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One of the most remarkable aspects of human homoeostasis is bone remodelling. This term denotes
the continuous renewal of bone that takes place at a microscopic scale and ensures that our skeleton
preserves its full mechanical compliance during our lives. We propose here that a renewal process
of this type can be represented at an algorithmic level as the interplay of two different but related
mechanisms. The first of them is a preliminary screening process, by means of which the whole
skeleton is thoroughly and continuously explored. This is followed by a renovation process, whereby
regions previously marked for renewal are first destroyed and then rebuilt, in such a way that global
mechanical compliance is never compromised. In this work, we pay attention to the first of these two
stages. In particular, we show that an efficient screening mechanism may arise out of simple local
rules, which at the biological level are inspired by the possibility that individual bone cells compute
signals from their nearest local neighbours. This is shown to be enough to put in place a process
which thoroughly explores the region where such mechanism operates.
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1 Introduction

The human skeleton is composed of over 200 bones of different shapes and sizes. Altogether they
make up for a complex organ that performs essential functions in ordinary life. To begin with,
it provides a physical frame to protect internal body organs. In addition, it transmits the force
arising from muscle contraction required for movement and provides a reservoir for minerals,
particularly calcium.

In the course of our daily activities, bones are subject to a homoeostatic renewal process that
ensures microdamage repair and maintains their structural integrity. In fact, to remain operative,
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our bones undergo continuous renovation through repeated cycles of demolition and rebuilding.
By means of this process, termed as bone remodelling, every single bone is eventually screened
out for mechanical compliance, with the result that old bone is systematically replaced by freshly
made one. Bone remodelling is known to occur anytime and anywhere in the body. At any single
moment, bone is simultaneously resorbed at millions of sites throughout the body and is replaced
shortly afterwards in a distributed, microscopic manner, so that the bulk of the skeleton always
remains fully operational [4, 17] and its total volume and weight are kept basically constant. In
adults, around 10% of the skeleton is estimated to be involved in bone remodelling at any time,
so that the whole skeleton is renewed approximately every 10 years [1]. This dynamic activity is
crucial to preserve a healthy skeleton. Any dysfunction of this continuous maintenance activity
would eventually lead to generalised mechanical failure with fatal consequences.

Bone remodelling is known to be a tightly regulated, multicellular process involving different
cell types. Key agents are osteocytes, osteoblasts and osteoclasts, each performing different but
coordinated tasks. In short, bone remodelling can be summarised as follows. As a consequence
of a mechanism that remains only partially known, a particular region of bone, which could
be thought of as a mineral matrix interspersed with osteocytes (the basic bone cell type), is
at some time marked for remodelling. This means that such region will first be destroyed by
a specialised cell type (osteoclasts) after which new bone will be yield by another cell type
(osteoblasts) in the empty space thus left. Osteoclasts and osteoblasts are derived from different
progenitor pools located at the bone marrow and organise together to form a committed team of
cells known as basic multicellular units (BMUs) which involves a few hundred cells and move
inwards into the bone over regions a few hundred microns in diameter. Active BMUs consist of a
head portion or leading front of bone resorbing osteoclasts and a tail portion of bone-synthetising
osteoblasts moving in the wake of the former. BMUs are recruited for remodelling where and
when needed and cease to exist once their task has been accomplished. In particular, as renewal
of the selected zone nears completion, all the osteoclasts and most osteoblasts disappear. A few
remaining osteoblasts become surrounded by the bone matrix they secrete and differentiate into
osteocytes. When such differentiation is completed, a piece of new bone has been formed in
place of the former one. In due time, such new bone will be disposed of by means of the same
process which we have just sketched [14, 15,23,32].

Mature osteocytes are thus individually encased inside spaces of the mineralised matrix called
lacunae, but they form dendritic cytoplasmic processes that extend out from their lacunae into
minute ducts named canaliculi, which in turn connect different lacunae. Osteocytes are thus
connected with their neighbours via these dendritic processes and form an extensive cellular
network throughout the entire skeleton (see Figure 1). This connecting network is thought to
play a prominent role in the detection of mechanical and hormonal stimuli, eventually resulting
in bone remodelling at appropriate sites of the skeleton [5].

While much progress has been achieved in identifying the molecular signals involved in the
regulation of osteoclast and osteoblast differentiation and activity [8, 14,31,32] the mechanisms
associated with bone remodelling in general, and with BMUs activation in particular, remain
largely unknown. In particular, remodelling is thought to be elicited to repair microfrac-
tures [26, 28], and we have recently proposed a possible cell algorithm to account for BMU
operation in such situation [2]. Remodelling in response to microfractures involves a wide
range of control mechanisms that include both internal and external factors. Many systemic
hormones as well as local factors are essential for the proper coupling of bone formation and
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FIGURE 1. Microscopical structure of cortical bone of the shaft of a long bone.

Top: Scheme of the compact bone with most of the osseous tissue arranged in compact cylinders of con-
centric lamellae (osteons) around a central canal (Haversian canal) containing blood vessels.

Below: Scheme of an osteon as a compact cylinder of concentric bone matrix layers with the osteo-
cytes sandwiched between adjacent lamellae. Osteocytes are regularly arranged throughout the mineralised
matrix in cavities called lacunae and connected to each other through thin cytoplasmic branching processes
called canaliculi. The canaliculi provide an extensive intracellular and extracellular communication system
between osteocytes.

bone resorption [30,31]. However, it is becoming increasingly clear that these hormonal and
paracrine signals are linked with mechanical and environmental stimuli [16,24,25]. A number
of studies have explored the use of mathematical models, both of a local and non-local nature, to
achieve quantitative and qualitative insight into molecular and mechanical pathways regulating
bone function [7,9,11-13,16,19-21,24,25,27,29-31]. Here, we follow this approach to address
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a question that remains unanswered, namely how can bone remodelling be kept continuously
operative, so that the whole skeleton be periodically renewed. We suggest that bone remodelling
should not be limited to an on—off repair system activated after local bone injuries. It seems
unlikely that such process should be a mere reaction to local damage, and that the latter
could be so widespread as to ensure continuous, and exhaustive, remodelling throughout a
lifetime. We propose instead that a detection mechanism should be continuously operating all
over the skeleton and is instrumental in marking those bone regions that must be remodelled
even if no damage (as that arising from microfractures) has yet occurred there. Providing a
possible algorithmic candidate for such screening process, the basic backstage upon which bone
remodelling will eventually unfold is the goal of this article.

Specifically, the question we want to address here can be formulated as follows. We want to
describe a possible bone — screening algorithm that fulfills the following criteria:

(i) Provides continuous surveillance,

(i) Allows every single bone region to be eventually explored,

(iii) Can be switched on or off externally if necessary (for instance, in case of microfracture)
but routinely works in absence of such stimuli.
Moreover, while ascertaining the precise biological processes behind this hypothetical
mechanism is beyond the scope of this work, care will be taken to ensure that:

(iv) The operational rules of the proposed screening mechanism are compatible with current
knowledge of bone cell biology.

Concerning this last issue, we use as a starting point a picture of the skeleton as a medium
where a number of agents (osteocytes) are distributed to form a regularly spaced, intercommu-
nicated network. Osteocytes are known to produce a molecular signal (sclerostin) that inhibits
osteoblasts differentiation from their mesenchymal precursors [8,22] thus preventing BMU acti-
vation. It is also well known that only when the local concentration of sclerostin falls below some
threshold value, osteoblasts cease can be inhibited, which allows the process of bone remodelling
to begin. Remarkably, concerning sclerostin, osteocytes seem to be in one of two discrete states:
expressing or not expressing it (see Figure 2). This suggests an interesting analogy with neurons,
which can also be found in electrically active and inactive states concerning the transmission of
nerve impulses.

Based on these observations, we suggest that osteocytes routinely carry out a decision
algorithm that results in the propagation of activation and deactivation patterns across the
osteocyte network in bone. In particular, the main assumption of the model provided below is
that the state of each cell depends on the states of neighbouring cells. At the mathematical level,
we propose that such a decision mechanism can be described by means of a Cellular Automaton
model [6, 18] subject to quite simple decision rules. In fact, the corresponding algorithm is
endowed with transition rules inspired by the classical Conway’s ‘Game of Life’ [10] as
described in our next section.

We will show that such simple computing rules suffice to guarantee that alternating patterns of
activation and deactivation eventually visit every single place at a bone surface, thus providing
an efficient screening mechanism over that surface. This is a preliminary step towards ensuring
that in due time, inward-bound BMUs will be periodically generated all over the whole bone
boundary. The question of coupling a screening algorithm with others(s) that first trigger and
then rule BMU operation (for which a possible candidate has been suggested in [2]) remains
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FIGURE 2. Immunohistochemical localisation of sclerostin in a longitudinal section from a rat tibia. The
photomicrograph (a) shows the presence in secondary trabeculae of some osteocytes with intense reactivity
(brown colour), while other osteocytes are negative for sclerostin staining. The inset is enlarged in (b)
and shows that positive osteocytes (arrowheads) show intense signal in both the perinuclear cytoplasm and
osteocyte canaliculi and/or cell processes. Arrows show osteocytes with no detectable sclerostin expression.

open at this stage, as does the quantitative regulation of operational space and timescales in our
model so that they remain within observed biological parameters. We intend to address some of
these questions in future work.

2 The proposed screening algorithm

We consider in this section a two-dimensional domain in the shape of a chessboard B consisting
of N by N smaller squares, b;;, each being occupied by a bone cell. This domain will then be
folded to produce a cylinder, and we will focus our attention in one (arbitrarily chosen) of the
generatrix lines along the resulting cylinder. Each of the smaller squares having one side over
such line will be assumed to be in one of two states that will be termed as active and inactive,
respectively. While the underlying conditions which determine active and inactive states may
be quite complex, it may be useful to associate active and inactive states with the expression
and inhibition of sclerostin, respectively. An initial distribution of active and inactive cells is
selected randomly (See Figure 3). For instance, any square in the chessboard is labelled as active
with probability p (0 < p < 1) or inactive with probability 1 — p. Once the initial configuration is
fixed, we let it evolve according to the following rules:

(a) For any given interior square b;;, we define its neighbours as the set of squares b,,, such
that 0 < |i — n| <2, 0 < |j —m| <2. In order to satisfy homogeneous Dirichlet conditions
at the lateral sides of the domain and to ensure consistency of the simulations, we assume
some auxiliary (and artificial) boundary conditions as follows. In particular, we consider
two additional columns on each side of the chessboard and impose squares lying there to
remain always inactive. On the upper and lower part, as we mentioned above, we consider
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FIGURE 3. A typical initial configuration for p =0.3, N =20. Active (respectively inactive) cells are
depicted in white (respectively in black). Boundary A is identified with boundary A’. Cells on green sides
right and left are considered inactive. The detector set is identified with any given row; simulations yield
similar results for any selected row due to the periodic boundary conditions imposed.

periodic boundary conditions taking rows N + 1 and N + 2 as identical copies of rows 1
and 2, respectively, for computational purposes.

(b) Any of the squares b;;, which was initially active, remains in this state after one time step
if the number of its active neighbours was equal either to 2 or 3, and it becomes inactive
otherwise.

(c) After one time step, any of the squares b;;, which was initially inactive, becomes active if it
has three neighbours activated and remains inactive otherwise.

In order to study how activation and deactivation patterns proceed, we will follow the time series
of values 1 (corresponding to an active state) and 0 (inactive state) as the simulation proceeds. In
this way, for each of the squares, we will obtain a time series with values 0 and 1 as the system
evolves. We will focus our attention on the time series corresponding to the squares touching
on the generatrix line described above, which is fixed but otherwise arbitrary. Such line will be
termed as a detector set. A typical initial configuration for p = 0.3 is shown in Figure 3. Keeping
to the case p = 0.3 and following the rules described in a) to c) above, we perform 50 rounds
(batches) of 100 time steps each. The final configuration obtained at the end of the first 100 time
steps is then taken as the initial configuration for the next round, and such process is iterated 50
times. During the simulations, we keep track of the following parameters:

(d) The mean length of the consecutive time intervals in which the cell remained active.
(e) The mean length of the consecutive time intervals where the cell remained inactive.
(f) We finally compute the average of each simulation round for each cell in the detector set.

Simulations were performed using Julia programming language (see [3]).
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FIGURE 4. Mean activation time (the mean value of the lengths of intervals of continued activation) for an
initial density of activated states p = 0.3.

For convenience of the reader, we will illustrate the previous rules for a simulation involving
10 time steps for one fixed square over an example. Let us denote by # =(0,0,0, 1, 1,0,0,0, 1, 0)
the history of the active and inactive states. Then the lengths of the periods of active states are
given by ajengths = (2, 1) whereas that of inactive states are given by fjengims = (3, 3, 1). The mean
length of active states is therefore 1.5 and that of inactive states is 2.33. This is easily extended to
the case where the number of time steps is taken to be 100 (or any other number for that matter)
as in our simulations. In this way, two numbers are obtained for each square in the detector set.
These are, respectively, termed as the mean activation and inactivation times. We then iterate the
process 50 times and average the figures obtained for each square considered. The results thus
obtained are shown in Figures 4 and 5.

From the previous figures, we notice that a clear recursive pattern of activation and inactivation
is shown to unfold along the detector set. Moreover, the mean of activation and deactivation times
display a considerable regularity along different square cells in the detector set. In particular, any
square remains active for a mean time between 1.15 and 1.35 time steps and remains inactive
between 5.5 and 8.5 time steps.

We next compare the results obtained from different choices of the initial configurations and
different values of the initial density p. To this end, we performed the same simulations as before
but starting from 100 random initial states for each fixed value of p and allowed then p to vary
between 0.1 and 0.5. We then gathered the results for fixed p and took the mean for each cell in
the detector set. Interestingly, mean activation time regularity is maintained when p lies in the
range described above. The results obtained are gathered in Figure 6.

Figure 6 shows that there is a remarkable regularity in the activation patterns along the detector
set, except for the results on the left and right extremes which represent artefacts associated with
the artificial boundary conditions selected in a) above and which, as observed before, do not
affect the actual bone domain. In Figure 7, we show the corresponding results for inactive states.
Remarkably, as the initial density p of active states approaches 0.5, a striking phenomenon is
observed. Namely, the mean inactivation times sharply increase as p tends to 0.5.
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FIGURE 5. Mean inactivation times along the detector set for the situation considered in Figure 4.
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FIGURE 6. Activation patterns along the detector set for different values of the initial activation density p.

As Figures 6 and 7 show, the irregularity in the distribution of the mean activation and
deactivation times (measured for instance by the variance of the corresponding distributions) is
much lower than in Figures 4 and 5. This is a consequence of the fact that we are now taking
mean values over several initial conditions for each value of p. The mean activation time then
remains between 1.20 and 1.25 steps, while the mean inactivation time is close to 7 time steps
for probabilities in [0.1, 0.3] but grows unbounded as the probability of initially active states
approaches 0.5.

https://doi.org/10.1017/50956792520000418 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792520000418

814 C. F. Arias et al.

Mean inactivation times
Different initial activation densities

60 | ‘ | ‘ ‘ ; ‘
501 ]
L =01 ,
- 03
- 045 i
0.49
[} L 4
E
=30k ;
g
[}
> r i
e y .
10} -
N S ~ - e
0 | | | |
0 20 40 60 80 100

Detector set

FIGURE 7. Inactivation patterns along the detector set for different values of the initial activation density
p. Note the significant increase observed as p approaches 0.5 from below.
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FIGURE 8. Evolution of the proportion of active cells in terms of its initial distribution p. Note the signifi-
cant role played by the value p = 0.5. The proportion of active cells is computed after 500 time steps, and the
result being plotted is computed for 100 different initial distributions and then averaged out. Computations
were made for 100 different values of p, equally distributed between p =0 and p = 1.

We next remark on the long-term behaviour of the model considered. To begin with, we point
out that if the initial proportion of active cells is large enough (i.e., if p > 0.5), a dramatic drop in
the proportion of active cells eventually occurs and most of the domain becomes inactive. On the
other hand, if we start from a distribution where the proportion of active cells is quite small, no
further depletion happens, and the proportion of active cells eventually settles around a positive
value which does not exceed that corresponding to p = 0.15; see Figure 8. A close-up of the plot
corresponding for initial distributions of active cells p < 0.05 is then provided in Figure 9.
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FIGURE 9. Mean evolution of activation proportion when the initial distribution of active cells lies in the
range 0 < p < 0.05. Note the (local) attractor character of the value p = 0.15. Large-time behaviour for data
corresponding to very small proportions (say p = 0.01, depicted in blue) can be identified, if computations
are allowed to run for longer time intervals. For instance, the case corresponding to the value p =0.01
(depicted in blue) eventually converges to the pattern corresponding to p = 0.12.
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FIGURE 10. Mean evolution of the activation proportion starting from an initial value p = 0.15 after per-
forming artificial inactivation of an internal 20 x 20 cells square. The system largely recovers and settles
around a lower value p = 0.12. Deletion of smaller regions results in a lower impact on the asymptotic trend
of the system, whereas imposing larger inactivation may lead to virtual blackout (data not shown).

We conclude this section with a remark on the resilience of the proposed mechanism under
external perturbations, an issue which might be relevant when discussing the precise manner in
which a homoeostatic screening process should be connected with the onset of bone remodelling.
To this end, we considered the particularly relevant case of the initial distribution p =0.15. We
started from an arbitrary initial distribution and then imposed that an internal square of 20 x 20
cells should remain inactive henceforth. Simulations shown in Figure 10 show that, after a short
initial transient, the mean evolution of the proportion of active cells settles around a stable value
p =0.12, a bit lower than the initial one.
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3 Discussion

Bone remodelling is a fascinating, exquisitely regulated homoeostatic mechanisms that allows
the human skeleton to carry out its crucial functions during a lifetime, in spite of the continuous
challenges that such organ has to sustain. As in any successful engineering structure, keys to an
efficient operational activity rely not only in the excellence of its design but also on that of its
maintenance systems. It is known that any single piece of bone is marked for renewal several
times during a person’s life. Once such renewal has been decided, dedicated teams of specialised
cell types called Bone Multicellular Units (BMUs) are set in place to carry out such activity.
Remarkably, the gathering and subsequent disbanding of BMUs once their task has been done
seem to take place in the absence of any central coordinating system. In other words, decisions
are locally made and locally executed. Moreover, such activity is simultaneously carried out in
many different places along the skeleton at any given time.

In this work, we propose that, previous to any actual remodelling action, a thorough screen-
ing process is continuously at work over the whole skeleton, and it is only after this exploration
mechanism has targeted a particular region for remodelling that BMUs are called in place to start
their job. When searching for bone cells to be involved in that quality control process, osteocytes,
the most frequent bone cell type, are main candidates. In spite of the fact that they are unable to
move, they provide an extensive network of sensors that is able to exchange information among
themselves, much as a neural network can do. Moreover, among the various chemical cues osteo-
cytes are known to produce (and to react to), there is one in particular, sclerostin, which has been
shown to be instrumental in the regulation of the BMU machinery [8,22]. Roughly speaking,
sufficiently high levels of sclerostin inhibit the recruiting of osteoblast and osteoclast precursors
needed to provide bone demolition and its posterior reconstruction. However, when sclerostin
levels are low enough, the road is open for remodelling to start. Bearing these facts in mind, an
attempt has been made in this work to provide a minimal algorithm that could display thorough
screening properties while involving only a regular network of sensors, any of which can flip
among two different states, that we have called for convenience active and inactive, respectively.
According to the biological background, we are keeping track of, in the first approximation, such
states might respectively correspond to high and low levels of sclerostin expressed in the vicinity
of each sensor. We then postulate transition rules between such states based in the celebrated
Game of Life Cellular Automaton [10]. Starting with a simple set of rules, our simulations reveal
striking hints about the way in which an actual screening mechanism might operate. In particular,
we have concerned ourselves here with a very simple geometrical setting and have considered a
plane domain subdivided into an array of regularly spaced square cells. In the underlying biolog-
ical model, such plane domain corresponds to, say, the lateral surface of a cylindrical bone piece
as that represented in Figure 2. In such domain, a regular grid of square cells is assumed, each
having in its centre an osteocyte, interconnected with its neighbours by a system of channels
that has been mentioned before. We have shown here that if we start from any arbitrary initial
distribution with a comparatively small percentage of active versus inactive osteocytes (specifi-
cally, when the initial density of active cells p lies below 0.5), the transition rules proposed give
raise to a moving, recurrent activation pattern. More precisely, if we focus our attention in one
particular row in the geometric domain, we see that any square touching this line (and by exten-
sion, the osteocyte lying inside) will eventually, and recurrently, change its state. This means
that if it was inactive at the initial time, it will change to an active state after some time steps,
to eventually return to its former state afterwards. The algorithm allows this switching to be
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repeated indefinitely. The results obtained are discussed with regard to their dependence on the
initial ratio p between active and inactive states when p ranges from p = 0.1 to p = 0.5. For such
values of p, we observe the recurrence phenomenon previously described: every single cell in
any selected row (that we have termed a detector set) is eventually changed from its initial state
and eventually returns to it. Interestingly, the time interval (measured in terms of the algorithm
time steps) when a detector cell remains active (that is, ready for remodelling) is substantially
lower than the time spent in an inactive state (see Figures 4 and 5). As a matter of fact, the time
any cell in the detector set is activated remains basically the same as p increases (see Figure 6),
but the time it remains inhibited dramatically increases as p approaches p = 0.5, as shown in
Figure 7. We have also studied the evolution of the proportion of active cells in terms of the cor-
responding initial distribution p. The results described in Figures 8 and 9 suggest a relevant role
for the particular value p = 0.15, since this is the proportion around which initial distributions
arising from a wide range of values p < 0.5 eventually stabilise. When p goes beyond the thresh-
old value p = 0.5, a sudden drop occurs, and global inactivity will be imposed over a large part of
the domain. This is shown in Figure 8. Figure 9 provides a close-up to the evolution arising from
small initial values of p, the region where initial values p > 0.5 quickly fall into. It is shown
in that figure that initial values above p = 0.02 eventually converge to the dominant pattern
p =0.15. Below that former value, however, other possible limits for the asymptotic distribu-
tion appear; for instance, p = 0.01 eventually settles into p = 0.12. We have concluded our study
with a short discussion on the effect of imposed inactivation in a part of the considered domain,
a situation which is reminiscent of the appearance of a microfracture in a bone piece. We noticed
a substantial algorithmic resilience against such external perturbations. In particular, as noticed
in Figure 10, we observed that starting from the particularly relevant value p = 0.15, inactivation
of a relatively large interior square (20 x 20 cells) does not completely disrupts the screening
algorithm, although it switches it towards a slightly lower mean value of activation p = 0.12.
Taking out smaller or larger regions lead to proportional disruption results, as can be expected.

Summing up, the algorithm proposed in this work provides a simple, and robust, mechanism
that ensures thorough screening in an appropriate timescale for any given planar domain. In our
view, this makes this algorithm a reasonable candidate to be considered as a precursor in any
biologically inspired model for bone remodelling. However, a number of questions have to be
ascertained before this, or any related model, can be tested against biological data. To begin
with, and at a mathematical level, the case of more involved 3D domains should be explored.
In addition to this requirement, that we consider technically feasible, more serious, biologically
minded challenges need to be addressed. To mention but one of these, ascertaining the algo-
rithmic interface between the screening mechanisms and the onset of locally distributed BMUs
requires deeper understanding of the biology involved. We can only hope that this initial step
could be of some help to pursue such a goal.
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