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Expiry Dating: A Complex Mathematical Puzzle

Puzzles

Do you like puzzles? Specifically,
mathematical puzzles. Here’s one: Three
(3) is to twelve (12) as six (6) is to twenty-
four (24). | have always loved math
puzzles, from my earliest memories of
7t grade math class, when my math
teacher would save a few complicated
“puzzles” for myself and a few of my
classmates.We'd spend hours after class,
using up every inch of the chalkboard
trying to solve the problem. She was, in
her own way, trying to stretch our brains
and hopingto have us “connect the dots”.
Within the pharmaceutical development
cycle of drug products, expiry dating and
even more so extensions of expiry are
very complex mathematical puzzles.
This paper hopes to shed some light
on how to better connect the dots to
provide sound reasoningin solving these
complex puzzles.

Stability and Expiry - A Complex Puzzle
Going back to my original puzzle above
in which three (3) is to twelve (12) as six
(6) is to twenty-four (24), puzzles are
nothing more than an effort to find some

solid connection between what appear to
be separate and distinct pieces. Find the
connection, solve the puzzle. Imagine
that 1000-piece Ravensburger puzzlein
which you try to find the connections,
which might be sorting the pieces into
shapes, series of similar colors, looking
at the picture on the cover or just plain
sitting there trying to fit one into another.

In the first puzzle above, the
connection seems obvious that the
answer is just a multiple of the first
value. Thus 12 is a multiple of three and
24 is a multiple of six. The connection
appears to be the multiplier of four
(4). However, what if we complicate
the puzzle further. In stability testing
of a pharmaceutical product, the rule
of thumb has been that a material on
stability at an accelerated condition (e.g.
40°C/75%RH) which remains stable for
three months is a predictor of 12 months
of expiry of the same material kept at
the long-term storage condition (e.g.
25°C/60%RH). The extension of this
becomes that six months accelerated
can predict 24 months of product
expiration at long-term conditions. To
be clear, this rule of thumb is the basis
of why regulatory agencies request
accelerated storage data during
pharmaceutical development, as it
would take an inordinately long period
to generate real-time data during
these early clinical stages. However,
remember that real-time stability
storage and testing must continue, as
this data is critical. Those predictions
of product expiration are just that -
predictions.

Thus, while similar, these puzzles are
completely different and complicated by
the fact that we have added additional
variables. In the first example, no
variables were provided. Now, we have
introduced time, temperature and even
humidity. So, in the second case, how
did we arrive at this connection? That is
where Arrhenius enters the picture.

A Physicist Named Arrhenius
The Arrhenius Equation' described
by Nobel laureate Svante Arrhenius

(1859-1927) expresses the relationship
of temperature dependence on the rate
constants of chemical reactions. The
equation is written mathematically as:

— Ea/RT
k, = Ae

where k is the rate constant at a specific
temperature expressed in degrees
Kelvin (°K), Ea is the activation energy,
R is the universal gas constant and T is
temperature (°K). Simply, assuming that
most of the elements of this equation
are fixed constants, the variation of
temperature provides the key to how
much the rate of change occurs with
temperature. For example, assuming
a change of 10°C from 20°C to 30°C
and by substitution into the equation
using 293°K and 303°K, the difference
in rate constants k293K and k303K
would change by about a factor of two.
This doubling effect is the typical value
applied as the standard rule of thumb in
simple rates of reaction

Using this rule now allows us to apply
amore practical equationindetermining
shelf-life. Using an “Accelerated Aging
Time (AAT)” as defined within ASTM
document F1980-023, “Standard Guide
for Accelerated Aging of Sterile Barrier
Systems for Medical Devices”, the ASTM
defines the use of accelerated aging
as follows with respect to real-time
shelf-life testing. Section 4.3 indicates:
“...Real-time aging programs provide
the best data to ensure that package
materials and package integrity do not
degrade over time. However, due to
market conditions in which products
become obsolete in a short time, and
the need to get new products to market
in the shortest possible time, real-time
aging studies do not meet this objective.
Accelerated aging studies provide an
alternative means...”

Accelerated aging is based on the
earlier assumption that the rate of
reaction doubles or decreases by half
with each 10°C increase or decrease
in temperature, respectively. Thus,
expressing this mathematically,
the following equation for the
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Accelerated Aging Factor (AAF) is:

AAF = Qw[(TAA_T

)/10]
RT

where: Q,, is typically “2” based on
Arrhenius equation, T,, is the considered
accelerated temperature and T, is the
ambient starting condition. However,
while Q,, can be estimated to be
equivalent to “2”, more aggressive
factors can be scientifically determined
based on the actual rate of reaction
curves of time versus temperature.
Values upwards to 2.5 or 3 for AAF can be
applied if supporting data is generated.
Q,, values can easily be calculated as the
slope of logarithmic evaluation of time
vs. temperature.

Accelerated Aging Time (AAT) is
defined as a function of this AAF and
the desired (required) shelf-life. This is
expressed as:

AAT = Desired Time / AAF

For purposes of discussion let us
assume that TAAis 40°C and TRT is 25°C.
By substitution, the AAF would equal
21[40-29/10 gr 215 which is 2.828. If an AAF
value of 2.5 is applied, the AAT becomes
4. So, in using this predictive tool, a
desired real-time study of 12 months
at 25°C should be able to be effectively
estimated through an accelerated study
conducted at 40°C in either three to four
months depending on how aggressive
an aging factor is applied. Hopefully,
based on these assumptions, it has now
become obvious to the reader as to the
solution to our earlier puzzle: 3isto 12
as 6 is to 24. The factor was four. Using an
aggressive aging factor of 2.5, this would
now explain this stability concept better.

First-order Kinetics (Rate of Decay)
While the above expressions can
describe an estimation of shelf-life
based on a change in temperature, many
requests for expiry dating and extensions
are based only on materials kept atasingle
temperature (room temperature). Thus,
another method to evaluate shelf-life
to be considered can be based off data
collected during real-time stability studies.
The evaluation of the rate of decay from
simple first-order kinetics can be used
to extrapolate data to points at and well
beyond the shelf-life desired.

A similar concept was described
above for estimating the AAF at different
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rates relative to time and temperature.
First-order kinetics describes the
relationship between concentration
changes over time. The equation for 1%
order kinetics is well described within
literature and can simply be expressed as:

In[A] = -kT
(A]

where: k is the rate of decay, T is time,
[AO] is the initial concentration and [A]
is some observed concentration at a
distincttime T.

As shown below in Figure 1, this
logarithmic relationship of concentration
(%Assay) over a period of months
of storage at 25°C/60%RH can be
expressed as a linear equation of the
formY = mx + b, where the slope of the
line equation is equivalent to the rate

constant (k). The tabular data for this
plot is shown in Table 1. The % Assay
values for this product can easily be
converted to the natural log (In) and
plotted versus time (months).

The key to this data is two-fold, in
that first the regression line of the
data can be used to generate a real
rate constant to estimate Q,, but also
the data can be extrapolated to a point
where an extended line can be used
to predict where the product may
degrade to an unacceptable potency
(in this case 90.0%). At that point, a
reasonable estimate of shelf-life could
be estimated. In Table 1, the log value for
90.0% become 4.500 and this can easily
be extrapolated from the regression line
to a future point. This projected value in
the example presented for shelf-life is
about 42 months.

First Order Estimate of Expiry
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Table 1 - Experimental Expiry Data — (Active DP) -
25°C/60%RH
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0 S 10 15 20
Time (months) Ln(Y) %Assay

0 4.578 97.3
1 4,572 96.7
6 4,557 95.3
6 4,551 94.7
6 4,561 95.7
[ 4.560 95.6
9 4.556 95.2
9 4.559 95.5
9 4.560 95.6
9 4,558 95.4
9 4,555 95.1
9 4.546 94.3
12 4,554 95.0
18 4.544 94.1
18 4,540 93.7
? (42M) 4.500 90

Figure 1. Estimate of Expiry (Active DP) - 25°C/60%RH

Fortunately, through the use of Excel
and the “Trend” function, a simple table
can be developed in which the trend
line can be expressed to determine this
relationship easily.

Further Applications

Using all of the above considerations,
this paper looked to determine if these
previously discussed concepts could
be applied to other products such as
placebos which would not provide
quantitative data (e.g. assay) for this
type of trending or statistical analysis.
In the case of placebos, the use of some
qualitative type analysis has been
considered, such as disintegration as a
potential tool to provide clients with the
ability to predict when placebo product
may expire or provide the ability to

www.ipimediaworld.com

INTERNATIONAL PHARMACEUTICAL INDUSTRY 49



2.700 |
2.500 |
2300 |
2.100 |

1.900

First Order Estimate of Expiry

¥=-0.071x+2.7

10 15

Figure 2. Estimate of Expiry (Placebo) - 25°C/60%RH

extend the expiry dating based on some
statistical supporting evidence. As shown
below in Figure 2, a simple placebo tablet
formulation was monitored for a period
of 18 months at 25°C/60%RH and then
tested for disintegration of the tablets.
The placebo’s acceptance criteria for
disintegration had been established at
a period of 30 minutes prior to stability
initiation. To be clear, the product
would remain within criteria if as per
USP<701>, sixteen (16) of eighteen
(18) units fully disintegrated within the
specified time.

To better explain how this statistical
approach was developed, the data in
Table 2 displays two sets of data with
regard to time in minutes. To permit the
use of the rate of decay, the observed
disintegration time in minutes would
increase typically as the product
approaches the expiration. Thus, the
actual observed value(s) were subtracted
from the acceptance criteria (in this case
30 minutes) so that the resulting curve
would generate a negative slope.

The resulting data reported in
Table 2 was plotted and the trendline
generated would appear to support that
the product would not meet acceptance
criteria at about 14 months. The actual
data shown in Table 2 indicates that the
product did not meet the criteria at 12

months. Thus, by converting a qualitative
test into a quantitative analysis through
some simple manipulation, the concepts
discussed above appear to support use
in the prediction of expiry for non-active
ingredient products such as placebos.

Summary

We began this discussion on the concept
of solving complex puzzles. Through
the use of statistical analysis and some
basic understanding of rate constants
and rates of decay, the application of
expiry dating was shown to be nothing
more than an effort to find some solid
connection between what appear to be
separate and distinct pieces. Through
the generation of data for both active
pharmaceutical products and even
placebos, these types of mathematical
tools and concepts to help clients find
the connection and solve the complex
puzzle that is expiry dating, are being
used.
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