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ABSTRACT 

The release of steroids from Silastic 
R 

capsules and 
rods has been measured in human beings and rats by recovering 
the implants after periods of subdermal implantation and 
measuring steroid loss. Reasonably good agreement has been 
observed between average in vivo release rates in these two 
species and release ratesin vrtro. In vivo release rates -y 
from capsules frequently showed appreciable decrease in 
the first 100 days of use and a more gentle decrease there- 
after. In vitro release rates frequently showed a sharp 
decrease-Tasting only a few days, but thereafter a moderately 
declining rate. Rods showed a much steewer and continuing 
decline in rate. 

Average measured release rates in human subjects over 
a one-year period, in ug/day/cm length of capsule, were 
3.5 for levonorgestrel, 13.2 for norgestrienone, 17.5 for 
R2323, 16.4 for megestrol acetate and 8.7 for norethindrone. 
Calculated expected rates at the end of one year were lower: 
2.7 for levonorgestrel, 11.0 for norgestrienone and 12.9 for 
R2323. Capsules were of 1.57 mm ID and 2.41 mm OD. 

Significant differences in release rates among subjects 
using the same drug were observed for levonorgestrel, nor- 
gestrienone and megestrol acetate, with the differences being 
greatest for levonorgestrel. 
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Factors significantly affecting steroid release 
include the use of gamma irradiation for sterilization 
and the amount of steroid remaining in the capsules. 
Gamma irradiation markedly decreased release rate of 
several steroids through an effect on the steroid. The 
amount of steroid in the capsule had marked effects on 
rate in the instance of megestrol acetate, much less 
effect in the instance of norgestrienone and intermediate 
effects in the instance of levonorgestrel. 

INTRODUCTION 

The use of polydimethylsiloxane devices as carriers 
for contraceptive steroids from which they are slowly 
released after subdermal implantation has been the subject 
of a number of clinical investigations (l-6) and continues 
to be a method of promise (7). Both capsules made from 
polydimethylsiloxane (SilasticR*) tubing and solid rods 
formed by dispersing steroid in partially polymerized 
polydimethylsiloxane and then completing the polymerization 
in a suitable mold have been used as implant forms. Clinical 
interest in such sustained release systems has stimulated 
the development and testing of a body of theory to explain 
and predict release patterns (8). 

The present paper presents data gathered as an integral 
part of a nrogram of manufacture and clinical testing of 
contraceptive implants. It,therefore, focuses on observed 
release patterns in human subjects and on in vitro and 
animal experiments undertaken to explore t= effects on 
release rates of variables incident to manufacturing pro- 
cedures. 

MATERIALS AND METHODS 

Capsules and Rods 

Capsules were made by filling Silastic R (polydimethyl- 
siloxane) tubing of 1.57 mm ID and 2.41 mm OD with steroid 
crystals and closing both ends with Silastic Medical Adhesive. 
The portion of the capsule filled with steroid was of either 
2 or 3 cm length. Rods were made by mixing 25% by weight 
of steroid with SilasticR 382, mixing with a stannous octoate 

* Silastic R is the Registered Trademark of Dow Corning Corp. 
brand of polydimethylsiloxane. 
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catalyst, and pressing into a Delrin R, mold, Rods were of 
2.4 mm diameter and either 2 or 3 cm length. Except where 
otherwise noted, implants were sterilized by exposure in 
paper-backed pouches for 4 hours to ethylene oxide at 1.5 
atmospheres and 60 % relative humidity. 

In Vitro Release Rate 

In vitro release was determined by shaking the capsule 
or rodwith or 20 ml (depending on steroid solubility) of 
1:750 benzalkonium chloride solution in a 24 ml screw cap 
vial. The vial was placed on its side and one end of the 
capsule or rod fixed to the bottom of the vial and the other 
end to the side of the vial with Silastic Medical Adhesive 
to prevent floating. The vials were shaken in a water bath 
shaker at 100 one-inch strokes per minute. The temperature 
was maintained at 37'C. The solutions were chanqed daily, 
except over weekends. Only the solutions obtained on days 
when they were changed daily were used in calculating release 
rates. Preliminary experiments were run using larger volumes 
of bathing solution to make certain that the release rate was 
not limited by incipient saturation of the bathing solution. 
All in vitro release rates were measured usinq at least three 
sepaFZtZYi@implants. 

In Vivo Release Rate 

In vivo release rates were determined by recovering 
implaZs=er known periods of time and determining the 
amount of steroid lost. Implants used in animal experiments 
were manufactured individually. The weight of steroid placed 
in each capsule was determined by weighing; the amount of 
steroid in each rod was known from the weight of the rod and 
analysis of the SilasticR mix used in rod manufacture. 
Implants used in human studies were manufactured to a standard 
of + 1 mg steroid content. Recovered implants were assumed 
to have initially contained an amount equal to that of the 
average for the lot. Implants were placed subdermally using 
an ll-gauge thin-walled trocar and were recovered through a 
5-mm incision. 

To determine the amount of steroid remaining, recovered 
implants were slit open and extracted three times with 10 ml 
aliquots of methylene chloride, allowing several hours for 
each extraction. The methylene chloride solution Was 
diluted 1:5000 with ethanol and the optical density determined 
at the following wave lengths: 240 nm for levonorgestrel, 
norethindrone and its esters, testosterone and its esters 
and norethandrolone, 288 nm for megestrol acetate, 342 nm for 
norqestrienone, and 334 nm for R2323. 

* Delrin R is the Registered Trademark for Du Pont's poly- 
formaldehyde acetol resins. 
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Steroids 

Levonorgestrel* 

Norethindrone 

Norethindrone Acetate 

Testosterone 

Testosterone Propionate 

Megestrol Acetate 

Norgestrienone 

d-13B-ethyl-17a-ethynyl-17B- 
hpdroxvgon-4-en-3-one 

Source: Wyeth Laboratories 
Philadelphia, Pennsylvan: 

17B-hydroxy-17a-ethynyl-4-estren. 
3-one 

Source: Syntex, S.A. 
Mexico 

178-acetoxy-17a-ethynyl-4-estren 
3-one 

Source: Schering AG 
Berlin, West Germany 

17i3-hydroxy-4-androsten-3-one 

Source: Syntex, S.A. 
Mexico 

178-propionyloxy-4-androsten- 
3-one 

Source: Syntex, S.A. 
Mexico 

Schering AG 
Berlin, West Germany 

17a-acetoxy-6-methylpregna-4,6- 
dien-3,20-one 

Source: Searle de Mexico, S.A. 
Mexico 

17f3-hydroxy-17a-ethynyl-4,9,11- 
estrien-3-one 

Source: Roussel, UCLAF 
paris, France 

* Levonorgestrel is the name recommended by WHO for the 
optically active enantiomorph of d,l-norgestrel. It was 
previously designated as d-norgestrel. 
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R2323 

Norethandrolone 

ST 1435 

R-5020 

17B-hydroxy-17a-ethynyl-l%- 
methyl-4,9,11-estriene-3-one 

Source: Roussel UCLAF 
Paris, France 

17a-ethyl-17-hydroxy-4-nor- 
androsten-3-one 

Source: Searle de Mexico 
Mexico 

16-methylene-17a-acetoxy-19- 
norpregn-4-en-3,20-dione 

Source: E. Merck 
Darmstadt, West Germany 

17a, 21-dimethyl-19-norpregna-4, 
9-dien-3,20-dione 

Source: Roussel UCLAF 
Paris, France 

RESULTS 

A general summarv of the rates of release of steroids 
from standard SilaticR. capsules is contained in Table I. 
Data are given for rates observed in vitro, in rats and in 
human beings. To allow comparison ,thetes are given in 
each instance as the average over the period from the beginning 
of the test to the end of the indicated interval. This is 
necessary because the in vivo rates were obtained by measuring 
the total steroid lossdur'lna the time of use. A similar 
summary of average release rates for the rod dosage form is 
contained in Table II. 

In Vitro Release Rates 

Release rates for the dosage forms studied for relatively 
long periods of time in vitro are given in Table III. In - 
contrast to Tables I and II. - Table III shows averace rates 
during successive intervals.rather than the average from the 
beginning of the study. 

In Vivo Release Rates 

Average release rates during the time capsules'were 
implanted in human subjects are shown in Figures 1, 2 and 3 
for levonorgestrel, norgestrienone, and R2323. Each point 
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100 200 300 400 500 600 700 800 900 

Days 

Figure 1: Release of levonorgestrel from Silastic 
R 

capsules. 
Each circle represents average release per cm 
capsule length for the implants recovered from a 
single subject. The circle is plotted opposite 
the last day of use. All subjects had 4 or more 
capsules. 
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Fiqure 2: Release of norgestrienone from SilasticR capsules. 
See legend Figure 1 for additional details. 
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Figure 3: Release of R2323 from Silastic 
R 

capsules. See 

legend Figure 1 for additional details. 
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represents the average release per day per centimeter of 
implant length during the interval of use for implants 
recovered from a single subject. At least four implants were 
analyzed for each subject included in the graphs (occasionally 
an implant was punctured during removal and so could not be 
included in the analysis). 
the last day of use. 

The datum point is plotted on 

Data are also available on release of levonorgestrel 
from the rod dosage form as determined by analysis of implants 
recovered from human subjects. The findings are represented 
graphically in Figure 4. 

Variation Among Subjects 

The magnitude of variation in release among subjects on 
each steroid has been examined by calculating the coefficient 
of variation for those subjects on each steroid who had their 
implants removed between 300 and 400 days after implantation. 
The results are shown in Table IV. 

Levonorgestrel is seen to show the qreatest variation in 
apparent release rate. It is also to be noted, however, that 
the fraction of the initial load lost at the time of analysis 
was least for levonorgestrel. This would tend to magnify the 
effect of analytical errors. 

Effect of Preparative Methods on Release Rate 

Means of Sterilization: Sterilization was conducted by 
clamma irradiation and bv ethvlene oxide. Sterilization bv 
Gamma Irradiation had profound effects on release rate, at 
least in some cases. The most thoroughly explored case was 
R2323. To determine whether the effect was on the steroid 
or on the SilasticR tubing, steroid and SilasticR tubing were 
irradiated simultaneously, but separately, and irradiated 
and non-irradiated tubing filled with irradiated or non- 
irradiated steroid. The results are shown in Table V. They 
show the release rate to have been markedly decreased by 
irradiating the steroid but not by irradiating the tubing. 
In spite of this changed diffusion behavior, melting points 
and mixed melting points, infra-red spectra, ultra violet 
spectra,chromatography, mass spectroscoDy and x-ray diffraction 
failed to show differences between irradiated and non- 
irradiated samples of steroid. After some months of storage, 
the irradiated ~~2323 showed color changes not shown by non- 
irradiated material stored under the same conditions. The 
color changes were more marked and a change in melting 
point also occurred in irradiated implants exposed to moisture. 
Non-irradiated implants did not show changes even when exposed 
to moisture. 

Levonorqestrel and meqestrol acetate were similarly affected 
by gamma irradiation. Irradiated levonorgestrel im lants 
showed an in vitro release rate of only 1.7 + 0.24 P S.D.) - -- 
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Figure 4: Release of levonorgestrel from Silastic 
R 

rods. 
See legend Figure 1 for additional details. 
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w/cm/day. Non-irradiated implants in the same experiment 
averaged 4.25 + 0.30. In human subjects, the irradiated 
levonorgestrel-implants released 20% as much steroid per 
day as non-irradiated implants (3). 

Size of Steroid Reservoir: It was considered that the 
release rate might be sensitive to the amount of steroid 
used to fill the capsule and that the rate might diminish 
during use by reason of diminishing steroid supply in the 
capsule. TO explore these possibilities, varying amounts of 
megestrol acetate, norgestrienone, and levonorgestrel were 
placed in capsules and the release rates measured in vitro. 
Results are shown in Figures 5 and 6. In the instance 
norgestrienone, the amount of steroid in the capsule has 
made little difference to performance. There were no con- 
sistent differences in 12.5 mg fill per centimeter and 7.5 
mg per centimeter over one year. The release rate from cap- 
sules initially containing 2.5 mg/cm was essentially the same 
until 180 days as that from capsules containing 12.5 mg/cm. 
At that time, almost no steroid remained. Megestrol acetate 
release rates were more sensitive to the amount of steroid 
in the capsules. Capsules containing 2.5 mg/cm delivered 
steroid at about 65% of the rate of capsules with 12.5 mg/cm 
fill, In the instance of levonorgestrel, capsules containing 
7.5 mg/cm of steroid delivered steroid at a rate 80% as great 
as capsules containing 12.5 mg/cm. Capsules containing 5 mg/cm 
released steroid at 70% of the rate of capsules containing 
12.5 ma/cm. 

DISCUSSION 

As has been previously reported (10) there are large 
differences in the rates of release of different steroids 
from Silastic capsules and rods. Among factors known to 
control release rates are the rate of dissolution of the 
steroid in the Silastic, diffusion through the Silastic, 
and diffusion into the boundary layer of solvent at the 
surface of the Silastic (8) . Lhder different conditions, 
any one of these steps may predominate in control of rate. 
Transport through the Silastic matrix is known to be 
controlled by solubility in the matrix and by interactions 
of the solute with the matrix. Among a closely related 
series of compounds, solubility in the Silastic is usually 
the most imuortant variable controlling the amount of steroid 
diffusing through the matrix. Diffusion in the boundary 
layer is similarly controlled by solubility in the aqueous 
medium and by the interaction factors summed UQ in the term 
"diffusion constant." 

Discussion of factors controlling rate are to be found 
in several sources (8, 11, 12) . Plotting measured solubility 
in Silastic against release rate for the steroids studied in 
the present investigation showed a reasonably good straight 
line correlation, with levonorgestrel showing the most deviant 
behavior. 
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Figure 5: Release of norqestrienone in vitro from 2-cm 
long capsules containing different amounts of 
steroid: 0 = 25 mg, cl = 15 mg, A = 5 mg. 
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I I I I 

100 200 300 400 

Figure 6: 

Days 

Release of megestrol acetate in vitro from 2-cm 
long capsules contaiing differentamounts of 
steroid: 0 = 25 mg,' 0 = 15 mg, A = 10 mg, 
0 = 5 mg. 
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Table I shows reasonably good agreement among average 
release rates determined in vitro, in rats and in human beings. 
This is to be expected if the controlling barrier is in each 
case the Silastic membrane itself rather than the boundary 
layer of unstirred liquid surrounding the membrane. To 
further define the relative roles of the membrane and boundary 
layers in vitro, trials were conducted with levonorgestrel, 
norgestzewand testosterone in which the inner diameter 
of the capsules was held constant but the membrane thickness 
was doubled. The rates of release were found to be about 60% 
as great as with standard capsules. The increase in wall 
thickness was accompanied by an increase in external surface 
area to 140% of that of standard capsules. If the boundary 
layer had been the rate-controlling factor and had continued 
to be rate controlling in the cansule with the thicker wall, 
an increase in rate would have been observed. The observed 
decrease indicates the membrane itself to have been the major 
control of rate in this experiment. 

It is especially important to note that the release rates 
calculated by averaging release over the duration of implant 
use, as in Tables I and II and Figures l-4, do not give the 
actual release rate on any selected day. If the rate declines 
with time, the actual rate on day 300, for example, will be 
lower than the average over the 300 days of use. The degree 
of protection on day 300 will be dependent on the release 
rate at that time rather than on the average release rate 
from day 1 to day 300. A curve more closely representing 
actual release at points in time can be drawn by calculating 
average release over successive short intervals of time from 
the curves representing averages over the entire period of 
use. It is, of course, to be recognized that the derived 
curve places a heavy demand on the accuracy of the original 
data. Such curves for the daily release of levonorgestrel 
from capsules and rods in human subjects have been calculated 
from the curves of- Figures 1 and 4 and are reproduced in 
Figure 7. Also represented in Figure 7 are the release rates 
in vitro as determined from daily assays of the bathing 
solution. The in vitro curve for levonorgestrel capsules 
is flat through-%-year, except for a burst of release in 
the first few days. The in vivo curve shows an initial release --- 
rate that exceeds the in vitro rate and which drops for about 
200 days. Between 200and days, the rate is constant 
at 2.7 ug/cm/day. For six 3 cm capsules, this amounts to an 
average delivery of 49 pig/day after 200 days. The initially 
high rate may be exaggerated by the inherently higher per- 
centage uncertainty in measure of the small losses in the 
first 200 days of levonorgestrel capsule use. It is to be 
noted that the total loss of steroid from levonorgestrel 
capsules at 700 days amounts to only 19% of the total load. 
The rate may well deteriorate as a greater fraction of the 
steroid supply is lost. 
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Figure 7: Release of levonorgestrel in vitro O---d and 
in human subjects D- - --or - The curves represent 
rates during successive tine intervals instead 
of average rates from the beginning of the test 
to the end of the period of observation as in 
Figures 1 and 4. 
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Both in vivo and in vitro rates of levonorgestrel -- 
release from rods decreaseidly with time. The initial 
rate in vitro from the rod is about 54 vg/cm/day. 
300, it is down to about 10 us/cm/day. 

BY day 
The rate in the 

human subject is initially lo&r,.about 30 pg/cm/day, but 
it has declined to about 4 ug/cm/day by 4.50 days. At this 
time, about 40% of the initial load has been lost. A 
decline in rate with time would be expected on a theore- 
tical basis since exhaustion of the reservoir of crystal- 
line steroid in the zones nearest the surface progressively 
increases the distance the remaining steroid must diffuse 
to reach the surface. This depletion zone is clearly 
evident on examination of sections of rods after one year 
of in vitro diffusion. Blood level curves reflect the changing 
relE&YXes (13). 

Daily release from capsules of norgestrienone in vitro 
and daily release in vivo calculated from the curveof- 
Figure 2-is shown G Figure 8. The curves are seen to 
correspond well and show a moderate decline in release rate 
over the one year for which in vitro data are available and 
the 1.5 year for which in vis-6 data are available. The in -- 
vivo release rate during the 500 to 600 day interval of use 
appears to be about 58% as great as during the first 100 days 
of use. By 600 days, about 64% of the steroid load has been 
released. This decline in release rate is reflected in 
increasing pregnancy rates at longer periods of use (7). 

A similar in vivo release rate curve for R2323 has not 
been drawn beca=eofa paucity of data at short time inter- 
vals and because the curve for average release for the time 
period for which data is available is a straight line 
(Figure 3). Calculation of the daily release over the 
straight line portion of the curve shows a decline of 29% in 
rate between days 100 and 400. The rate at day 400 is cal- 
culated to be 12.7 pg/cm/day. If there is in reality an 
initial burst effect, the rate at 400 days is somewhat lower 
than obtained by this calculation. At 400 days, about 66% 
of the original steroid supply has been released. 

The only direct measures of dailv release of steroid 
from caosules in human subiects of which we are aware were 
carried-out by Benagiano et-al.(ll)and by Coutinho et al. -- -- 
(15) using labeled megestrol acetate and measuring excretion 
of label. The findings of Benagiano et al. were an initially - 
high release with a rapid decline in thefirst 100 days 
foilowed by a slow decline in rate thereafter. Coutinho 
et al. -- followed excretion for. only 80 days. A declining rate 
was recorded during this time with the most rapid decline 
in the first 20 days. Insufficient data are available in 
the present study at early time intervals to allow a detailed 
examination of the release pattern from meqestrol acetate 
capsules in the human being. The pattern reported by 
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Days 

Figure 8: Release of norgestrienone in vitro o-o 
and in human subjects l ---<.- The points 
represent rates during success!_ve time inter- 
vals instead of average rates from the 
beginning of the test to the end of the 
period of observation as in Figure 2. 
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Benagiano et al. -- (14) and by Coutinho et al. (15) for 
megestrol acetate and seen in the present studies for 
levonorgestrel and norgestrienone seems to be a general 
pattern of in vivo release behavior. It is a pattern 
of an appreciabledecrease in rate over 50 to 100 days 
followed by a much slower rate of decline. The pattern 
is evident in the results of Weise et al.' (6) for nore- -- 
thindrone caosules in the human beina and is reflected in 
blood levelsLreported for capsules releasing norgestrel 
(16), meqestrol acetate (17), norethindrone acetate (18) 
in human beings and capsules releasing R2323 in monkeys 
(19). It is to be noted that blood levels can reflect 
other influences such as effects of the steroids on sex 
hormone bindinq slobulin levels (20). A pattern of initiallv 
rapidly declining rates is evident from the rat data in 
Table I for levonorqestrel, norqestrienone, meqestrol ace- 
tate, norethindrone acetate, and norethandrolone. An 
initially more rapid rate is seen in in vitro studies also, 
but it generally plateaus within two weeks less. It 
is thought that the initial burst in vitro represents the 
effect of initial saturation of theSilasticR with steroid. 
The more prolonged drop observed in vivo may reflect -- 
deposition of some fibrous tissue around the implants, as 
has been suggested bv several investigators (14, 21, 22). 

The reason for the moderate decrease in release rate 
after 100 days is not known. Examination of whether the 
rate is directly a function of the amount of steroid in 
the capsule led to conflicting results with an important 
correlation being found for megestrol acetate (Figure 6), 
but a much less marked relationship being found for 
norqestrienone (Figure 5). Examination of the relation- 
ship for levonorqestrel showed capsules containing 5 mq/cm 
to release steroid only 70 % as rapidly as capsules containing 
12.5 mg/cm. There is possibly reduced efficacy7 of contact 
with the inner wall with a lesser steroid load. 

The question of individual variation in release rates 
is an important one and one which appears most acutely in 
the levonorqestrel capsule data. The coefficients of 
variation reported in Table IV show an apparent difference 
between levonorqestrel and several other steroids. The 
apparently high variation for levonorgestrel is brought 
into some question by the fact that total steroid loss from 
levonorgestrel capsules at the time interval chosen for 
comparison averages only 11.1% of the load. This means 
that any variations in the load actually present in the 
capsules will contribute in a larger way to calculations of 
the loss and that even small errors in the determination 
of the amount of steroid remaining will importantly affect 
the apparent loss. Examination of consistency of apparent 
release among the six capsules recovered from individual sub- 
jects shows the differences from subject to subject are not 
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Subject 

Figure 9: Average rate of levonorgestrel release from 
capsul.es during residence in human beings for 
300 to 400 days. Each entry represents average 
+ 2 S.E. for 5 or 6 capsules recovered from a 
single subject. 
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easily ascribed to assay error or uncertainties in steroid 
fill. Figure 9 shows averages and ranges comprising + two 
standard errors for subjects using capsules between 350 
and 400 days. Many of the differences plainly meet tests 
of statistical significance. Differences in fibrous cap- 
sule formation among subjects may account for the differences 
in release rate, but no attempt has been made to examine 
that hypothesis. Another possible factor is placement of 
of the implants. If placed close together, local saturation 
effects could moderate steroid release. 
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