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Kinetics of cortical bone demineralization: 
Controlled demineralization-a new method for 
modifying cortical bone allografts 

Kai-Uwe Lewandrowski,’ Vasan Venugopalan? William W. Tomford,’ Kevin T. Schomacker,2 Henry J. 
Mankin,’ and Thomas F. Deutsch2** 
IOrthopaedic Research Laboratory, and Wellman Laboratories of Photomedicine, Massachusetts General Hospital, 
50 Blossom Street, Boston, Massachusetts 02114 

We investigated the kinetics of hydrochloric acid demineral- 
ization of human cortical bone with the objective of develop- 
ing a method of controlled demineralization for structural 
bone allografts. It is known that the demineralization of corti- 
cal bone is a diffusion rate limited process with a sharp 
advancing reaction front. The demineralization kinetics of 
human cortical bone, described as the advance of the reaction 
front versus immersion time, were determined by measuring 
extraction of bone mineral in both planar and cylindrical 
geometries. Mathematical models based on diffusional mass 

transfer were developed to predict this process. The experi- 
mental data fit well with the behavior predicted by the model. 
The model for planar geometry is applicable to controlled 
demineralization of cortical bone allografts of irregular 
shapes such as cortical struts. The model for cylindrical ge- 
ometry is appropriate when curved surfaces are involved 
such as in diaphyseal bone allografts. This method of demin- 
eralization has direct application to clinical modification of 
cortical bone allografts to potentially enhance their osteoin- 
ductive properties. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Cortical bone allografts are frequently used in ortho- 
pedic surgery to reconstruct extensive skeletal defects 
encountered in the treatment of bone tumors and os- 
teolysis in failed joint  replacement^.'-^ Although fre- 
quently successful, incorporation of these types of 
grafts is slow and unpredictable, resulting in non- 
union and fatigue fractures.2-6 We studied the deminer- 
alization of cortical bone in an attempt to provide a 
method which would improve the incorporation of 
these types of bone grafts. 

The osteoinductive potential of demineralized corti- 
cal bone has been demonstrated in numerous experi- 
mental and clinical s t ~ d i e s . ~ - ~ ~  The osteoinductive ef- 
fect of demineralized cortical bone relies on matrix 
factors such as the bone morphogenetic proteins 
(BMPs) of the TGF-beta gene family and other noncol- 
lagenous proteins. These growth factors appear to 
stimulate the transformation of non-osseous connec- 
tive tissue cells into osteogenic and chondrogenic cells, 
regulate the resorption of cortical bone, and lead to 
formation of new b~ne . ’~ - ’~  

*To whom correspondence should be addressed; e-mail: 
deutsch@helix.mgh.harvard.edu. 

However, the use of fully demineralized cortical 
bone allografts for reconstruction of long bones is not 
feasible in clinical practice because these grafts are not 
sufficiently stable to withstand normal skeletal forces. 
Partial demineralization of cortical bone allografts 
may provide a means of enhancing their osteoinduc- 
tive properties while retaining their biomechanical 
strength. However, this requires the ability to precisely 
control the demineralization process, a method that is 
absent from previous ~tudies.~,’~ 

The process of bone demineralization is used exten- 
sively in the preparation of bone specimens for histo- 
logical study and is well known to result in removal 
of calcium from bone. A variety of strong and weak 
acids, as well as acidic buffers, have been used for rapid 
decalcification.20 In the case of acid demineralization 
using HCl, the major inorganic constituents in bone 
including hydroxyapatite, tricalcium phosphate, and 
calcium carbonate react to form calcium chloride.21,22 
A number of authors have approached the problem 
of understanding the process of demineralization or 
decalcifi~ation.~~-~~ In particular, Makarewicz et a1.121,22 
whose interest in bone demineralization stemmed from 
its importance in the production of photographic gela- 
tin, have demonstrated that the kinetics of demineral- 
ization were limited by the rate of diffusion of acid 

Journal of Biomedical Materials Research, Vol. 31, 365-372 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-9304/96/030365-08 
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into bone tissue, with the dissolution of bone calcium 
phosphate salts being instantaneous by comparison. 
The demineralization kinetics were described by a 
"classic shrinking-core reaction This 
work demonstrated that acid decalcification of bone 
was described by a diffusion model which was charac- 
terized by a moving reaction front. 

The fact that the demineralization process is 
diffusion-limited means that the kinetics of the demin- 
eralization of any geometry of bone can be predicted, 
providing the diffusion equation can be solved for that 
geometry, and that the diffusivity of acid into bone is 
known. This in turn allows the formulation of models 
applicable to the specific geometric and tissue charac- 
teristics of human cortical bone allografts. 

Therefore we studied the kinetics of hydrochloric 
acid demineralization of cortical bone in order to obtain 
the diffusivity for HC1 into human cortical bone, and 
to verify the applicability of the diffusion model for 
both planar and cylindrical geometries. The ultimate 
objective of these studies was to quantify the technique 
for producing partially demineralized cortical bone al- 
lografts that would be rapidly incorporated, while 
allowing stable reconstruction. 

MATERIALS AND METHODS 

The experimental bones used in this study were 7 
human tibias. They were obtained from 7 young 
healthy white males with ages ranging from 25 to 39 
years, and an average age of 32 years. The bones were 
provided by a bone bank which had to discard them 
due to bacterial contamination. 

Demineralization kinetics studies 

To investigate the demineralization kinetics of corti- 
cal bone, diaphyses of human tibias were cut into uni- 
form discs of 5 mm diameter and 2 mm thickness. 
These discs were used to create two geometrical mod- 
els by coating various surfaces of the discs with an 
acid-resistant epon layer. A planar geometry model 
was created by coating the circumference of a disc [Fig. 
l(a)], and a cylindrical geometry model was obtained 
by coating the top and bottom surface of a disc [Fig. 
1 (b)]. This allowed the demineralization process to oc- 
cur either from the top and bottom surface (planar 
geometry) or from the circumference (cylindrical ge- 
ometry). Demineralization of these discs was per- 
formed by immersion in hydrochloric acid at concen- 
trations of 0.5N (1.875% w/v), 1N (3.65% w/v), and 
2N (7.3% w/v) for various times. An excess of acid 
volume was employed to avoid depletion of the acid 
concentration in the bath, and the acid bath was agi- 
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Figure 1. (a) Planar model. Peripheral rim of the bone disc 
is epon coated. Demineralization proceeds from top and bot- 
tom surfaces: xo = distance from outer surface to the center 
line; x = any given position between center line and outer 
surface, i.e., the distance from the center line to the reaction 
front, 6 = penetration depth. (b) Cylindrical model. Top and 
bottom surface of the bone is disc epon coated. Demineraliza- 
tion proceeds from peripheral rim: r, = the initial radius; 
r = any radial position, i.e., the radial position of the reaction 
front; rd = radius of the remaining inner undemineralized 
bone core; 6 = penetration depth (6 = ro - rd). 

tated to provide uniform concentration. Demineraliza- 
tion of the bone discs was terminated by multiple 
washings in 4°C distilled water until pH 7 was reached. 
Bone discs were then dehydrated by immersion in 98% 
ethyl alcohol for 1 h, anhydrous ether extraction for 
1 h, and air drying for 1 h. 

Using a Mettler AE 163 precision balance, the time 
course for bone mineral extraction for immersion time 
in HC1 was determined by measuring the dry weight of 
the discs before and after demineralization at different 
immersion times. Three randomly selected bone disc 
specimens were included for each demineralization 
time point at a specific acid concentration. For the cylin- 
drical geometry 8 time points were studied, corres- 
ponding to 24 bone disc specimens for each concentra- 
tion, or a total of 72 specimens in all. For the planar 
geometry only 7 time points were evaluated, resulting 
in 21 specimens for each concentration, or a total of 63 
specimens in all. The average of the normalized weight 
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loss of bone discs [Eqs. (1) and (2) described below] 
was used to quantify the kinetics of the demineraliza- 
tion process. 

RESULTS 

Demineralization kinetics studies and 
analytical modeling 

The penetration depth of the demineralization pro- 
cess was obtained from the measured weight loss. This 
was done by normalizing the weight loss for a particu- 
lar immersion time to the weight loss corresponding 
to total demineralization, and setting that equal to vol- 
ume of the demineralized region normalized to the 
initial volume. For the planar geometry this yields the 
following expression for the penetration depth (8) at 
a particular immersion time t: 

S ( t )  = - 2 [ 1 - y;]. 
where W,, is the initial weight prior to demineralization, 
W(t)  the weight after demineralization, and W, the 
average weight of bone specimens at total demineral- 
ization (infinite immersion time). The distance from 
the top and bottom surfaces to the center line of the 
bone discs [Fig. l(a)], where the two reaction fronts 
meet at complete demineralization, is half the thickness 
of the bone disc (T/2 = 1000 pm). 

In analogy, the penetration depth (8) of the deminer- 
alization process of cylindrical geometries at a particu- 
lar immersion time t, was calculated as: 

where r0 is the initial radius. In both geometrical mod- 
els, the data is normalized by the initial weight of the 
bone discs [Eqs. (1) and (2)], and are presented as single 
data points. Figs. 2 and 3 show the respective kinetic 
data for planar and cylindrical geometry which are 
plotted as the remaining core thickness (xu - 8) or ra- 
dius (rO - 6) (mm) versus immersion time t (h) for 
the above-noted acid concentrations. The average bone 
mineral content (BMC) of human cortical bone deter- 
mined from the residual weight of the bone discs upon 
complete demineralization was found to be 67 f. 2%. 

For modeling purposes we analyzed the kinetics of 
the demineralization experiments using the diffusion 
equation with an advancing reaction front in both 
planar and cylindrical geometry. The analysis served 
to test the diffusion formalism to accurately predict 
the demineralization process of human cortical bone. 
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Figure 2. Remaining core thickness (xo - 8) (mm) vs. im- 
mersion t (h) for human cortical bone for acid concentrations 
of 0.5N (0), 1N (a), and 2N HC1 (V) in planar geometry. 
Raw data fit to the model presented in Equation (3). 

As described previo~sly,2~-*~,*~ the assumptions of 
this model are: (1) the demineralization of cortical bone 
with hydrochloric acid is a diffusion process in a 
fluid-solid system with a sharp advancing reaction 
front, and can be described with Fick's Law; (2) the 
acid concentration gradient between undemineralized 
bone and bath is the driving force for the mass flux of 
acid into bone; (3) the acid concentration at the exposed 
outer surfaces of the bone specimens equals the bath 
concentration; (4) acid diffuses into bone, and reacts 
instantaneously with the bone mineral upon arrival at 
the reaction front. Thus the process can be considered 
to be diffusion-rate-limited and the concentration pro- 
file of acid within the demineralized bone matrix is 
quasi static. 

The details of the analytical modeling and the solu- 
tion of the diffusion equation in both geometries are 

0.0 - 

I I 
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Time t [h] 

Figure 3. Remaining core radius (yo - 6) (mm) vs. immer- 
sion t (h) for human cortical bone for acid concentrations of 
0.5N (0), 1N (O), and 2N HCl (V) in cylindrical geometry. 
Raw data fit to the model presented in Equation (4). 
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given in the APPENDIX (A refers to equations presented 
in the appendix). The analytical models which allow 
prediction of demineralization depth as a function of 
immersion time and acid concentration are briefly 
summarized here. 

For planar geometry the depth of penetration of the 
demineralization process as a function of immersion 
time t in acid, G(t)  (cm) is given by: 

S(t)  = ,I- 2DCot 
1O’A ’ 

(3)  

where D is the effective mass diffusivity of HC1 into 
the bone (cm*/s), Cfl is the acid concentration (mol L), 
t the immersion time in the HC1 acid bath (s), and h 
the moles of acid necessary to demineralize 1 cm3 of 
cortical bone completely (mol/cm3). The lo3 factor is 
used to convert cm3 to liters. 

Although the time dependence of the demineraliza- 
tion depth can also be expressed analytically in cylin- 
drical geometry, it no longer has the simple square 
root of immersion time dependence found in planar 
geometry. The time necessary to achieve a radial pene- 
tration depth of the demineralization process G(t)  with 
G(t)  = ro - rd(t) is given by: 

where ro is the initial radius of a cylindrical bone and 
rd(t )  the radial position of the demineralization front 
measured from the center line at time t [Fig. l(b)]. Note 
that the immersion time in hydrochloric acid required 
to obtain a certain demineralization depth depends on 
the initial radius of a cylindrical bone. The solution 
presented in Equation (4) is therefore normalized for 
this dependence. 

HC1 dilution series using bone discs of planar geome- 
try. Titration experiments were carried out in triplicate 
and determined A to be 0.0144 mol/cm3. The effective 
mass diffusivities D of HC1 at each normality in human 
cortical bone were determined using each G,t-pair and 
Equation (3)  for planar geometry and each G,t-pair and 
Equation (4) for cylindrical geometry, respectively. 
Student’s t test was employed to test for significance 
in the data comparing planar to cylindrical geometries. 
The mean values for D, the p-values of the t test, and 
the maximum immersion time in HC1 at each concen- 
tration for the two geometrical models are presented 
in Table I. 

Kinetic data in planar and cylindrical geometry, 
when plotted as reduction of the dimensionless bone 
disc core thickness x* with x* = x/xD for planar geome- 
try or as the reduction of the dimensionless bone disc 
radius r* with r* = rd/ro for cylindrical geometry versus 
the dimensionless immersion time t* with t* = Dt/xi 
for planar and t* = Dt/r’, for cylindrical geometry on 
a log-log scale, fit well with the time dependencies 
predicted by Equations (3)  and (4) (Figs. 4 and 5). 
Linear regression yielded regression coefficients of 
0.968 < R2 < 0.999 for experimental data of planar 
geometry to the 4 dependence predicted by Equa- 
tion (3). 

The mathematical models describing the demineral- 
ization kinetics of cortical bone in planar [Eq. (3)] and 
cylindrical geometry [Eq. (4)] were used to generate 
ready-to-use look-up tables which allow determination 
of the immersion time in HC1 necessary to obtain a 
certain penetration depth of the demineralization pro- 
cess (Tables 11 and 111). 

DISCUSSION 

Fit of experimental data to analytical models 

In order to fit the experimental data to the analytical 
models, values of the effective mass diffusivities D at 
different acid concentrations and the value of A as the 
amount of HC1 required for complete demineralization 
of a specific volume of human cortical bone were deter- 
mined. The value of A was determined by titration in 

This study shows that hydrochloric acid demineral- 
ization of human cortical bone can be described with 
the theory of the shrinking core used for diffusion- 
limited processes in fluid-solid systems.25 The shrink- 
age of the inner unreacted core is a function of the 
immersion time in acid. Cortical bone demineralization 
results in a sharp advancing reaction front that sepa- 

TABLE I 
Effective Mass Diffusivity, 0, of HC1 in Demineralized Bone Matrix (DBM) of Human Cortical Bone 

D of DBM of D of DBM of Human Maximum 
Human Cortical Cortical Bone p-Values for D Maximum Immersion time t 

Bone Determined in Determined in Obtained From Immersion time t (h) for Bone Disc of 
Planar Geometry Cylindrical Geometry Planar and (h) for Bone Disc of Cylindrical 

CHCl (N) ( 1 O P )  cm2/s) cm*/s] Cylindrical Geometry Planar Geometry Geometry 

0.5 2.31 5 0.39 2.69 ? 0.52 0.180 
1 2.35 2 0.39 2.50 2 0.29 0.038 
2 1.33 2 0.20 0.92 2 0.15 1.7 x 10-7 

17.3 
8.5 
7.5 

46.5 
25.0 
34.0 
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1 10 

Dimensionless Time t* 

Figure 4. Demineralization depth in planar geometry plot- 
ted on a log-log scale as bone disc core thickness x* = 
x/xo vs. the dimensionless immersion time t* = Dt/xa for 
HCl concentrations of 0.5N (0), 1N (O), and 2N (V). Data 
fit the t’/*-dependence given in Equation (3)  using values for 
the effective mass diffusivities D calculated from data in 
planar geometry and Equation (3). 

rates the demineralized bone matrix from the remain- 
ing inner cortical bone core. As shown by the data, the 
position of the reaction front can be accurately modeled 
for both planar and cylindrical geometry. 

The kinetic data in planar coordinates show that 
the penetration depth of the demineralization process 
increases linearly with the square root of the immersion 
time in hydrochloric acid. In cylindrical geometry the 
kinetics is more complex due to the continuous change 
of curvature of the remaining inner cortical bone core. 
However, the demineralization process is insensitive 

* 
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Figure 5. Demineralization depth in cylindrical geometry 
plotted on a log-log scale as dimensionless bone disc core 
radius r* = rd/ro versus the dimensionless immersion time 
t* = Dt/ri for HC1 concentrations of 0.5N (0), 1N (U), and 
2N (7). Data fit the time dependence predicted by Equation 
(4) using values for the effective mass diffusivities D calcu- 
lated from data in cylindrical geometry and Equation (4). 

TABLE I1 
Demineralization Kinetics of Human Cortical Bone in 

Planar Geometry-Penetration Depth vs. Immersion Time 
in HC1 at Various Concentrations 

Penetration 
Depth 
(mm) 

Immersion 
Time in 
0.5N HC1 
(h : min) 

Immersion 
Time in 
1N HCl 
(h : min) 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 

~ 

0 
00: 10 
00 : 41 
01 : 33 
02 : 46 
04: 19 
06 : 13 
08 : 28 
11:05 
14:Ol 
17: 19 
20 : 57 
24 : 56 
29: 16 
33 : 56 
38 : 58 
44 : 19 
50 : 02 
56 : 06 
62:31 
69: 16 
76 : 22 
83 : 48 
91 : 36 
99 : 44 
108 : 13 
117:03 
126: 14 
135 : 45 
145 : 37 
155 : 50 

0 
00 : 05 
00 : 21 
00 : 46 
01 :22 
02 : 08 
03 : 04 
04:lO 
05 : 27 
06 : 53 
08 : 31 
10 : 18 
12 : 16 
14 : 23 
16 : 41 
19 : 09 
21 : 48 
24 : 36 
27: 34 
30 : 43 
34 : 02 
37 : 32 
41 : 11 
45:Ol 
49 : 01 
53: 11 
57:32 
62 : 02 
66 : 43 
71 : 34 
76 : 36 

~~ 

Immersion 
Time in 
2N HCI 
(h : min) 

0 
00 : 05 
00:18 
00 : 40 
01 : 12 
01 :52 
02 : 42 
03 : 40 
04 : 49 
06 : 05 
07:31 
09 : 05 
10 : 49 
12 : 42 
14 : 44 
16 : 55 
19:14 
21:43 
24 : 22 
27 : 08 
30 : 04 
33 : 09 
36 : 23 
39 : 46 
43: 18 
46 : 59 
50 : 49 
54 : 48 
58 : 56 
63 : 14 
67 : 40 

to acid concentration higher than 1N. This is shown in 
Table I where the diffusivity of the demineralized bone 
matrix is reduced for increasing acid concentrations. 
This decrease in the diffusivity results in a reduction 
of the speed at which the demineralization proceeds 
at higher acid concentrations. This effect is seen in the 
raw data (Figs. 2 and 3), where the difference in slope 
between the curves for 1N and 2N is not as large as 
that between the 0.5N and 1.ON curves. 

The reduction in diffusivity of demineralized cortical 
bone may be related to an alteration of collagen and 
other bone matrix proteins, which progresses with in- 
creasing immersion times and acid concentration. The 
protein degradation, as measured by nitrogen content 
of the acid liquor, has been found to be nearly constant 
for acid concentrations up to 4% w/v (1.1N) HC1, but 
increases threefold when the concentration is increased 
to 8% w/v (2.2N).21-23 This results in an interdepen- 
dence between the effective mass diffusivity D and the 
acid concentration Co. The reduced values for D at 
higher acid concentrations corroborate this hypothesis 
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TABLE I11 
Immersion Time of Human Cortical Bone in 0.5N HC1 for Cylindrical Geometry-Penetration Depth vs. 

Initial Outer Radius 

Initial Outer Radius of a Cylindrical Bone Graft (mm) 
Demineraliza tion 

Depth (mm) 5 6 7 8 9 10 12 14 16 18 20 

0.1 00 : 09 
0.2 00 : 35 
0.3 01 : 19 
0.4 02 : 19 
0.5 03 : 35 
0.6 05 : 08 
0.7 06 : 56 
0.8 08 : 59 
0.9 11 : 17 
1.0 13 : 49 
1.1 16 : 35 
1.2 19 : 35 
1.3 22 : 47 
1.4 26:13 
1.5 29 : 50 
1.6 33 : 38 
1.7 37 : 37 
1.8 41 : 47 
1.9 46 : 07 
2.0 50 : 36 
2.1 55 : 13 
2.2 59 : 59 
2.3 64:53 
2.4 69 : 53 
2.5 74 : 59 
2.6 80:11 
2.7 85 : 28 
2.8 90 : 48 
2.9 96: 12 
3.0 101 : 38 

00 : 09 
00 : 35 
01 : 19 
02 : 20 
03 : 37 
05: 10 
06 : 59 
09 : 05 
11 : 25 
14 : 01 
16 : 50 
19 : 55 
23: 13 
26 : 44 
30 : 28 
34 : 26 
38 : 35 
42 : 57 
47 : 30 
52: 14 
57:08 
62: 13 
67 : 28 
72 : 52 
78 : 24 
84 : 05 
89 : 53 
95 : 49 
101 : 50 
107 : 59 

00 : 09 
00 : 35 
03 : 19 
02 : 20 
03 : 38 
05 : 12 
07 : 02 
09 : 08 
11 : 31 
14 : 08 
17:Ol 
20 : 08 
23 : 30 
27 : 06 
30 : 56 
34 : 59 
39 : 16 
43 : 45 
38 : 27 
54 : 22 
58 : 28 
63 : 45 
69: 14 
74 : 53 
80 : 43 
86 : 43 
92 : 52 
99 : 10 
105 : 37 
112:13 

00 : 09 
00 : 35 
01 : 19 
02 : 20 
03 : 38 
05 : 13 
07 : 04 
09:11 
11 : 35 
14 : 14 
17:08 
20 : 18 
23 : 43 
27 : 22 
31 : 16 
35 : 23 
39 : 45 
44 : 20 
49 : 09 
54:11 
59 : 25 
64 : 52 
70 : 31 
76 : 21 
82 : 23 
88 : 37 
95 : 01 

101 : 35 
108 : 20 
115 : 14 

00 : 09 
00 : 35 
01 : 19 
02 : 20 
03 : 39 
05:14 
07 : 05 
09: 14 
11 : 38 
14:18 
17: 14 
20 : 26 
23 : 52 
27 : 34 
31 : 31 
35 : 42 
40 : 08 
44 : 47 
49:41 
54 : 48 
60 : 09 
65 : 43 
71 : 29 
77 : 28 
83 : 40 
90 : 03 
96 : 38 
103 : 25 
110:22 
117:31 

00 : 09 
00 : 35 
01 : 19 
02 : 21 
03 : 39 
05: 14 
07:07 
09: 16 
11:40 
14 : 22 
17: 19 
20 : 32 
24 : 00 
27 : 44 
31 : 43 
35 : 57 
40 : 26 
45 : 09 
50 : 07 
55: 18 
60 : 43 
66 : 22 
72: 15 
78 : 20 
84 : 39 
91 : 10 
97:54 
104 : 50 
111 : 58 
119: 18 

00 : 09 
00 : 35 
01 : 20 
02 : 21 
03 : 40 
05 : 16 
07 : 08 
09 : 18 
11:44 
14 : 27 
17:26 
20 : 41 
24 : 12 
27 : 59 
32 : 01 
36 : 19 
40 : 52 
45 : 40 
50 : 44 
56 : 02 
61 : 34 
67 : 21 
73 : 22 
79 : 38 
86 : 07 
92 : 50 
99 : 46 
106 : 56 
114 : 19 
121 : 54 

00 : 09 
00 : 35 
01 : 20 
02 : 22 
03 : 40 
05: 17 
07: 10 
09 : 20 
11 : 47 
14 : 31 
17:31 
20 : 47 
24 : 20 
28 : 09 
32 : 14 
36 : 34 
41 : 11 
46 : 02 
51 : 10 
56 : 32 
62 : 10 
68 : 02 
74: 10 
80 : 32 
87 : 08 
93 : 59 
101 : 04 
108 : 59 
115 : 56 
123 : 43 

00 : 09 
00 : 35 
01 : 20 
02 : 22 
03 : 41 
05: 17 
07: 11 
09 : 22 
11 : 49 
14 : 34 
17: 34 
20 : 52 
24 : 26 
28: 17 
32 : 23 
36 : 46 
41 : 25 
46: 19 
51 : 29 
56 : 55 
62 : 37 
68 : 33 
74 : 45 
81 : 12 
87 : 53 
94 : 50 
102 : 02 
109 : 28 
117:08 
125 : 02 

00 : 09 
00 : 35 
01 : 20 
02 : 22 
03 : 41 
05 : 17 
07: 11 
09 : 22 
11 : 50 
14 : 35 
17: 37 
20 : 56 
24 : 31 
28 : 22 
32 : 31 
36 : 55 
41 : 35 
46 : 32 
51:44 
57: 13 
62 : 57 
68 : 56 
75:12 
81 : 43 
88 : 29 
95 : 29 
102 : 46 
110: 17 
118 : 03 
126 : 04 

00 : 29 
00 : 35 
01 : 20 
02 : 22 
03 : 41 
05 : 18 
07: 12 
09 : 23 
11 : 52 
14 : 37 
17: 40 
20 : 59 
24 : 35 
28 : 27 
32 : 36 
37: 02 
41 : 44 
46:42 
51 : 56 
57:27 
63:13 
69:16 
75 : 34 
82 : 07 
88 : 56 
96 : 01 
103 : 21 
110:56 
118 : 47 
126 : 52 

(Table I). In addition we found that the D values ob- 
tained in planar and cylindrical geometry are signifi- 
cantly different for 1N and 2N HC1 (Table I). The longer 
immersion time in cylindrical geometry for complete 
demineralization, as shown in Table I, may have led 
to more extensive degradation of the bone matrix thus 
reducing its diffusivity. 

Although cortical bone specimens from selected 
young healthy donors were used in this analysis, the 
measured values for the diffusivity D for human de- 
mineralized bone matrix appear generally applicable 
to cortical bone from different donors. As noted, the 
measured values for D in cattle bone are less than 25% 
higher than those for human cortical bone in the same 
geometry, suggesting that variations between human 
sL mples should be even less.21,22 In addition, as the 
dt qpth of demineralization depends on the square root 
of D [Eq. (3)], the sensitivity of demineralization depth 
to variations in D is weak. 

We investigated the kinetics of HC1 demineralization 
of human cortical bone in two geometries frequently 
encountered in clinical bone allografts. The planar 
model can be considered the best approximation for 

bone grafts with irregular planar shapes such as corti- 
cal struts. The cylindrical model is applicable for grafts 
with curved surfaces such as long diaphyseal bone 
grafts . 

The results of the model in both planar and cylindri- 
cal geometries allow prediction of the demineralization 
of cortical bone allografts of most sizes and shapes. 
They provide the theoretical basis for modifying clini- 
cally used cortical bone allografts to grafts which have 
a highly osteoinductive surface layer. This new method 
of controlled demineralization should provide a means 
to produce cortical bone allografts which are rapidly 
incorporated and yet retain the biomechanical strength 
required for stable reconstruction. 

APPENDIX 

Modeling for planar geometries 

To model the demineralization kinetics in planar 
geometry [Fig. l(a)], the top and bottom surface of the 
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bone discs can be considered as semi-infinite sheets. 
Consistent with the theoretical assumption of a quasi- 
steady state process Fick's Law is used in a one-dimen- 
sional Cartesian coordinate system: 

and A determined by titration the effective mass diffu- 
sivity D of HC1 into bone can be calculated with 

Modeling for cylindrical geometries 
where m is the mass concentration of hydrochloric acid 
(mass of acid/mass of solution) and x the axial position 
in the sample measured from the center line [Fig. l(a)]. 
The boundary conditions are given with an acid con- 
centration of zero at the interface between demineral- 
ized bone matrix and cortical bone, m(x = xo - 6) = 0, 
and an acid concentration at the outer surface of the 
bone disc equal to the bath concentration, m(x = xo) = 
mo. Integrating Equation (Al) and solving for the 
boundary conditions yields: 

m(x,t) = mo 1 - - , L &I 
where mo is the mass concentration of HC1 in the bath, 
m is the mass concentration of HC1 at any given posi- 
tion x in the sample and 6(t)  the depth of demineraliza- 
tion at time f .  To determine the penetration depth 6(f) 
mass conservation at the reaction front x = 6 is en- 
forced as follows: 

where M is the molecular weight of HC1 (g/mol), A 
the moles of acid necessary to demineralize 1 cm3 of 
cortical bone (mol/cm3), D the mass diffusivity of HC1 
into the bone (cm'/s) and the density of the acid solu- 
tion (g/cm3). Equation (A3) relates the mass flux of 
acid into cortical bone with the rate at which the demin- 
eralization front proceeds. Taking the derivative of 
Equation (A2) and substituting into Equation (A3) 
yields upon integration: 

6(t)  = J--- 2pDrnot 
MA ' 

The acid bath concentration Co in mol/L is related to 
the mass concentration of HC1 mo as 

Substituting Co for the mass concentration of the acid 
bath mo yields the relation expressed in Equation (3) as 
mentioned above. Equation (A4) may be expressed as: 

S=k* (4 
where k = (2pDmo/MA)'/2 is the slope of the linear func- 
tion 6(V?). Using the value of k defined by the data 

In cylindrical coordinates Fick's Law is expressed as: 

( r  $) = 0, 

where r is the radius of a cylindrical bone. As such the 
penetration depth as a function of immersion time is 
dependent on the initial radius yo. Therefore it is advan- 
tageous to normalize for yo ,  and to perform the analysis 
with dimensionless variables. Equation (A8) may be 
rewritten as: 

where m*(r) = m(r)/mo,  Y* = rd/ro,  6 = rd/ro (Fig. 2). 
The boundary conditions become m*(r* = 1) = 1 and 
m*(r* = 4) = 0. Integrating Fick's Law for cylindrical 
geometry [Eq. (A9)], and applying the boundary condi- 
tions yields: 

To obtain a relation for the penetration depth of the 
demineralization process 6 as a function of the immer- 
sion time t, mass conservation at the reaction front is 
enforced which gives: 

MA-=-pD-l  ard am . 
at ar r=rd 

Rewriting Equation (A10) using the dimensionless 
variables m* = m/mo, r* = rd/ro, t* = Dt/ra and 7) = p 
mo/MA, a parameter related to the demineralization 
strength of the acid employed, yields: 

Taking the derivative of m* in Equation (A10) and 
substituting into Equation (A12) yields upon inte- 
gration: 

2r$2 lnr$ - f 1 2  + 1 = 47)t*. (A131 

Equation (A13) gives the radial position of the demin- 
eralization front rd in cylindrical geometry measured 
from the center line. In order to obtain a relation that 
determines the immersion time t necessary to deminer- 
alize to a certain penetration depth S with S(t) = ro - 
rd(t), Equation (A13) can be rewritten by substituting 
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Co for the mass concentration of the acid bath mo with 
Equation (A5), and solved for t as mentioned above 
in  Equation (4). 

This work was supported by NIH Grant AR-21896, the Medi- 
cal Free Electron Laser Program under Office of Naval Re- 
search contract N00014-94-1-0927 and by Doe Grant # DE- 
FG02-91 ER61228. 
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