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Abstract An expression having a basic cubic form was derived 
to describe the in uitro release of drugs from slow-release tablets 
formulated with a homogeneous insoluble matrix. While the rate 
of drug release varies with tablet shape, rate constants that are 
independent of shape are included in the expression. By compari- 
son with previously published work, it was shown that the rate 
constants may be described in terms of the physicochemical 
properties of the tablet constituents and the degree of compres- 
sion. Therefore, it should be possible to evaluate the rate con- 
stants for model formulations and then, using the pertinent re- 
lease expression, to predict the rate of drug release from tablets 
having identical compositions but varying widely in shape and 
size. 
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The advantages of timed-release medication were 
noted by Lazarus and Cooper (l), who stated: “The 
primary advantage of increasing the duration of ac- 
tion of a drug is to prolong its therapeutic effect, 
particularly where continuous action a t  an adequate 
level is essential for mitigation of the disease process 
itself.” Attempts to meet such an aim have been nu- 
merous, giving rise to many timed-release dosage 
forms. 

A technique often used in the manufacture of 
timed-release tablets is to formulate a core of mate- 
rial that slowly releases drug and surround it with a 
layer containing the same drug in a formulation de- 
signed for rapid release (2, 3). In this way, the de- 
sired therapeutic blood level of the drug should be 
rapidly achieved and then maintained over a suit- 
able time. However, in some instances, the outer 
rapidly releasing layer is not utilized and such dos- 
age forms become, in effect, slow-release tablets. The 
therapeutic efficacy of slow-release tablets has been 
investigated for hyoscyamine (4), alprenolol (5, 61, 
prednisolone (7), potassium chloride (8, 9), norepi- 
nephrine chloride (lo), and lithium (11). 

The purposes of this paper are to propose kinetic 
expressions for the rate of drug release from slow-re- 
lease tablets and to relate release to tablet shape. 
The expressions should be equally valid when ap- 
plied to the slow-release core of timed-release tab- 
lets. 

REVIEW OF KINETIC TREATMENT 

The release of solutes from nondisintegrating solids has been 
described by many kinetic theories, some of which apply specifi- 
cally to slow-release matrix tablets. If it is assumed that the sur- 

face area of the solid (tablet) changes negligibly during dissolu- 
tion (in effect remaining essentially equal to its initial value) and 
that sink conditions are operative, integration of an equation sim- 
ilar to that used by Nernst and Brunner (12) between time t and 
zero time will yield: 

w,- w, = K t  ~Es.1) 

where Wo is the initial weight of solute (drug) in the solid (tab- 
let), Wt is the weight of solute (drug) remaining in the solid (tab- 
let) a t  time t,  and K is a proportionality constant having the di- 
mensions of weight per unit time. Dividing through by WO and 
simplifying yield: 

f t  = Kd (Eq. 2) 

where f i  is the fraction of solute (drug) dissolved (released) a t  
time t ,  and KO is the zero-order release rate constant having the 
dimension of reciprocal time’. Thus, a plot of the fraction of drug 
released against time will be linear if sink conditions are operative 
and if the exposed surface area is maintained constant. Various 
workers (13-15) reported data that f i t  such a plot, either when 
the exposed surface area was experimentally maintained constant 
or assumed to be so. 

Hixson and Crowell (16, 17), recognizing that the surface area 
of a regular particle is proportional to the two-thirds power of its 
volume, derived their classic “cube root law,” which may be writ- 
ten as: 

w o ~ / 3  - w,1/3 = Kst (Eq.4) 

where KB is a constant incorporating the surface-volume propor- 
tionality and has the dimensions of the cube root of weight per 
unit time. This relationship applies to tablets where dissolution 
takes place normal to the exposed surface, and, if the tablet di- 
mensions decrease in proportion to one another, the exact initial 
geometric shape of the tablet is maintained at  all times. Dividing 
through by Wo1I3, simplifying (see Eq. 3), and rearranging yield: 

(1 - f1)”3 = 1 - Kgt (Es. 5) 
where KB is the release rate constant having the dimension of re- 
ciprocal time. Thus, a plot of the cube root of the fraction of drug 
unreleased against time will be linear if sink conditions are opera- 
tive and if the tablet dimensions decrease in proportion. Various 
workers (18-21) reported data that fit such a plot. 

Wagner (22-24), assuming that the exposed surface area of a 
tablet decreased exponentially with time, suggested that drug re- 
lease from most slow-release tablets could be described adequate- 
ly by apparent first-order kinetics. In the symbolism of this re- 
port: 

W, = W,e-Klt CEq. 6) 

where K1 is the apparent first-order rate constant having the di- 
mension of reciprocal time. Dividing through by WO, simplifying 
(see Eq. 3), and taking logarithms yield: 

In (1- f t )  = -K,t (Eq.7) 
Thus, a plot of the logarithm of the fraction of drug unreleased 

One of the implied simplifying expressions: 

(Es. 3)  

will also be used in later derivations and so is stated explicitly at this 
juncture. 
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Figure 1-Bisection of a spherical matr ix  tablet at t ime = t. 
Hatched area is unreleased portion; clear area is ghost por- 
tion. 

against time will be linear if sink conditions are operative. Many 
workers reported data that fit such a plot, and a few examples 
(13, 25-28) are illustrative of this commonly used plot. 

In 1963, Higuchi (29) derived a kinetic theory for a spherical, 
slow-release pellet having a homogeneous matrix. The system dis- 
cussed is illustrated in Fig. 1, which shows the situation at time t. 
Because of the insolubility of the matrix, the pellet still exhibits 
its initial radius of ro, but leaching of the drug actually takes 
place a t  the release boundary that has a radius of rt .  Between the 
two radii, there is an already leached region of the sphere, the 
"ghost" portion, containing the matrix substance only; within 
the radius rt , there remains the unreleased portion containing 
both drug and matrix. If it is assumed that the weight of drug in 
diffusive passage across the ghost portion is negligible compared 
to that remaining in the unreleased portion, the weight of drug 
remaining in the pellet is proportional to the volume (and, hence, 
the cube of the radius) of the unreleased portion. This assump- 
tion, which parallels that  of Hixson and Crowell (16, 17), may be 
expressed for a regular solid as follows (see also Eq. 3): 

where Vt is the volume of the unreleased portion at time t, and 
VO is the initial volume of the unreleased portion and equals the 
volume of the pellet. By assuming further that  the solubility of 
the drug in the dissolution fluid, C,, is much less than the weight 
of drug present per initial tablet volume, A, Higuchi was able to 
show, in the symbolism of this report: 

(Eq. 9) 

where B is a release rate constant having the dimension of recip- 
rocal time. 

Substituting from Eq. 8 and rearranging give: 

This nonlinear equation, which applies only to spherical, slow-re- 
lease pellets, is conveniently plotted using the fraction of drug re- 
leased as the ordinate and the square root of time as the abscissa. 
Higuchi noted that data reported by Simoons (30) fit such a plot 
when sink conditions are operative. 

Another kinetic theory was derived by Higuchi (29). By virtue 
of its mode of derivation, this theory, which is for tablets having a 
granular matrix, is limited to release of drug from planar surfaces 
of constant area; experimentally the area is the initial surface 
area, SO. In the symbolism of this report, the equation is: 

w0 - W r  = /- 
SO 

where D is the diffusion coefficient of the drug in the dissolution 
fluid, c is the porosity of the matrix (ghost portion), and T is the 
tortuosity factor of the matrix. After rearranging and dividing 
through by WO, the expression may be simplified (see Eq. 3) to 
give: 

f l  = KHt"' 

where KH may be termed the Higuchi release rate constant hav- 
ing the dimension of the reciprocal of the square root of time2. 
Thus, a plot of the fraction of drug released against the square 
root of time will be linear if sink conditions are operative. Many 
workers reported data that fit such a plot, some (31-40) by exper- 
imentally maintaining a constant planar surface area and others 
(27,28,41) by assuming it to be so. 

THEORETICAL 

Boundary Retreat  Distance-Because the following deriva- 
tions apply to slow-release tablets formulated with a homoge- 
neous insoluble matrix, a ghost portion, similar to that illustrated 
in Fig. 1 will be present once drug release has commenced. 
As drug release proceeds, the release boundary, where the actu- 

al dissolution of solid drug occurs, retreats further from the tablet 
edge (Fig. 2). The length of the boundary retreat distance, X t ,  in- 
creases with time in a manner analogous to that shown by Higu- 
chi (42) for the release of drugs from ointments: 

X i  - K&' (Eq. 14) 
where K b  is the boundary retreat rate constant having the dimen- 
sions of length per unit square root of time. It may be expected 
that the magnitude of this constant will be dependent on the 
physical properties of the drug and tablet excipients and on the 
compaction pressure used in manufacturing the tablet; however, 
the constant is independent of both the shape and dimensions of 
the tablet. 

Tablet  Shapes and  Boundary Retreat  Distance-Two shapes 
predominate among commercially available tablets. The first is 
cylindrical; the second is biconvex, which may be visualized as a 
cylinder with a spherical segment added above and below. 

If dissolution takes place normal to the release boundary (16, 
17, 29). the boundary retreat distance, X t ,  will be equal in all di- 
rections. The situation is shown in Fig. 3 for a cylindrical tablet 
and in Fig. 4'for a biconvex tablet. For the former, both the ini- 
tial tablet radius, ro, and half the initial tablet height, ho, are re- 
duced a t  time t to: 

and: 
rf - ro - X i  

h, = ha-x, 
where rt and ht are the parameters at time t. For the biconvex 
tablet, a geometric analysis reveals the following parameter re- 
ductions at time t: 

rl = ro - X i  0%. 15) 

R, = R, - x i  (ES. 17) 

where Rt and Ro are the radii of the spherical segment: 

H E ,  a HEo- Yt (Eq. 18) 

where HEt and HE0 are half the heights of the tablet edge and Yt 
is the dependent boundary retreat distance, and: 

(Eq. 19) HD,  = HDo - ( X i  - Yi)  

The implied simplifying expression: 

K ,  - 3 ,/-- (Eq. 13) 

will be useful in the further theoretical development and is stated explicit- 
ly at this juncture. 
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where HDt and HDO are the heights of the spherical segment. 
Release Rate  Constant-To simplify further derivations for 

both tablet shapes, it is convenient to divide the boundary retreat 
distance (Eq. 14) by the initial tablet radius to give: 

If: 

(Eq. 20) 

(Eq. 21) 

then: 

(Es. 22) 
XI 
r0 
- = K,t’12 

where K, is the release rate constant having only the dimension 
of the reciprocal of the square root of time. While its magnitude is 
independent of tablet shape, i t  is dependent on the tablet radius. 

Kinetic Expression for Cylindrical Tablet-Step 2-The tab- 
let parameters a t  time t are restated in terms of the initial tablet 
radius, ro, and the boundary retreat distance, Xt . If  

where q is a ratio factor, then Eq. 16 modifies to: 

The tablet radius a t  time t needs no restatement (Eq. 15). 

time t is given by (43): 
Step 2-The volume of the cylindrical unreleased portion a t  

V ,  = 27rrIzh, (Eq. 25) 

Substituting from Eqs. 15 and 24 gives: 

V ,  = 27r(r0- XIY(ro/q - Xr) 0%. 26) 

Expanding gives: 

Rearranging gives: 

where 21 is a simplifying factor that  varies with time. The deriva- 
tion of Eq. 33 is shown in the Appendix. If: 

(Es. 34) r0 

= H X  

where p is a ratio factor, then Eq. 19 modifies to: 

H D ,  = ‘O - (x, - Yt)  (Es. 35) 
P 

Substituting from Eq. 33 gives: 

Consideration of Fig. 4 shows that: 

HEt - h t - H D t  
Substituting from Eqs. 24 and 36 and rearranging give: 

(Eq. 37) 

Step 2-The volume of the biconvex unreleased portion at time 
t is given by the sum of the volume of the cylindrical portion and 
the volume of two spherical segments (43): 

V ,  = 7r [ + r:(HDt + W E , )  ] 0h.W 

Substituting from Eqs. 15, 36, and 38 and expanding yield: 

But from Eq. 23 and a knowledge of mensuration (43): 

& = = V O  0%. 29) 
P 

Substituting into Eq. 28 and rearranging yield: 

This expression shows the fractional loss in volume of the unre- 
leased portion a t  time t. 

Step 3-Substituting from Eq. 22 gives: 

vt 
1 - = ( q +  2)K,t‘/’ -(2q +1)(K,t1/2Y + q(K,8’2)3 (Eq.31) 

If the drug is homogeneously distributed throughout the matrix 
tablet (29), and if the weight of drug in diffusive passage across 
the ghost portion is negligible compared to that remaining in the 
unreleased portion (29), then by substitution from Eq. 8: 

f r  = (q+2)K,t1”-(2q + I)(Krt”2)2 +@K,t”2)3 (Q.32) 

This is the final kinetic expression, having a cubic form, that re- 
lates the fraction of drug released to time for a cylindrical tablet. 
While in theory the value of q may be infinitely variable, elegant 
tablets are manufactured with q > 1. 

Kinetic Expression for Biconvex Tablet-This derivation is 
more complex but proceeds uio the same steps a s  the cylindrical 
tablet derivation. 

Step I-The ratio of Yt to X I  varies with the time of dissolu- 
tion. The value of Yt may be expressed by: 

It is helpful to use five simplifying constants, C3-C7: 

c3 = 6p3 - 3 p k  + q (Es.41) 

(Es. 42) 

(b. 43) 

(Es, 44) 

(Eq. 45) 

c, = 4p2 + p2q - 2 m  + q 

c, = 2p + 2pq 

C6 = q W - 1 )  

c, = 2 4 P  - 1) 
With these constants included: 

( E q  46) 

Rearranging gives: 

But from Eqs. 23, 34, and 41, the zero-time equivalent of Eq. 37, 
and a knowledge of mensuration (43): 
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dissolution fluid 

. . . - . 

1.- T 

. . . 1 
T....---.. -tablet edge 

ghost portion 
X, (matrix only) r-. 

Figure 2-Vertical bisection of  a matrix tablet at time = t, 
showing the inward retreat of the release boundary. 

Substituting into Eq. 47 and rearranging give: 

{ 4 + 3 ( g ) - $ } $  (Eq.49) 

Step 3-Substituting from Eq. 22, with the assumptions made 
previously (29), gives: 

This is the final kinetic expression, having a basic cubic form, 
that relates the fraction of drug released to time for a biconvex 
tablet. While in theory the values of q and p may be infinitely 
variable, elegant tablets are manufactured with q > 1 andp > 1. 

Special Condition of Derived Biconvex Tablet Expression- 
A spherical tablet may be considered a limited form of a biconvex 
tablet in which the two hemispheres are joined base to base. The 
height of each hemisphere is then half the tablet height, which in 
turn is equal to the radius of each hemisphere: 

HDo = = ro (Eq. 51) 
It thus follows from Eqs. 23 and 34 that: 

q = p = 1  (&. 52) 

0%. 53) 

Furthermore, the values of c 3 - C ~  (Eqs. 41-43) become: 

c3 = c, = c, = 4 

For a hcmisphere, it may be shown (see Appendix) that: 

2, = 0 0%. 54)  

Substituting from Eqs. 52-54 in Eq. 50 yields: 

f l  = 3Kf"' - 3(K,t'/')' + (Kr.t"'2)3 (Eq. 55) 

This final kinetic expression for a spherical tablet (which is virtu- 
ally nonexistent commercially) could also have been derived by a 
route analogous to that used for cylindrical and biconvex tablets. 

Summarized Expressions-The three derived expressions 
(Eqs. 32, 50, and 55) all have a basic cubic form, so they may be 
summarized: 

f, = G,K,t"* -G2(K,t1")' +G3(K,t1/2)3 (&. 56) 

where G1-G3 may be termed shape factors; their values are 
shown in Table I. This summarized expression, which contains 
the radius-dependent release rate constant, K,, may be modified 

I I I  

k x 4 + -  -7 
Figure 3-Vertical bisection of a cylindrical matrix tablet 
at time = t. Hatched area is unreleased portion; clear area is 
ghost portion. 

using Eq. 21 to give an expression containing the boundary re- 
treat rate constant, &, which is independent of the initial tablet 
radius as well as of the tablet shape: 

It should be recognized that, for biconvex tablets, the values of 
the shape factors would also require modification to replace Kr 
with Kb. 

DISCUSSION 

To compare the effect of shape alone on the release of drugs, all 
parameters other than shape must be standardized. Thus the 
tablet formulation, the initial tablet weight, the initial tablet ra- 
dius, the degree of compression (and, hence, the initial tablet vol- 
ume), and the dissolution test conditions should be the same for 
different tablet shapes. The parameters of three example tablets, 
identical in all respects except shape, are shown in Table II to- 
gether with the times for half and complete release of drug. Their 
release plots are shown in Fig. 5 using the graphical coordinates 
analogous to those chosen by Higuchi (29): fraction of drug re- 
leased and the square root of time. For a series of tablets identical 
in every respect but shape, a comparison of release plots indicates 
that the differences in rates of release are related to the shape 
factors. 

Thus, it should be possible to prepare a pilot tablet (of any 
suitable shape) of a slow-release matrix formulation and deter- 
mine the boundary retreat rate constant, Kt,, of that formulation 
under the compaction load used. From this knowledge, the release 
rate constant, K,, for tablets having the same formulation, but 
with any desired initial radius, initial volume, and shape, may be 
calculated providing the compaction load is the same. Further- 
more, the rate of drug release from such tablets can be predicted. 

Release from One Planar Surface of Cylindrical Tablet- 

I--------! 

Figure 4-Vertical bisection of a biconvex matrix tablet at 
time = t. Hatched area is unreleased portion; clear area is 
ghostportion. 
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Table I-Values of Shape Factors in Release Expressions 
Derived for Three Shapes of Slow-Release Tablets 

Tablet Shape 

0 . 4 ]  0.2 

4 8 12 16 20 
p, minW 

Figure 5-Theoretical Higuchi plot of the fraction of drug 
released, ft, with time, t, from matrix tablets identical in all 
respects except shape. Key:  A ,  spherical; B ,  biconvex; and C, 
cylindrical. Curves were computed using the parameters listed 
in Table II and the release equations listed in Table I .  

The release of drugs from many cylindrical, slow-release tablets 
has been tested by experimentally maintaining a constant surface 
area (31-40). An impermeable barrier of some kind is maintained, 
allowing access of the- dissolution fluid to one planar surface only; 
these dissolution conditions are shown in Fig. 6. A kinetic expres- 
sion may be derived with Step 1 being identical to that for cylin- 
drical tablets having all surfaces exposed to the dissolution fluid 
(Eqs. 15, 23, and 24) .  

Step 2-The volume of the cylindrical unreleased portion at 
time t is given by (43): 

V, = *r2(2ho - X,) (Es. 58) 
Substituting from Eq. 23 and manipulating as before give: 

(Es. 59) 

Step 3-Substituting from Eq. 22, with the assumptions made 
previously (B), gives: 

f t  - z(Krtl'? (Eq. 60) 

f t  G(Kbt''') (Es. 61) 

Or, substituting from Eqs. 21 and 23 gives: 

1 

where 2/20 is the initial tablet height. These are the final kinetic 
expressions relating the fraction of drug released to time t for a 
cylindrical tablet tested when only one planar surface of constant 
area is exposed to the dissolution fluid. Hence, it is valid to com- 
pare Eqs. 60 and 61 with Eq. 12, in which case: 

dissolution lluid 

impermeable barrier 

Figure &Vertical bisection of a cylindrical matrix tablet 
at time = t where dissolution takes place from one constant 
planar surface only. Hatched area is unreleased portion; clear 
area isghost portion. 

Shape Spher- Cylin- 
Factor i d  drical Biconvexa 

Eq. 55 Eq. 32 Eq. 50 
~~ 

a Each value of Kr may be substituted by Kb/n (see Eq. 21). 

and: 

K b P  2 h o K ~  (Eq. 63) 

Thus the rate constants of this paper may be related to a con- 
stant analogous to that derived by Higuchi (29). Furthermore, 
pilot studies of rate constants, made when only one planar sur- 
face of constant area is exposed to the dissolution fluid, may be 
used to predict the rates of release from tablets of the same for- 
mulation with all surfaces exposed, even though they have differ- 
ent shapes, initial radii, and initial volumes; however, the degree 
of compression must be the same. 

Fundamental Parameters of Rati! Constants-By definition: 

W o  = AVO (Eq. 64) 

For a cylindrical tablet with one' constant planar surface exposed 
to the dissolution fluid: 

0%. 65) 

and: 
So = irrz 

Substituting Eqs. 65 and 66 into Eq. 13 and simplifying yield: 

KH = "{w U r 0  (Eq.67) 

Substituting into Eq. 62 and simplifying yield: 

Substituting from Eq. 21 gives: 

1, 
I 

0.8 1 
i 

_o.6  

0.4 

0.2 1 
I 1  
i i  

0 I I I I 
0.2 0.4 0.6 0.8 1.0 

W W Z  

Figure 7-Comparison of the fraction of drug released, ft, with 
time, t, from spherical matrix tablets. The time is expressed as a 
fraction of the time for complete release (T). Key:  A ,  Eq. 74; 
and B ,  Eq. 75. 
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Table 11-Parameters and Release Times of Drug from Three Slow-Release Tablets Identical in All 
Respects Except Shape 

~~ ~ ~~~ 

Release Times, min 
Half- Complete 

Tablet  Shape K,, rnin-l ro, mm VO, mma 4 P a Release Release 

- - - 17.02 400.0 

113.1 1.500 - - 12.37 177.8 

Biconvex 0.05 3 .O 113.1 1.179 2.618 1 .5OOa 15.64 287.9 

Parameters 

Spherical 0.05 3 .O 113.1 

0.05 3 .O 
(Eq. 55) 

Cyllndncal 
(Eq. 32) 

(Eq. 50) 

a This value of a = Ro/n is common for “extra deep” biconvex tablets (46). 

Hence it is shown that the boundary retreat rate constant, Kb, 
depends only on the physicochemical properties of the tablet con- 
stituents and the degree of compression, whereas the release rate 
constant, Kr,  also depends on the initial tablet radius. While it 
should be feasible to calculate the values of Kb and Kr from mea- 
surements of their fundamental parameters, in practical terms it 
is probably easier to determine the constants by direct release 
studies. For both rate constants to be algebraically valid, 2A > 
eC, to comply with the assumption that the weight of drug in dif- 
fusive passage across the ghost portion is negligible compared to 
that remaining in the unreleased portion. Higuchi (29) noted that 
A should be greater than L C, by a factor of three or four. 

Time for Complete Release-Consideration of Figs. 3 and 4 re- 
veals that a t  complete release (ft = 1) for a tablet where p > 1: 

x, = ha (Es. 70) 

(where ho = HE0 + HDo for biconvex tablets). Substituting in 
Eq. 23 gives: 

Substituting into Eq. 22 gives: 

where T is the value of t when ft = 1. Thus: 
1 

Kr =q~‘/2 (Eq. 73) 

Hence, Eq. 56 may be rewritten: 

For spherical tablets, where q = 1, it is therefore possible to pre- 
pare a standard plot of fraction released against the fraction of 
the square root of time for complete release. Such a plot is shown 
in Fig. 7, and it may be calculated that half-release occurs when 
t l / Z / T l / 2  = 0.2063. In other words, for a spherical matrix tablet, 
the first 50% of the release occurs in approximately the first 4.5% 
of the complete release time. 

Uniqueness of Release Expressions-To demonstrate that the 
expressions derived for spherical (Eq. 55), cylindrical (Eq. 32), 
and biconvex (Eq. 50) tablets are unique, the data used to plot 
Fig. 5 were also plotted on apparent first-order coordinates (Fig. 
8) and Hixon-Crowell coordinates (Fig. 9). As can be seen, the 
data do not give linear plots. 

In Fig. 7 a comparison is made between the release profiles of 
spherical tablets as predicted by the standard expression (Eq. 74) 
and as predicted from Higuchi (29); to effect comparison, Eq. 10 
has been modified by setting T = t when f i  = 1 to give finally: 

(Eq. 75) 

The different profiles result from different assumptions con- 
cerning the concentration gradient of the drug in passage across 
the ghost portion. It is possible to obtain the derived expression 
by use of Fick’s first law (44) by assuming the concentration gra- 
dient to be uniform; Higuchi, however, considered a nonuniform 
concentration gradient. 

Experimental work to test the derived expressions has been 
performed and the results are presented in a following paper (45). 

t 
2(1-ff,)-3(1-ff,)2’3 = T -1 

h = 

e 
h 
.2 

I 
.-I v 

APPENDIX 

Relationship of Dependent Boundary Retreat Distance, Yr , 
to Boundary Retreat Distance, Xr-There are two mensuration 
formulas (43) for the volume of a spherical segment a t  time t: 

VD, = :HD,(3Rt - HD,) (Eq. Al)  

50 100 150 200 
t .  rnin 

Figure %-Theoretical apparent first-order plot of the fraction 
of drug unreleased, I - ft, with time, t, from matrix tablets 
identical in all respects except shape. Key: A ,  spherical; B, 
biconvex; and C ,  cylindrical. 

0.8 

0.5 

0.6 

0.4 

0.2 

n 
50 100 150 200 

t ,  min 

Figure 9-Theoretical Hixson-Crowell plot of the fraction of 
drug unreleased, 1 - ft, with time, t, from matrix tablets 
identical in all respects except shape. Key:  A ,  spherical; B ,  
biconvex; and C,  cylindrical. 

730 /Journal of Pharmaceutical Sciences 



and: 
T 

VDt = gHDt(HDt2  - 3rt2) 

HDI2 - 2R,HDt + rt2 = 0 

(Eq. A2) 

Equating the two: 

(Eq. A3) 
For a biconvex tablet, where HDt < Rt, the real root of the qua- 
dratic equation is: 

HDt = RI - [Rt2  - rt21112 (Eq. A4) 

Substituting from Eqs. 15 and 17 gives: 

HD, = R,, - X t  - [R: - r,2 - 2R,X, - 2rOXtl” (h. A5) 

If: 

(Es. AS) RO a = -  
r0 

where a is a ratio factor. then Eq. A5 modifies to: 

HDt 3 ar, - X, -[rOYa2 - 1) - X,r,Z(a - 1)]112 (Eq. A7) 

At zero time (when Xt = 01, Eq. A7 becomes: 
HDo = uro - [ro“(a2 - l)]’” (Eq. A8) 

Substituting from Eqs. A7 and A6 into Eq. 19 and simplifying 
yield: 

Y ,  = [r,,Ta2 - 1)]”2 - [r,2(a2 - 1) - Xtr,2(a - 1)-f12 (Eq. A9) 

Rearranging gives: 
112 xt 

r0 
Y ,  = r,(a2 - 1)112 -ro [ (a2 - 1) - -2(a - l)] (Eq. AlO) 

Let C1 and CZ be two simplifying constants: 
C ,  = a2-1  (Eq. All) 
C2 = 2(a - 1) (Eq. A12) 

Simplifying Eq. A10 gives: 

Y, = rd(C,)1’2 - (Cl- (5)c$’zj (Es. A W  
r0 

Substituting from Eq. 22 for ro gives: 

X 
Yt = j&[(C1)1’2 - (C, - Kd112C2)1121 (Eq. A14) 

If: 
1 

Zt tl/2 [(C,)”’- (CI - K , Y C Z ) ” ~ ]  (Eq. A15) 

where Zt is a simplifying factor that varies with time, then Eq. 
A15 modifies to: 

(Q. A16 or 33) z, 
yt = j ( p A  

For a hemisphere, a = 1. Hence: 
c1 = o  
c, * 0 

2, = 0 
It follows that: 

(Eq. A17) 

(Eq. Al8) 

(Eq. A19) 

Linear Representation of Spherical Tablet Release Expres- 
sion-The release expression for a spherical tablet (Eq. 55) is 
identical to: 

(1 - ftY3 = 1- K,t112 (Eq. Am) 
Equation A20 is analogous to Eq. 5, the Hixson-Crowell “cube 
root law” (16, 17). Hence, estimates of the release rate constant, 
K,, and the boundary retreat rate constant, Kb, may be found 
from a linear plot as illustrated in Fig. 10. 

Such a linear representation is not possible for the release of 
drug from cylindrical or biconvex tablets because the dimensions 

I 
v - i  

t l / P  

Figure 10-Frmt ion of drug unreleased, 1 - ft, with time, 
t, from a spherical matrix tablet, showing an analogy with 
Hixson-Crowell kinetics. See Eq. A20. 

of the unreleased portions do not decrease in proportion to one 
another as drug release proceeds. In addition, the linear represen- 
tation of nonlinear release (dissolution) data can give rise to slope 
inaccuracies at high j ,  values3. 
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Influence of Shape Factors on Kinetics of Drug 
Release from Matrix Tablets II: Experimental 

JOHN COBBY*, MICHAEL MAYERSOHW, and GEORGE C. WALKER 

Abstract Tablets were prepared from two slow-release formula- 
tions, both containing stearyl alcohol as a homogeneous insoluble 
matrix. The release of salicylic acid and of ephedrine was mea- 
sured in oitro. It was found that the release profiles could be de- 
scribed by a nonlinear expression for both cylindrical and bicon- 
vex tablets. Even though the rate of drug release varied notice- 
ably with tablet shape, regression analysis of the release data in- 
dicated that the rate constants included in the expression did not 
vary significantly ( p  = 0.05) with shape for tablets of the same 
overall composition. 

Keyphrases o Tablets, slow release-release of salicylic acid and 
ephedrine from homogeneous insoluble matrix (stearyl alcohol), 
experimental relationship between release and tablet shape 
o Drug release from matrix tablets-experimental relationship 

between release and tablet shape, salicylic acid and ephedrine 
from stearyl alcohol Timed-release tablets-slow release of sali- 
cylic acid and ephedrine from homogeneous insoluble matrix 
(stearyl alcohol), effect of tablet shape 

In a previous report (l), an expression, having a 
cubic form, was presented describing the dissolution 
kinetics of a drug from a slow-release matrix tablet: 

f t  = G1Krt”2 - G2(K,t”2)1 + G 3 ( K P ) 3  (Q.1) 

where f t  is the fraction of drug released to time t, Kr 
is the release rate constant having the dimension of 
the reciprocal of the square root of time, and G1-G3 
are shape factors. The values of G1-G3 are depen- 
dent on the shape of the tablet under study; values 
for three tablet shapes-spherical, cylindrical, and bi- 
convex-are shown in Table I. For the first two 

shapes, the shape factors are constants and may be 
obtained from measurements of the initial dimen- 
sions of the tablet. However, for a biconvex tablet, 
the values of the shape factors vary with time and 
may be obtained partially from the initial dimen- 
sions of the tablet and partially in the course of the 
kinetic considerations of the release process. 

A plot of the fraction of drug released, f t ,  against 
the square root of time, t1’2, will give a nonlinear 
curve, the exact profile depending on the tablet 
shape. One purpose of this study was to determine if 
the proposed equation describes experimental release 
data for cylindrical and biconvex tablets. Values for 
the release rate constants, K,, may then be obtained 
for both tablet shapes by nonlinear regression analy- 
sis of the curves. 

The value of the release rate constant varies in- 
versely with the initial tablet radius, ro, as shown 
previously (1): 

Ka K , =  - 
r0 

(Eq. 2) 

where Kb is a proportionality constant, termed the 
boundary retreat rate constant, having the dimen- 
sions of length per unit square root of time. The 
boundary retreat rate constant is a measure of the 
rate a t  which dissolution fluid is able to penetrate 
into the insoluble tablet matrix to effect drug disso- 
lution and release; it may be expressed (1) in terms 
of the same fundamental parameters described by 
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