
lead to physiologically realistic responses which are simi-
lar to theoretically idealized physiological responses. The
results presented in the work enhanced our understanding
on mechanical bone remodeling and the identified control
mechanisms can help researchers to develop combined phar-
macological-mechanical therapies to treat bone loss diseases
such as osteoporosis.

Keywords Control mechanism - Parametric study -
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1 Introduction

Bone is a dynamic tissue that constantly undergoes remod-
eling even after growth that modeling has been completed.
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Bone remodeling is a coupled process in which there is
localized removal of old bone and replacement with newly
formed bone. Followed an activation—resorption—formation
sequence [1], this happens in basic multicellular unit (BMU)
which is a mediator mechanism bridging individual cellu-
lar activity to whole bone morphology [2]. Two principle
cell types, the osteoclast cell and osteoblast cell are found
in bone, which are the main effectors in bone turnover. The
osteoblast cell produces the matrix which is mineralized in
a well regulated manner. The mineralized bone matrix can
be removed by activated osteoclast cell. This process is com-
plicated, requiring interaction among different cell types that
are regulated by a variety of biochemical and mechanical fac-
tors. Mechanical loading is a particularly potent stimulus for
bone cells, which improves bone strength and inhibits bone
loss with age.

The major reason for bone remodeling is to respond and
adapt to the mechanical stresses which happen as a result
of mechanical loading during physical exercises. Disorder in
bone remodeling is common in many bone diseases such as
osteoporosis and osteoarthritis [3]. The control mechanisms
responsible for the dysfunction remain unclear.

Current understanding of mechanical bone remodeling is
primarily based on experimental results in vivo and in vitro.
A recent report [4] shows that osteocytes are the professional
mechanosensory cells of bone and the lacuno-canalicular
porosity is the structure that mediates mechanosensing. It
is also shown that the dynamic mechanical load causes fluid
flow in the lacuno-canalicular network [5]. The experiments
in vivo indicated that the fluid flow serves as the physical
mediator of mechanotransduction of osteocytes [6]. It is the
fluid flow shear stress [7-10] that stimulates osteocytes to
produce signaling molecules within minutes [11] such as
prostaglandins (especially prostaglandin E2, PGE,) [10-17]
and nitric oxide (NO) [9,13, 14, 18-20], which modulate the
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activities of osteoblasts and osteoclasts and finish the trans-
duction from mechanical stimuli to biochemical signaling
[13]. NO is a strong inhibitor of bone resorption and acts
by inhibiting the receptor activator of nuclear factor (NF)-
kB ligand (RANKL) expression in osteoblast precursors and
increasing osteoprotegerin (OPG) production in active osteo-
blasts. So it can decrease the RANKL /OPG equilibrium and
reduce recruitment of osteoclasts and elevate bone forma-
tion finally [21]. Alternatively PGE, has strong osteogenic
effects which contribute to increases in osteoblasts differen-
tiation from marrow stromal cells through the EP,4 receptor
[12,14,22-24].

The development of pharmaceutical treatment for bone
diseases can be enhanced by computational models that
predict their effects on bone remodeling. So far some the-
oretical works have been done related to mechanical bone
remodeling. Huiskes et al. studied extensively on trabecular
bone, ranging from prediction of development of trabecular
architecture [25], to effects of mechanical forces on mainte-
nance and adaptation of form in trabecular bone [26-29]. On
the basis of trabecular bone remodeling theory developed by
Weinans et al. [30], Li [31] developed a new trabecular bone
remodeling model which can simulate both underload and
overload resorptions that often occur in dental implant treat-
ments. However, no control mechanism research of mechan-
ical bone remodeling at cellular level has been done.

In this paper we investigated the underlying control
mechanisms of mechanical bone remodelling system through
parametric study of the theoretical model. Six fundamental
differentiation and apoptosis rate parameters of the model
are combined randomly with each being up and down regu-
lated, applied as a system perturbation to the bone remodel-
ling system. The BMC and BFE are defined as the objective
criteria for assessment of each parameter combination. By
using Matlab to carry out the large amount of calculations we
manage to obtain 728 graphs of BMC and BFE versus model
parameter combination variation as system output. After ana-
lysing all the graphs, two subsets of results are summarized.
One is considered as physiologically unrealistic which con-
sists of large amount of parameter combinations; the other
one is made up of a small number of parameter combina-
tions and presents physiologically realistic behaviour which
is similar to the hypothesized ideal response. The parameter
combinations that comprise latter subset of results are iden-
tified as control mechanisms and believed to be able to fur-
ther our understanding of mechanical bone remodelling, and
eventually help researchers to develop combined pharmaco-
logical-mechanical therapies to cure bone loss diseases.

2 Mathematical model development

Here we use abbreviation forms for the factors involved, such
as OBU for uncommitted osteoblastic progenitors, OBP for
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preosteoblast, OBA for mature osteoblast, OCP for osteoclast
precursor, OCA for active osteoclasts, OST for osteocytes,
and we use RL for RANKL, RK for RANK, T8 for TGF-8,
P2 for PGE,, OPG, NO and PTH unchanged. Also the con-
centration of these factors (unit: pM) is represented by the
form Cacror, Such as concentration of mature osteoblast is
notated as Copa.

In modeling cell responses, the Hill Equation is often used
to describe the molecular input function. The activation (act
for short) and repression (rep for short) forms of the Hill
equation [32] for the production rate of a new cell or mole-
cule are [33]:

" _ _Bx
f(x)—ﬁ'nact—K1+x*s (D
f(x*)zlg'nrep= le*v (2)

1+K—2

where x* is the active form of concentration x which is a
ligand that governs the production of a cell or molecule z
through binding to its receptor on cell, 8 is the maximal pro-
ductionrate of z, and K1 and K are activation and repression
coefficients. Note here that we have already assumed that Hill
coefficient equals one.

The equations governing the evolution of the number of
osteoblastic and osteoclastic cells in each maturation stage
are simply balance equations, which means each cell stage
is fed by an entering flow and is emptied by the outgoing
flow of differentiated or apoptotic cells. As a result, we can
formulate the mechanical bone cell population dynamics as
follows:

dCopp TB P2
T = Dogu (kTﬁ ’ I—[act,OBU + kp2 - I—[act,OBU)
T
—Dogp - Copp - Href,,ogp, 3)
dCopa T
P Dogp - Copp - Href,’OBp —Aosa - Coa, 4
dCost
Fran Tosa - CoBa — Aost - CosT (5
dCoca T
rrenke Docp - HaRc%,ocp — Aoca - Coca - Haﬁ,OCA,
(6)
the input functions H;‘é‘;}?g;ﬁe“ are derived by using Hill equa-

tions, where “cell” means the cell type a specific molecule
binds to, “molecule” denotes the ligand involved in a partic-
ular cell response and “rep/act” means repressor or activator
function, for example, HZﬁ,OBU’ H;’;OBP and H;rﬁ’oc A are
the activator/repressor functions related to TGF-8 binding to
its receptors on osteoclasts and osteoblasts. Dopy is the dif-
ferentiation rate of uncommitted OB progenitors, Dopp is the
differentiation rate of preosteoblasts, Docp is the differenti-
ation rate of preosteoclasts, Aopa is the rate of elimination
of OBA, Aoca is the rate of elimination of OCA, Aosrt is the
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rate of elimination of OST. All the constants and their values
can be found in Table 2 in Appendix.

Here we define a loading regime which is also widely used
in animal tests [34,35]: the number of loading cycles during
a training day is N, Ties (h) is the rest time between loading
bouts, 7 is the number of loading bouts per day. The ampli-
tude A (Pa) and frequency f (Hz) of the interstitial fluid shear
stress (IFSS) caused by the loading can be measured using
the method in Ref.[36], and therefore the peak fluid shear
stress rate Rirss (Pa Hz) can be defined as [9]:

Ripss = 2w Af. )

To study the sensitivity of bone remodeling to mechanical
loading, we here define the mechanosensitivity of osteocytes
M Sost with the frequency f, number of loads per day N,
the rest time between bouts Tiest, the length of loading period
t, the time constant describing the rate at which accommo-
dation takes place Tycc, the osteocyte mechanosensitivity can
be written as:

1 0.5
MSOST = KMS N n(lvf;—‘r—l) . (2 — C_T"eSl/T) . e_t/Tacc’
3

where Kys is a proportionality constant.

Using Eqs. (7) and (8), based on the experimental results
[8,9], we here define the concentration changes of NO and
PGE; during bone remodeling process as:

N
dCno ~
T KNo - Ripss - Cost - 1 [ MSosTdN — DNo - CNo,s
0
9

N

dCps ~

N - Kpy - Ripss - Cost - n [ MSostdN — Dp; - Cpa,
0

(10)

Kno is the secretion rate of NO by osteocytes, n is the num-
ber of loading bouts per day, Kp; is the secretion rate of PGE,
by osteocytes, DNO is the rate of degradation of NO, Dpz is
the rate of degradation of PGE,.

In the end we define the system output as the BMC (bone
mineral content) and BFE (bone fracture energy):

dBMC
e Kfor - [CoBa(t) — Coga(f0)]
—Kies - [Coca(t) — Coca(to)], (11)
dBFE
T Kfor - [CoBa(f) — Copa(f0)]

—Kies - [Coca(t) — Cocal(to)]
+Kio - v/Copa (1) + Coca (1) (12)

Note that BMC and BFE are in percentage (%), Kfor, Kres and
Ko are the relative bone formation rate, bone resorption rate

and the relative rate of bone turnover, respectively. We start
the simulation from a so-called “steady-state” where BMC
and BFE are 100%, dBMC/dt = 0,dBFE/dr = 0, corre-
spondingly Copa (t) is Copa (fo) and Coca () is Coca (to)-

3 Parametric study of control mechanism

For normal adults, there is a balance between the amount of
bone resorbed by osteoclasts and the amount of bone formed
by osteoblasts [1]. In this complex process, bone is remod-
elled by groups of cells derived from different sources, which
are usually called the basic multicellular units (BMUs) [37]
that follow an activation—resorption—formation sequence
event. The BMU is a mediator mechanism bridging individ-
ual cellular activity to whole bone morphology [2], which is
sensitive to any changes in the bone cell microenvironment.
As aresult, it is expected that any modification to the compo-
nent of BMU will have significant effect on its output behav-
iour. In this paper we are going to apply perturbations to the
mechanical bone remodelling system which is in steady state
by down and up regulating its six differentiation and apop-
tosis rate parameters DFogu, DFocp, DFoBp, AoBas Aoca
and Aopst.- In this case, we have six different parameters and
each parameter could be up or down regulated, by using sim-
ple combination theory, we can calculate the number of per-
mutation is 728 = Z?:] Cl-2'. Then in order to investigate
the system behaviour for a wide range of changes, we now
apply exponentially changed factor which is 1.5 to each of
the six differentiation and apoptosis rate parameters, where
the exponent ex ranges from —10 to 10 in step increase of
0.5. The assessment of each of the parameter combination
to the system behaviour is chosen as the responses of BMC
and BFE which are sampled on 100th day to stand for the
maximum change. By using Matlab we can plot all the 728
graphs, then summarizing all the plots of BMC and BFE
versus variation of exponent ex, we find that there are three
subsets of curves which are plotted in Fig. 1.

Figure la and b shows an exponential increase and
decrease of BMC and BFE, respectively, for increasing the
model parameter exponentially (exponent ex from —10 to
10). This type of behaviour is considered as physiological
unrealistic from a biological viewpoint and obtained for a
quite large range of model parameter combinations. On the
other hand, Fig. 1c represents the other extreme case where
only minor changes of BMC and BFE happen during the
entire range of parameter variation. These three types of
response curves are excluded from our further analysis on the
grounds that they do not provide an effective control mech-
anism for BMC and BFE.

In Ref. [33] the “idealized” regulatory response by func-
tionally active BMUs is discussed. As we stated earlier, the
bone remodelling system is started from a steady state where
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Fig. 1 Physiological unrealistic (a) 900 7 (b) 900
changes of BMC and BFE 1 —— BMC-100th day ! | — BMC-100th day
versus combined changes of 8004 _ BFE-100th d: 800114
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4 changes in BMC (/BFE) in response to changes in differen-
tiation rates (regions C-D and D-E in Fig. 2), with larger
gradients for larger changes in differentiation rates (region
< | B=100 E—F in Fig. 2). Though it is expec.ted .to see tbat this response
El ¢ in BMC (/BFE) change to remain limited if the differenti-
ation rates increase significantly (region further after point
F in Fig. 2), because the BMC (/BFE) rising unlimitedly is
not physiologically realistic. On the other hand, it is expected
I I [ I | > that the rate of BMC (/BFE) change would also decrease lim-

-10 -6 -2 2 6 10
Exponent of parameter change

Fig. 2 Schematic illustration of ideal response curve for combined
changes of model parameters

we can identify ABMC = 0, ABFE = 0, and concentrations
of various hormones, growth factors and so on that cause ini-
tial values of differentiation and apoptosis rates in BMUs.
In order to respond to minor changes in concentrations it
is expected that BMUs should be rather insensitive to these
fluctuations. Therefore from Fig. 2 we can recognize point
A as the threshold concentration, which means any change
of model parameter underneath A causes no change in BMC
(/BFE). Also, a region around the usual operation status of
BMUs should be found with relatively small gradients of
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itedly if the differentiation rates decrease significantly. As a
matter of fact, physiologically it is reasonable for the BMC
(/BFE) change to be zero for extremely small differentia-
tion rates. Additionally it can be seen that from Fig. 2 point
F marks the maximum change in BMC (/BFE) (A B max).
Since we have point A which is the maximum concentration
that does not lead to further modifications of BMC (/BFE),
there must be a transition region from point C to point A
which is characterized by point B the lowest value of BMC
(/BFE).

After having found a potential “ideal response curve”,
we can now start searching for response curves that may
meet these requirements. Encouragingly, we have been able
to identify a small number of curves that possess similar-
ity to the idealised response curve. Table 1 summarizes all
the parameter combinations that produce idealized response
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Table 1 Summary of parameter
combinations that lead to
controlled remodelling process

Number of parameters

Combinations of differentiation

Variation of each

The variation with “+”
represents parameter increase,
«

—” represents parameter
decrease

in a combination and apoptosis rates parameter

1 AoBa -

1 Aost -

2 Dogp/AoBA +/-

2 Dogp/Aost -/=

2 Docp/Aoa -/=

2 Docp/Aost -/=

2 AoBa/Aoca —/+

2 Aoca/Aost +/-

3 Dogp/Docp/Aosa =/ = /-

3 Dogp/Docp/Aosa =/ +/-

3 Dogp/Aosa/Aoca =/ = /-

3 Dogp/Aosa/Aoca -/ =/+

3 Dogp/Aosa/AosT =/ = /-

3 Dogp/Aosa/AosT +/—/+

3 AoBa/Aoca/AosT -/ +/+

4 Dogu/Dosp/AoBa/AosT +/+/+/-

4 Dogp/Docp/Aoa/Aoca =/=/—=/-

4 Dogp/Docp/Aosa/Aoca -/=/—/+

4 Dopu/Docp/Aosa/Aost =/+/=/-

4 Dopp/Aosa/Aoca/AosT =/ =/+/-

4 Dopp/AoBa/Aoca/AosT +/=/=/+

5 Dogu/Dosp/Docp/Aosa/AosT =/=/+/=/-
5 Dogu/Dosp/Docp/Aosa/Aost +/=/=/+/-
5 Dogu/Dosp/AoBa/Aoca/Aost =/+/=/-/-
5 Dogu/Dosp/AoBa/Aoca/Aost +/=/+/+/-
5 Dogp/Docp/Aosa/Aoca/Aost =/+/=/-/-
5 Dogp/Docp/Aosa/Aoca/Aost =/=/=/+/-
5 Dogp/Docp/Aosa/Aoca/Aost =/=/=/=-/+
6 Dogu/Dosp/Docp/Aosa/Aoca/Aost +/=/=/+/-/-
6 Dogu/Dosp/Docp/Aosa/Aoca/Aost +/=/=/+/+/-

curves. In Fig. 3 we plot the physiologically realistic response
curve which corresponds to the parameter permutation
involving three parameters (Aopa/Aoca/Aost = —/+/+)
and is similar to the idealised response curve shown in Fig. 2.

It is noticed that in a bone remodelling system without
consideration of mechanical stimulus, the response involving
three parameters (that is Dogy/Dosp/Aoca = +/ — /+)
coincides with the known physiological action of TGF-8 on
bone cells that TGF- promotes differentiation of osteoblast
progenitors, inhibits differentiation of osteoblast precursor
cells, while promoting of osteoclast apoptosis [33]. But in
the case of mechanical bone remodelling this combination
causes exponential increases for both BMC and BFE, which
is similar to Fig. 1a. In other words, with the introduction of
mechanical stimulus the bone remodelling system becomes

different and it deserves attention from biologists and other

researchers as well.

4 Summary and conclusion

In this paper, based on our previous work, the parametric
study of mechanical bone remodeling model is carried out
in order to understand the control mechanism of mechanical
bone remodeling at cellular level. From a control mechanism
perspective, it is quite likely that there are several control
mechanisms working simultaneously in bone remodeling
which is a complex system. Consequently, we perform an
extensive parametric study investigating model parameter
space related to cell differentiation and apoptosis which

@ Springer



42

Y. Wang, Q.-H. Qin

P describes the fundamental cell lineage behaviors, to inves-
150 // tigate such a scenario. After analyzing all the combinations
// (which are 728 permutations) of six model parameters, we
successfully identified a small number of parameter combi-
140 nations that are able to cause physiologically realistic
° / responses which are similar to theoretically idealized physio-
E 130 '\ // logical response. In the end, this work will further our under-
S” 1~ standing on mechanical bone remodeling and the identified
= 1201 control mechanisms are able to help to develop combined
= —— BMC-100th day pharmacological and mechanical therapies to treat bone loss
110 A — — BFE-100th day diseases such as osteoporosis.
100 A=—=—=== — 1
-10 -5 0 5 10
Exponent Appendix
Fig. 3 Typical physiologically realistic fluctuations of BMC and BFE
with combinations of parameter change See Table 2.
Table 2 Parameter values and descriptions [17,26]
Symbol Unit Value Description
Dosu pM/day 7% 107% Differentiation rate of uncommitted OB progenitors
Dogp pM/day 5.348 Differentiation rate of preosteoblasts
Docp pM/day 2.1 x 1073 Differentiation rate of preosteoclasts
AoBA pM/day 1.890 x 107! Rate of elimination of OBA
AoCA pM/day 7.000 x 1071 Rate of elimination of OCA
AosT pM/day 3.1 x 1072 Rate of elimination of OST
Kpi1,18 pM 4.545 x 1073 Activation coefficient related to TGF-8 binding on OBU
Kpo, 18 pM 1.416 x 1073 Repression coefficient related to TGF-g binding on OBP
Kp3,1p pM 4.545 x 1073 Activation coefficient of TGF-8 binding on OCA
Kp4,pTH M 1.500 x 102 Activation coefficient for RANKLc¢r on OBP related to PTH binding
Kps.pTH pM 2.226 x 107! Repression coefficient for OPG production related to PTH binding on OBA
Kpe,RL M 1.500 x 102 Activation coefficient related to RANKL binding on OCP
Kp7.NO pM 1.573 x 10 Activation coefficient for OPG production on OBA related to NO
Kpg Nno pM 2.189 x 10 Repression coefficient for RANKL production on OBP related to NO
Kpo.p2 pM 3.674 Activation coefficient for OBU differentiation related to PGE»
RK pM 1 x10 Unchanged concentration of RANK
RRL - 3 % 10° Maximum RANKL on OBP
BpTH pM/cell 2.5 x 102 Synthesis rate of systemic PTH
BrRL pM/cell 1.684 x 10* Production rate of RANKL per OBP
Borc pM/cell 1.464 x 108 Production rate of OPG per OBA
Dprh pM/day 8.6 x 10 Rate of degradation of PTH
DR pM/cell 1.013 x 10 Rate of degradation of RANKL
Dopg pM/cell 3.5 x 107! Rate of degradation of OPG
ﬁTﬂ pM/cell 1 x 10° Rate of degradation of TGF-8
Dno pM/cell 1x 103 Rate of degradation of NO
f)pz pM/cell 1 x 102 Rate of degradation of T PGE,
ktp - 0.5 Relative influence of TGF-8 binding in OBU differentiation
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Table 2 continued

Symbol Unit Value Description

kpo - 0.5 Relative influence of PGE; in OBU differentiation

kpTH - 0.7 Relative influence of PTH binding in production of OPG in OBA

kno - 0.3 Relative influence of NO in production of OPG in OBA

KalRL pM~! 1x1073 Association binding constant RANKL-OPG

Ka2 RL pM*' 3.412 x 1072 Association binding constant RANKL-RANK

OPG max pM 2 % 108 Maximum possible OPG concentration

o % 1 TGF-p content stored in bone matrix

Kires day~! 1 Relative rate of bone resorption

Kror day_l 1.571 Relative rate of bone formation

Ko day*] 1.552 x 10 Relative rate of bone turnover

ToBA M/da; 0.15 Rate of trapped OBA in bone matrix

p y Pp

Kno pM/day 2 x 10* Secretion rate of NO by osteocytes

Kp> pM/day 1 x 10? Secretion rate of PGE; by osteocytes
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