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Origin of the pattern of trabecular bone: An experiment and a model
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As a result of an experiment in which the development of a mineral phase in the rabbit embryo was
observed, a model is proposed to explain the mechanism that controls the place of precipitation of crystals in
mineralizing tissue. The reaction-diffusion equations for the specified compounds are formulated and solved.
Among a variety of compounds the concentrations of carbon dioxide, oxygeng H©@s, H' ions, calcium,
and inorganic phosphorus are evaluated. ,CBCO;~ ions, and H ions, are distinguished due to their key
role in the maintenance of thEH value. The local concentration of oxygen is the pivot factor that controls the
metabolic rate, i.e., production of GONext the supersaturation was estimated on the basis of the calculated
values ofpH and the concentrations of calcium and inorganic phosphorus. It is assumed that the synthesis of
the organic matrix breaks the metastable equilibrium with respect to spontaneous precipitation and leads to the
deposition of minerals. It was found that the geometry of the vasculature determines the shape of primitive
trabecular bonéwoven bong while the value of the diffusion coefficient may be the key factor indicating the
possibility of mineralization under the control of a living organism.
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INTRODUCTION On the basis of the data collected so far we are not able,
however, to point out a pivot factor responsible for the depo-
Despite many years of intensive research a convincingition of minerals at given sites of primary spongiosa.
quantitative description of the mechanism of bone tissue for- In the present paper the influence of the tissue vascular-
mation does not exist. Bone mineral metabolism has beef#ation on woven bone architecture is investigated. An ex-
associated with a temporally and spatially self-organized sysPeriment was performed in which the development of a min-
tem, and it has been suggested that some spatiotemporal @l phase in the rabbit embryo was observed and a model is
havior of a reaction-diffusion model related to this metabo-proposed to explain the mechanism that controls the place of
lism could be responsible for the patterning of the trabeculaprecipitation of crystals in mineralizing tissue. The results of
architecture of embryonic borj@é—3]. Studies of the forma- the experiment are compared with the results of model cal-
tion of bone tissue are not progressing successfully, howevegulations. Possible implications of the model are indicated.
mainly due to difficulties in thén situ approach. The major-
ity of the results collected so far originate fram vitro ex-
periments including cell cultures, from histochemical find-
ings (at light and electron microscopic levelsand from The proposed model describes the initial ossification that
biochemical analysis of body fluids. It is commonly acceptedmostly occurs in the embryonic skeleton. A careful examina-
[4,5], however, that the final stage of bone tissue formatiortion of the published datg9,10] indicates that three param-
comprises the precipitation of an inorganic phase on the scagters play a key role in the formation of bone minerals. They
fold of an organic matrix. In the embryonic skeleton, theare the concentrations of calcium and inorganic phosphorus
woven(primary) bone is formed first, followed by its remod- in the interstitial fluid and th@H value at the place of min-
eling and formation of mature bone as the skeleton developgral precipitation. It should be clearly pointed out that the list
The primary bone is always laid down as a network ofof organic and inorganic factors that have been postulated to
trabeculadprimary spongiosa The processes that determine be involved in the mineralization process is very Idid—
the shape of woven bone and chemical composition of it43]. In many cases contradictory results are reported. How-
minerals remain poorly understooth vitro studies have ever, with the use of the above-mentioned parameters, thor-
shown that, depending on the applied experimental condieugh control of the precipitation of different Ca-P
tions (degree of supersaturatiopH, duration of the reac- compounds from the solution is possible.
tion, concentrations of other ions and biomolecules, chemical Since the minerals are deposited extracellularly in close
form of the seedsdifferent Ca-P compounds may be in- association with certain components of the organic matrix
volved in woven bone mineralizatidi6—8|. Studies of the [14], formation of the organic matrix has to precede the
internal architecture of woven bone are not so advancedieposition of minerals. In the model the primitive connective
Probably the shape of woven bone is a result of complexissue is treated as the “organic matrix” which delivers a
interactions between genetic and physicochemical factorscaffold for mineral deposition.
The concentratiorp(X,y,z,t) of each compound within
the primary ossification centdPOQ has to satisfy the dif-
*Corresponding author. Email address: tabor@alphas.if.uj.edu.pfusion equation
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ap ) . . drated to form carbonic acid while the carbonic acid, in turn,
—¢ ~ DV“p=productiorit) — consumptioft), (1)  dissociates into hydrogen ions and bicarbonate ions accord-
ing to

whereD is the coefficient of diffusion. Since the formation doo B
of bone minerals is much slower than the time required for H,O+CO, = H" +HCG; ™, (©)
diffusion of molecules over a distance equal to the separation dHco

of two blood vessels in the PO@ours vs secondsstation- wheredo and dyco are the reaction rates. The concentra-

ary solutiong(i.e., dp/dt=0) of Eq.(1) are considered in the -
model. Additionally, the considerations are limited to two- Fg:(sx c))/f)]Cs%tigfl;c?rg;’%/r?r]e’eigl?gled[g%%(t)i((’)?s]' and H

dimensional2D) space since the verification of the calcula-

tions will be performed for 2D, bone sections. —DcoV?pco=F(po) + ducoprcoPn—decopco, (4
Among a variety of compounds whose concentrations in

the POC are described by E@), oxygen, carbon dioxide, —DycoV ?pPrco= — AucoPrcoPut deopcos (5)

HCO; ™, H', calcium, and inorganic phosphorus concentra-

tions are considered. It is assumed that the concentrations at —DpV?pu= —dycoPrcoPnt deopco, (6)

the boundaries surrounding the POC and the concentrations - o

in the blood do not differ by more than 1%. To avoid prob- WheréDco, Dyco, andDy, are the diffusion coefficients for

lems with unknown flows generated by the blood vessel$£O., HCO;™, and H', respectively. By taking the loga-

present in the PO(l.e., an unknown production term in Eq. fithm of py; the pH value is calculated:

(1)], boundaries are created around the blood vessels and the He — | 7

values of concentrations at these boundaries are set equal to pH=—l0g:(pn)- @)

the concentrations in blood. The concentrations of oxygen,

o 1 . ) :

carbon dioxide, HCE", H", calcmm,_e}lnd inorganic Phos- phosphorus A pp (x,y)] are described by two equations:

phorus in blood are equal to 30 *, 1.2x10 °, 2.4 '

X 1072, 4x1078, 1.1x10" 3, and 0.9< 10 ® mol/l, respec- DeV2y = _F )

tively [15]. Physically dissolved ©and CQ as well as ion- cat Pea cd Pear--):

ized calpium were considered. . . _DPiVZPPi: — FPi(pPi"")' (9)
Keeping in mind that oxygen is only consumed in the

body, Eq.(1) for the oxygen concentratiopo(x,y) reduces  whereD¢, andD5 are the diffusion coefficients for Ca and

to P, , respectively. The functionsc, andei describe the con-

D.V2 - —F @ sumption of Ca and P ions as a result of the inorganic deposit
oV Po~ (Po), ) formation in woven bone. In the model the concentrations of

Ca and P before the onset of mineral precipitation are de-
where Do is the diffusion coefficient for @ The function  scribed, i.e.Fc,=0 andFp=0.

F(po) dgscnbes the  oxygen-consumption—oxygen- quantify the ability to precipitation, the supersaturation
concentration curve. In the model only the gross features o(fg) was defined as

the curve are important. The intermediate details of oxygen

consumption are not considered. In agreement with reported k— ke(pH)

data[16], it is assumed that at low Oconcentration the T T (pH) (10
consumption of @ increases linearly with oxygen concen- E

tration, i.e.,F(po)=Cpo, while above that concentration where « is the ionic product ofc, and pp and kg(pH) is

}he ratg of cqnsurr:jption rr}en;)ain_s c?nsta?tt,) Fg(*"’O):CO' the solubility constant. To describe the influence of fhé
t can be (;Stlmhate Ion :ﬁg _asE 0 totaf 0 yaolxgl_gSen CONYalue onke, the relationship of the product of total calcium
sumption that the value @ is in the range from 0 and phosphate concentrations apH values of solutions

5x10 S [16]. C.O. was found using thi€ value and. saturated with respect to hydroxyapatite/] was approxi-
assuming that the critical concentration of oxygen at which,, oo using the formula

the consumption begins to drop amounts te B > mol/l
[16]. log; ke(pH)]~16.5-5.5pH)+0.28 pH)%.  (11)
Although the metabolic processes within the POC com-
prise various biochemical reactions, which are intercon- The free parameters that the model depends on are the
nected and affect one another, production of,GOconsid-  diffusion coefficient for oxygerD, (it may depend on the
ered only as the end product of oxygen consumption. EacHensity inside the POand the reaction rates of the reaction
disappearing mole of oxygen produces one mole of carbofB), i.e., dco and dy o (these parameters are controlled, for
dioxide. CQ is distinguished in the model due to its key example, by carbonic anhydrase, present in erythrocytes,
role in the maintenance @fH value. The buffering capacity which speeds up the carbonic acid reaction by a factor of
of interstitial fluid is lower than that of plasma as a result of ~10* [18]). The diffusion coefficients for CQ HCO;, H™,
lower protein content and depends mainly on its bicarbonat€a, and Pare calculated with the use ofJand the Stokes-
buffer system. Dissolved COn the interstitial fluid is hy-  Einstein relatior] D~ 1/(molecular weighty?].

The concentrations of calciufipc,(X,y)] and inorganic
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F_IG. 1. The phase dlagrgm for _the solutlons_, of a simplified diagonal distance(um)
version of the model. In regiol a minimum and in region Il a
maximum of the supersaturation appears between the blood vessels. 900
The input parameters ay=10> um? s* andC=0.01s*. For B
abbreviations see text. 800+
700+
In the following a system with two blood vessels in the 600,
POC was considered to examine the influence of the values
of the parameters on the solution of the model equations. In © 5004
this simple version of the model the following values of the 400
free parameters were tested: the value gfr@nges from 1 to
10* um?/s [19], while the parameterdcq and dyco range 300
between 107 and 10! s 1. The POC was selected as a 2001, . , , ,
300% 300 m? square. The blood vessels were placed on the 0 100 200 300 400 500
diagonal(positionsx; =y; =100 um andx,=Yy,=200um). diagonal distance(pm)

Depending on the values of the relative rates of the pro-
cesses involved in the reacti@8), supersaturation may de-
creasdFig. 1, region ) or increasdFig. 1, region I) outside
the bloqd vgssels. Thes_e differemt distributions are pre- "y s deo=10° (@ and 10°s?t (b). and dyeo
sented in Fig. 2. The increase of the value radically . 57 _1 -

S =10 “ s ~. For abbreviations see text.
changes the precipitation and growth of Ca-P compounds.
Generally, the supersaturation of body fluids with Ca-P com-

pounds may be considered as the dominant variable controfl€nt process. In a dense material like the collagen matrix,
ling the rate of mineral depositiof17,20~23. This is true which constitutes a considerable barrier to diffusion, small

both for spontaneous nucleation and for precipitation in_values of the diffusion coefficients are expected. In contrast,

duced by inoculating with seedketerogeneous nucleation in aqueous solution or in soft materials diffusion is facilitated
Therefore, it may be stated that, if growth of supersaturatiof@d the diffusion coefficients are bigger. The results of simu-
is observed when moving away from the blood vessels thiations confirmed that small values of the diffusion coeffi-
most favorable conditions for mineral precipitation appear af'€Nts correspond to maxima ofoutside the blood vessels,

the centerpoint between two blood vessels. This observatiofflile an increase oD by a factor of ~10” causes the
is in agreement with reported ddg] concerning the local- positions of blood vessels and maximumnio correlate(Fig.

ization of minerals in woven bone. It must be noted, how-3)- A large value of the diffusion coefficient probably repre-
ever, that body fluids contain a variety of substances that arge"tS @ physiological situation that takes place in the soft
known to impede crystal growtf24,25. Thus the net pre- tissues. T_here“fore, the above res_ults may give an answer to
cipitation probability'may depend not only on supersaturathe question, “Why do hot most tissue calcify under normal
tion but also on the concentration of mineralization inhibi- Physiological conditions?
tors, not considered in the study.

Next the influence of the diffus?on coefficients on the EXPERIMENT
properties of the model was examined. It should be noted
that the POC is treated in the model as a homogeneous mix- It is very difficult, if not impossible, to verify the model
ture of cells and organic substances. Bundles of collagehy direct measurements of the compound concentrafions
fibrils embedded in the gel-like extracellular matrix run in all vivo in woven bone. Therefore, verification of the model cal-
directions. The regular parallel pattern of collagen fibersculations was performed using micrographs of rabbit embryo
characteristic for mature bone is not observed in woverbone sections.
bone. Moreover, the chemical interaction of the compounds In the experiment two female rabbits at 21 days of preg-
under consideration with the POC matrix was not included imnancy were deeply anesthetized with anesthetic drug admin-
the calculations. Therefore the transport of the compounds istrated intraperitoneally and afterward bled out by cutting
approximated as an isotropic, concentration gradient depetthe aorta. The fetuses were removed, killed under anesthesia

FIG. 2. The values of the supersaturatiof across the diagonal
of the POC. The two blood vessels are placed at positieh$0 and

280 um. The input parameters ar®o=10 um?s !, C
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FIG. 3. The precipitation blockage induced by an increase of the

value of the diffusion coefficients in the POC. The input parameters FIG. 5. The distribution of the degree of Supersaturation. There
areDo=1C (squaresand 16 um? s'! (crosse§ C=0.01 s,  isagood correlation between the mineralized trabeculae depicted in

deo=10"% 571, andd,co=10"2 s~ L. The two blood vessels are Fig- 4 and the value of supersaturation. Close to the blood vessels

placed at positions-140 and 28Qum. For abbreviations see text. the values are lowest. The input parameterstse- 10° um* s™*,

C=0.01s"1, dco=2%10®s !, anddyco=10 2 s L. For abbre-

by cutting off the heart apex, and perfused through the as\fiations see text.

cending aorta with heparine supplemented saline to wash out
the blood. Next, black ink with 5% gelatin was injected until boundary conditions in a POC selected as a>3800 um?
the mucous membranegonjunctiva turned black. Alto- square. The model equations were solved using standard
gether ten fetuses were investigated. The lower limbs wergchniques for elliptic equatiorf®7] and the distribution of
dissected, fixed in 7% formalin, then washed, paraffin €Mihe supersaturation was evaluated according tO(EQ. An
bedded in the routine way, cut into 10n thin sections, and  example of a supersaturation calculation based on the blood
gtained with hematoxil_in-eosin. From aI_I the samples 13 secCyesse| geometry depicted in Fig. 4 is presented in Fig. 5. The
tions were cu(depending on the material sizand selected ya|yes of the model parameters used in the calculations are
for further analysis. The places of active bone formation afjsted in the figure caption. This is a set of values of the
the head parts of the femurs were investigated. In all casgsarameters for which an increase of supersaturation is ob-
the blood vessels showed up black and were easily identifiederyed when moving away from the blood vesdels was
For each section 3—4 two-dimensional images were acdiscussed in the previous section
quired, using a microscope connected to a digital camera. A From a comparison of Figs. 4 and 5 it follows that for the
typical image of mineralizing tissue is presented in Fig. 4.proper choice of values of the model parameters the distri-
An excellent presentation of techniques developed for visupytion of the supersaturation evaluated from the model equa-
alization and quantification of vessels in bone was publishe¢ons reproduces the distribution of the mineral deposits. We
recently by Barotet al.[26]. S _ have found that the Turing mechanism of pattern generation

Digital images of the mineralizing tissue specimens enys not necessary to explain the origin of the structure of tra-
able the precise determination of the woven bone and bloogecular bone. It should be pointed out that the observed
vessel architecture. The positions of the blood vessels eggreement between the supersaturation and mineral deposit
tracted from the micrograph were used to determine thgjistributions is only indirect proof of the correctness of the
model. In fact, the experiment tests the connection between
the geometry of the vasculature and the calculated distribu-
tion of supersaturation. The results of the comparison seem
to be encouraging. Other results that follow from the model
(i.e., the role of reaction rates and diffusion coefficigmes
main experimentally unchecked. However, the observed dis-
tribution of minerals as well as the fact that they are depos-
ited extracellularly strongly suggests that the geometry of
woven bone is determined by a diffusion-involving process.
Then, based on the accepted physicochemical knowledge
concerning the precipitation of bone minerals the choice of
supersaturation as the quantity steering mineral deposition is
natural. From the comparison of micrographs and model cal-
culations it also seems that this choice could be the proper
one.

When comparing measured and simulated distributions it

FIG. 4. Section of the rabbit embryo bone. Black arrows indi- should be kept in mind that the micrograph is a section of the
cate blood vessels. “B” denotes the deposits of minerals. 3D structure. Therefore the vessels that run in close vicinity

50 um
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but parallel to the section plane are not included in the cal- The above-tested model is based on some simplifying as-

culation but could in fact change the bone geometry. sumptions. First, the precipitation of minerals in the body
was treated as a purely physicochemical process, controlled
DISCUSSION entirely by concentrations of Ca and P ions aitd value.

) ) ) . During the deposition of inorganic substances within the or-
_ The mechanism responsible for woven bone mineralizagnic matrix, the inorganic and organic components can in-
tion may work as follows. Carbon dioxide is produced in the(eract and can set up special relationships. The organic ma-
POC as itis in other tissues. However, removal of the carbogiy induced processes are not included in the model.
dioxide is more difficult from the POC than it is from soft gecondly, we were not able to calculate precisely the influ-
tissues due to the low coefficients of diffusion in the POCq, e ofpH on the precipitation of a Ca-P compound from
[19]. By this mechanism the body keeps thel within the ¢ inerstitial fluid. The estimation was performed using the
POC higher than that of the other body compartments. Thig|pjjity diagrams for arin vitro system that simulates the
is a purely physicochemical process. Moreover, the constanisysiological condition§17]. It should be pointed out that
that control the reactiofB) amount to values from region Il {he model describes the initial physicochemical conditions
of the phase diagratit is in general possible that the values jsjge the POC, before ossification begins. The appearance
of these constants are, as in blood, cell metabolism depery; mineralization centers destroys the homogeneity of the

deny. Therefore, the concentrations of oxygen, HC®!, _ tissue and the model equations have to be modified.
Ca, and Pdecrease while the concentration of carbon diox-

ide and thepH increase if the distance from the blood vessel
grows. Comparison of the distributions of the Ca anddh-
centrations with thecg distribution confirms unequivocally
that changes of theg value compensate, in excess, the de- On the basis of the model calculations it was shown that
crease of the concentrations of Ca anddns. This means blocking the diffusional pathways in bone tissue could regu-
that the interstitial fluid in the POC becomes supersaturatethte inorganic phase formation. Then the most favorable
and the precipitation of Ca-P minerals is facilitated. It shouldphysicochemical conditions for woven bone formation ap-
be noted that the supersaturation correlates with the distangeear outside the blood vessels. Thus the pattern of primary
from the vessel. Changes of tip¢l value in the POC that bone reflects the architecture of the blood vessel network. A
correspond to an increase ofby approximately 100% do mechanism for the physicochemical control of the primary
not surpass-0.5 units. Such changes are well tolerated bybone formation process based on a reaction-diffusion model
living organismg 15]. was proposed.

CONCLUSIONS
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