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Abstract

Purpose This work evaluates the probability and impact of using high-temperature accelerated aging for determining shelf
life based on reaction mechanism changes.

Method Simulations are made to calculate the probability of a significant error in determining shelf life based on high-
temperature stability data. Published distributions of activation energies and varied transition temperatures (7, the tempera-
ture where both processes are equally involved) to calculate shelf impacts from mechanism changes using high temperature
data to assign long-term shelf life.

Results High-temperature mechanism changes with respect to individual degradation products rarely occur when using
accelerated stability studies. Even in the uncommon scenario of a mechanism change with temperature, the probability of
there being a practical error in a shelf life determination from using these data is calculated to be less than 25%. High tem-
perature modeling does bring a prediction risk when there is either a phase change or secondary degradation.

Conclusion High temperature data can reliably be used to determine long-term shelf life in most cases. Changes of mecha-
nism with temperature rarely occur and when they do, most often they will not result in a longer shelf life assigned than will

ultimately be observed.
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Introduction

A US Food and Drug Administration (FDA) guidance [1]
asserts, “We do not believe it is reasonable to perform accel-
erated testing at very high temperatures for a very short time
and expect to extrapolate results to a very long expiration
dating period since the actual mechanism of degradation at
high temperature may be different than at room tempera-
ture.” While no definitions were provided in the guidance for
what constitutes very high temperatures, this has often been
assumed to be any temperatures greater than the International
Conference on Harmonisation (ICH) accelerated condition
for room temperature, or 40 °C. However, recent predic-
tive models based on accelerated aging have proven reliable
even up to 90 °C for drug substances [2], small-molecule
drug products (see, for example, [3-6]), and biological drug
products (see, for example, [7-12]). The increased use and
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accuracy of such studies call into question the scientific
validity of the concerns expressed in the FDA guidance.
While the FDA statement can be viewed as only a guid-
ance, these kinds of statements indicate significant concern
to health authorities and applicants, often requiring detailed
specific explanations for any use of predictive models. The
present paper delves into the likelihood of such mechanism
changes, when skepticism for use of high-temperature pre-
dictive stability is warranted based on known pitfalls and
how, in most cases, such data can be used reliably even when
there is in fact a mechanism change.

Mechanism Changes with Temperature

At a given temperature, molecules possess a distribution
of energy values. Reaction rates increase with increased
temperature as the percentage of molecules within this
distribution with adequate energy to overcome a reaction
barrier increases. The change in energy distribution with
temperature, in general, follows the Arrhenius equation
(Eq. 1), where k is a rate constant for a reaction, A is the
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pre-exponential factor (the rate limit when every molecule
has sufficient energy to go over the reaction barrier), E, is
the activation energy or barrier height for the reaction, R is
the gas constant, and 7 is the temperature in Kelvin.

Ink=InA Ey 1
nk=1In »T (1)

For most drug products, especially in the solid state, the
overall rate constant is difficult to determine since it rep-
resents a composite of separate rate constants from the dif-
ferent physical states (e.g., crystalline bulk, surface sites,
amorphous sites, excipient-drug interfacial sites). One prac-
tical solution to this challenge that still enables the use of
the Arrhenius equation invokes isoconversion principles
wherein the rate is only determined for a specific amount
of degradation [5]. In pharmaceutical applications, this has
meant using the time to reach a specification limit to assign
an effective isoconversion rate constant. It should be noted
that this is not a true rate constant when the process is not
linear. Using isoconversion links the timescale of the test-
ing to the accelerated temperatures: the shorter the time for
the testing, the higher the temperatures must be. Although
it is not the focus of this paper, a term has been added to
account for moisture’s impact on solid-state reactivity [13],
as reflected in Eq. 2 (B is a humidity sensitive parameter and
ERH is the equilibrium relative humidity).

E
Ink=InA- — + B(ERH 2
n nA - o+ BERH) @

Importantly, the equation indicates that there is no interac-
tion term between temperature and humidity except to the
extent that temperature impacts the moisture permeability
of packaging which can be handled explicitly. This enables
us to focus on high-temperature effects for the present dis-
cussion without regard to humidity effects on stability. For
most small-molecule pharmaceutical products, shelf life
is gated by the formation of specific degradation products
related to the drug substance based on tight safety (toxic-
ity) specification limits rather than loss of potency or other
stability-indicating parameters. To be clear, drug-related
impurities may not actually be hazardous; however, health
authorities set tight specification limits for these degradants
absent specific data or justifications supporting their safety
levels. Given shelf life limited by growth of related sub-
stances, for there to be an issue with use of high temperature
data based on a mechanism change, the transformation of
the drug to a specific degradant must proceed by at least
two competing mechanisms that have differing activation
energies. For example, one of the most common degradation
processes is hydrolysis [14]. It is theoretically possible that a
specific hydrolytic process could proceed by both catalyzed
(lower activation energy) and uncatalyzed (higher activation
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energy) mechanisms. If the dominant mechanism changes
with temperature and causes an error in the prediction of
the long-term stability, the temperature at which the change
occurs and the magnitude of the difference between the two
activation energies determine the degree of error induced.

A critical factor dictating the degree of error introduced
by using high-temperature data to project shelf life is the
temperature where both mechanisms show equivalent rates
of degradant formation, 7, as described in Eq. 3 (assuming
no humidity dependence).

- AE, ;
X7 RAInA 3)

Here, AE, is the difference in activation energies between
two mechanisms to the same product, R is the gas constant,
and AlnA is the difference in collision frequencies between
the two mechanisms. Values of T, fit into three categories
with respect to the high temperatures used for accelerated
stability modeling: (1) 7, is at a lower temperature than the
long-term storage conditions, (2) T, is at a greater tempera-
ture than the highest accelerated condition used to predict
stability, or (3) T, is within the range of the storage and
accelerated conditions. In the first two cases, the impact of
any mechanism change will be less significant.

The degree to which a high-temperature change in
mechanism results in a change in the projected shelf life
also depends on the relative activation energies of the dif-
ferent mechanisms. For a shelf life to be overestimated
from accelerated data, the activation energy of the pre-
dominant reaction mechanism at higher temperatures must
be greater than that of the predominant reaction mecha-
nism at lower temperatures. The opposite case, where the
predominant reaction mechanism at higher temperatures
has a lower activation energy, results in an underprediction
of shelf life and a more conservative estimate of stability.
The distribution of activation energies for decomposition
of drug-like molecules in solution has been reported to
be 99 +29 kJ/mol [15]. This value and distribution are
derived experimentally for a wide range of degradation
pathways; however, it represents a lower mean and wider
distribution than observed for actual drug products since
many of the lower end activation energy molecules are too
unstable to isolate. Nonetheless, we can take this distri-
bution as a conservative extreme. Based on this assumed
distribution, there is approximately a 25% probability that
for those cases where two mechanisms can produce the
same degradation product, the activation energy of the
higher temperature mechanism is equal or greater than
29 kJ/mol more than the lower temperature mechanism
(calculated assuming a normal distribution with a 29 kJ/
mol standard deviation using a Monte Carlo simulation for
potential outcomes). Assuming a high-temperature change
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Fig. 1 Theoretical Arrhenius 7
curve when there is a change

in mechanism from low to high

temperatures using four acceler- 80°C
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80 °C) to predict the ambient
(25 °C) shelf life. Calculations
assume a difference in activa-
tion energies between high and 5F
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(arbitrary units of ppm/week) 3
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Monte Carlo simulation

95% confidence interval rate
used to assign shelf life

True behavior with
mechanism change at high
temperatures

Linear projected mean based
on accelerated conditions
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in mechanism with this 29 kJ/mol difference in activation
energies and a 7, within the temperature range (56 °C),
Fig. 1 shows a calculated Arrhenius plot of stability data,
using exact rates at 50, 60, 70, and 80 °C to make a linear
projection to 25 °C. As can be seen in this example cal-
culation, the mean predicted 25 °C rate (23.2 ppm/week,
or a shelf life of 4.14 years with a specification limit of
0.5%) is below the actual rate (29.5 ppm/week; shelf life
of 3.26 years) and would suggest a longer shelf life than
reality. However, Fig. 1 also shows that if one assumes a
reasonable experimental error bar for the rate data (10%
RSD assumed), the actual shelf life falls within the 95%
confidence interval typically used to assign shelf life from
accelerated data (29.6 ppm/week; 3.25 years). This means
that even in the unlikely event that there is a change in
mechanism with the higher temperature mechanism having
the greater activation energy and where the 7, is in a range
that has a relatively high impact, it is unlikely that the
difference in activation energies between the mechanisms
will be sufficient to result in a longer shelf life assignment
based on the practice of using the 95% confidence value
propagated from the experimental errors.

Given that changes in mechanism at higher temperatures
rarely cause a statistically significant error in prediction, it
is worth reevaluating the caveat imbedded in the FDA guid-
ance. Degradants are most often detected chromatographi-
cally using stability-indicating methods. In the scenario
where two distinct drug degradation products are formed via
a single mechanistic process each, if the reactions resulting
in these two degradation products have different activation
energies, the ratio of the two degradants will change as a
function of temperature. Using high-temperature aging will
accurately predict the behavior for each specific degradant

0.003 0.0031

1/7 (K)

0.0032 0.0033 0.0034

even though the chromatogram will change appearance with
temperature. It is even possible that a degradant with a high
activation energy will only be evident at higher temperatures
and not appear above noise levels at low temperatures. None-
theless, the high temperature data will accurately predict
the long-term stability behavior. In general, chromatograms
containing multiple degradants will appear very different as
a function of temperature, which is most likely the origin of
the FDA guidance assertion of mechanism change: it is easy
to confuse a change in degradation product distribution with
a change in the underlying mechanism of reaction.

Non-Predictive Changes with Temperature

There exist temperature-dependent kinetic changes that
represent more significant concerns for predictive mod-
eling from accelerated testing than mechanistic switches.
These can generally be anticipated from product knowl-
edge or detected from inspection of the data. First, for
high-temperature accelerated stability studies to accurately
predict lower-temperature storage stability, the drug’s
physical form generally must remain the same at accel-
erated conditions as it is under ambient storage. Phase
changes that potentially impact stability behavior include,
among other factors, drug crystallization (for amorphous
drug forms), formation of solid solutions with excipients
that melt, and aggregation and other higher order struc-
tural changes in solution. Another common discontinu-
ity is the melting of frozen solutions. In each of these
cases, the mobility of the drug molecules changes in a dis-
continuous fashion above the phase transition which can
result in non-predictive accelerated stability behavior. For
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this reason, it is important to characterize physical form
changes that occur with temperature or relative humidity
for a drug product. Limitations on the temperature and
relative humidity design space used for accelerated aging
experiments more commonly arise from a physical form
change than a mechanism change. If a phase change is
crossed during the experiment, the discontinuous change
in kinetics can usually be detected through data analysis
and the affected conditions excluded.

Another potential issue where high-temperature results
can be misleading is in the case of sequential reactions,
described in Eq. 4, where the intermediate “B” is a primary
degradant that limits shelf life.

k, k
A-B3C 4

In this case, B is formed from the drug “A” at a rate cor-
responding to k; and lost with a rate corresponding to
k,. Classically, the behavior of B as a function of time is
characterized in terms of steady-state behavior; i.e., after
an initial growth phase, the rates of formation and deg-
radation of B become equal, and the concentration of B
will remain constant until the level of A decreases suf-
ficiently to decrease the rate of formation of B. In hetero-
geneous systems, such as solid dosage forms, there may
be a limited amount of drug in a reactive state such that
depletion of the active can occur at low total conversions.
Depending on the relative activation energies for the for-
mation and loss processes, the steady-state concentration
of B can vary significantly. For example, when the acti-
vation energy for the loss process (k,) is higher than that
for the formation process (k;), B may not be observed at
all at high temperatures but may accumulate significantly
enough at lower temperatures to limit shelf life. While this
scenario can lead to deviations in the high-temperature-
predicted extrapolations to low temperatures if undetected,
it is often clear from the overall kinetic behavior observed
at high temperatures that there is secondary degradation
occurring. With sufficient data, accurate stability models
for long-term conditions that account for secondary deg-
radation can be generated.

Conclusions

Even though the product distribution as a function of
temperature can change significantly with temperature,
specific degradant formation rarely involves a change in
mechanism at high temperatures. Even for cases where
there is indeed a mechanism change, the impact is suf-
ficiently minor in most cases that it will not result in an
erroneous assignment of too long a shelf life. Using high
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temperatures for modeling long-term shelf life brings
greater risk when there is discontinuous behavior due
to phase changes than it does from mechanism changes.
Another potential risk involves secondary degradation pro-
cesses. These risks can be minimized by careful experi-
mental design and examination of the accelerated stability
data.
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