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Abstract: The International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use (ICH), along with the World Health Organization (WHO), has provided a set of
guidelines (ICH Q1A-E, Q3A-B, Q5C, Q6A-B) intended to unify the standards for the European
Union, Japan, and the United States to facilitate the mutual acceptance of stability data that are
sufficient for registration by the regulatory authorities in these jurisdictions. Overall, ICH stability
studies involve a drug substance tested under storage conditions and assess its thermal stability and
sensitivity to moisture. The long-term testing should be performed over a minimum of 12 months
at 25 ◦C ± 2 ◦C/60% RH ± 5% RH or at 30 ◦C ± 2 ◦C/65% RH ± 5% RH. The intermediate and
accelerated testing should cover a minimum of 6 months at 30 ◦C ± 2 ◦C/65% RH ± 5% RH
(which is not necessary if this condition was utilized as a long-term one) and 40 ◦C ± 2 ◦C/75%
RH ± 5% RH, respectively. Hence, the ICH stability testing for industrially fabricated medicines
is rigorous and tedious and involves a long period of time to obtain preclinical stability data. For
this reason, Accelerated Predictive Stability (APS) studies, carried out over a 3–4-week period and
combining extreme temperatures and RH conditions (40–90 ◦C)/10–90% RH, have emerged as
novel approaches to predict the long-term stability of pharmaceutical products in a more efficient
and less time-consuming manner. In this work, the conventional ICH stability studies versus the
APS approach will be reviewed, highlighting the advantages and disadvantages of both strategies.
Furthermore, a comparison of the stability requirements for the commercialization of industrially
fabricated medicines versus extemporaneous compounding formulations will be discussed.

Keywords: stability; extemporaneous compounding; ASP

1. Introduction

Stability studies were designed for monitoring and evaluating the quality of Active
Pharmaceutical Ingredients (API) and Finished Pharmaceutical Products (FPP) under the in-
fluence of different factors such as environmental conditions (temperature, moisture, light),
API–excipients interactions, packaging materials, shelf life or container-closure systems
during a certain period [1]. Even though regulatory requirements are also established to
evaluate degradation products of the API and impurities, very little information is required
regarding excipient stability in Annex 10 for stability testing of active pharmaceutical
ingredients and finished pharmaceutical products [1], and this is a crucial point to take
into consideration as it can also affect the quality of the formulation. Some excipients (e.g.,
glycerol) are prone to degradation during repeated use or improper storage, but impurities
generated are not usually monitored but may affect drug stability [2]. The impact of water
on the degradation of each type of solid dosage form differs completely. In some cases, the
drug fully or partially dissolved, such as in solutions and suspensions. Drugs sensitive
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to hydrolysis are poor candidates for these types of liquid dosage forms. Regarding solid
dosage forms, lyophilized products are more avid for water than tablets. The leftover water
content in tablets after manufacturing is key, especially in moisture-sensitive drugs as it
can accelerate drug degradation.

Stability is defined as the quality of being stable, and applying this wide concept into
pharmaceutical formulations is considered as the absence of changes in characteristics and
properties of the product at the time of its manufacture [3]. In general, five main facets
determine stability: chemical, physical, microbiological, therapeutic, and toxicological.
Drug substance attributes susceptible to change are the ones that should be evaluated; these
conditions should be maintained throughout the shelf life of the product [3]. Depending
on the dosage form, the instability can be manifested in diverse ways: drug precipitation,
microbial contamination or chemical degradation for liquid dosage forms (solutions, elixirs),
organoleptic changes in semisolid and solid dosage forms such as mottling and tackiness,
as well as chemical issues such as hydrolysis and oxidation [3].

Chemical stability plays a major role in FPPs where the API is molecularly dispersed,
such as in solutions, but also in semisolid and solid formulations. In high-water-content
medicines, the evaluation of the microbiological stability is important as it can cause critical
health care issues. Apart from potency loss and microbiological growth, degradants can
appear over time and can lead to toxicity in patients, and hence, their quantification is key
to determine the overall safety profile of the dosage form [4].

On the contrary, physical instability including appearance, palatability, uniformity, or
dissolution mostly occurs in solid dosage forms as well as suspensions. The particle size
of suspensions is a crucial factor to determine the biopharmaceutical performance of the
formulation. Over time, the particle size growth can result in deflocculated suspensions;
they are difficult to re-disperse, affecting the accurate dosing, but also, larger sizes can
be detrimental to the oral drug bioavailability. Changes in physical stability are also
fundamentally critical in amorphous solid dispersions. Over time, crystallization of the
API can take place, and hence, this can cause a profound impact on the dissolution rate of
the API and thus, its oral bioavailability [4].

Microbiological instability is a common factor of liquid dosage forms due to the high
percentage of water of the preparation. To maintain the effectiveness, microbial growth is
reduced by adding to the formulation of some antimicrobial excipients and using suitable
storage conditions, as included in Table 1 [3].

Table 1. Impact of drug instability in liquid formulations [4,5].

Type of Instability Impact on Formulation Performance

Chemical

Loss of API content

Appearance of drug degradation products or impurities

Solvent evaporation resulting in an increase in API concentration

Physical

Lack of content uniformity

Alteration of organoleptic properties leading to poor patient
acceptability
Crystallization of the API resulting in poor oral bioavailability

Biopharmaceutical Alteration in drug conformation, bioavailability, and loss of activity

Microbiological Contamination or increase in the number of microorganisms

2. Stability Studies

The stability paradigm was established by the publication of a set of stability guide-
lines (ICH Q1A-F, Q3A-B, Q5C, and Q6A-B) of APIs and FPPs in the early 2000s by the
International Conference on Harmonization of Technical Requirements of Pharmaceuticals
for Human Use (ICH) along with the World Health Organization (WHO). To unify the
standards amongst the European Union, Japan, and the United States, and to define the
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core stability data storage required according to the climate zone (I–IV), a set of stability
guidance was drafted and published to facilitate the mutual marketing authorization [6].

Following the requirements established by the ICH guidelines (40 ◦C ± 2 ◦C/75%
RH ± 5% RH as general cases) for accelerated stability studies, it would take at least 6
months of experimental laboratory work to obtain preliminary stability data to include
in a dossier that would be submitted to the competent regulatory medicine agencies. The
development of novel tools to accelerate this process is crucial to ensure fast and correct
decision-making by pharmaceutical companies during the preclinical phase development of
new medicines. For example, different excipients can be selected during drug formulation
development. Faster decisions to choose the right one should be made by attending to the
in vivo drug performance but also drug stability. Accelerated Predictive Stability (APS)
studies have been developed with this purpose and they can provide a data set in less than
1 month, hence saving time and reducing costs. The implementation of APS studies during
the development of industrially fabricated medicines and extemporaneous compounding
formulations will be discussed in this review.

Different storage requirements of temperature, humidity, and storing time are defined
in the ICH guidelines for industrially fabricated medicines (APIs and FPPs) according to
the type of study: long-term, intermediate and accelerated [1]. However, the stability of
compounding preparations according to USP is not specifically described. It is based on
the stability experience of compounds, limitation of the expiry date of each compounding
monograph, and recommendations according to the dosage forms. The aim of the FDA
is that pharmacists prepare extemporaneous compounded formulations when there is
no suitable commercially available medicine in the market. Keeping a balance between
suitability and stability is key when preparing extemporaneous formulations [7].

Stability studies are essential to ensure the quality, efficacy, and security of drug
substances and products. These stability guidelines have the purpose to provide evidence
of how the quality of the drugs is modified under different factors (light, humidity, and
temperature) as well as the degradation processes that take place.

In the early 1990s, ICH guidelines compiled the steps to revise the stability data from
industrially manufactured medicines. During the 2000s, The World Health Organization
(WHO) made some modifications to these guidelines. Extreme climatic conditions for some
countries were included, and also, defined guidelines for the global environment were
added [8]. Information related to the stability data, the testing of new drug substances and
products, the evaluation of the data, analysis of the impurities, and the storage conditions
according to the climate zone were included and well defined in these guidelines (ICH
Q1A-QF, 2003). The testing frequency, the storage conditions, the number of replicates, and
the length of the studies should be defined in the dossier to cover the time of use, shipment,
and storage (Figure 1) [9].
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Besides the ICH guidelines, the Committee for Proprietary Medicinal Products (CPMP)
collects stability-testing rules (Figure 2). The European Agency for the Evaluation of
Medicinal Products (EMEA) pursues the objective to support and hold pharmaceutical
applications for the authorization of medicinal products in the European Union [10].
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Storage Conditions

For data submission to competent regulatory authorities, manufacturers should per-
form stability studies to ensure the storage, shipment, and conservation of FPPs during
the whole product shelf life. Shelf life under different climate conditions should demon-
strate thermal stability and sensitivity to moisture in the countries of destination. There
are four climatic zones (I–IV) distinguished by their average temperature and humidity
annual conditions. The climatic zones where the APIs or the FPPs are prescribed and sold
determine the storage conditions that should be used [11]. ICH Q1A (R2) described the test
conditions of stability studies agreed by Japan, the EU, and the United States for Climatic
zones II and I. Stability information produced in any of these regions would be accepted by
the rest and would be correctly labeled according to specific country requirements.

However, in 2003, ICH Q1F: Stability Data Package for Registration Applications in
Climatic Zones III and IV was updated to include the countries not located in ICH Q1A
(R2). ICH experts were forced to publish an explanatory note about the umbrella countries
of the ICH and the agreed storage conditions to unify stability storage and study-length
criteria and reduce the number of different storage conditions.

The consensual conditions were voted for by WHO through a survey amongst their
member states to agree on the following conditions: 30 ◦C/65% RH as the long-term storage
conditions for Climatic Zone III/IV countries [12,13].

Nevertheless, some countries in Climatic Zone IV revised their stability guidelines
and communicated the need to include a bigger margin of the percentage in RH, defining
their long-term storage conditions as 30 ◦C/75% RH. Regulatory authorities have agreed to
accept studies with more restricted humidity conditions [1,12] (Table 2, Figure 3).

The long-term (real-time) testing should include the duration of the submission of
the primary batches and cover the retest period. During the period of registration, addi-
tional data from accelerated and intermediate studies can be used to evaluate the effect of
excursions in extreme conditions outside the label storage recommendations (i.e., during
shipment). Long-term storage should be predicted with the APS studies. If any excursions
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occurred during the testing in accelerated conditions, an explanation should be required to
study the short-term excursions outside the label.

Table 2. ICH Climatic zones and long-term stability conditions [6,9,14]. The minimum time duration
for long-term studies is 12 months.

Climate Zone Type of Climate Countries Long Term Testing
Temperature (◦C)

Long Term Testing
Relative Humidity (RH)

I Temperate United Kingdom, Northern
Europe, Russia, United States 21 ◦C 45%

II Subtropical and
Mediterranean Japan, Southern Europe 25 ◦C 60%

III Hot and dry Iraq, India 30 ◦C 35%

IVa Hot and humid Iran, Egypt 30 ◦C 65%

IVb Hot and very humid Brazil, Singapore 30 ◦C 75%

Another factor that should be controlled for its influence on the preparations is the
container. The container closure system should be similar to the commercialized product
and should include primary packaging components and secondary packaging components
to protect the FPPs. Packaging materials are classified according to their permeability to
moisture, light, and temperature [6,12] (Table 3).

Table 3. Types of stability studies for FPPs. Modified from: [6,12]. Key: RT, Room temperature.

Storage
Condition Container Type Type of Study ICH Storage Condition

Minimum Time
Period Covered before

Data at Submission

RT

General case

LONG-TERM
25 ◦C ± 2 ◦C/60% RH ± 5% RH or
30 ◦C ± 2 ◦C/65% RH ± 5% RH or
30 ◦C ± 2 ◦C/75% RH ± 5% RH

12 months or
6 months

INTERMEDIATE 30 ◦C ± 2 ◦C/65% RH ± 5% RH 6 months

ACCELE-RATED 40 ◦C ± 2 ◦C/75% RH ± 5% RH 6 months

Impermeable
containers

Packaging materials are classified depending on sealing, thickness, and permeability
coefficients. In these packaging materials, the moisture sensitivity and risk of solvent loss is
not critical. Stability studies can be performed under any controlled or ambient RH
condition.

Semi-permeable
containers

LONG-TERM 25 ◦C ± 2 ◦C/40% RH ± 5% RH or
30 ◦C ± 2 ◦C/35% RH ± 5% RH 12 months or 6 months

INTERMEDIATE 30 ◦C ± 2 ◦C/35% RH ± 5% RH 6 months

ACCELE-RATED 40 ◦C ± 2 ◦C/not more than (NMT) ±
25% RH 6 months

Refrigerated

LONG-TERM 5 ◦C ± 3 ◦C 12 months or 6 months

ACCELE-RATED
25 ◦C ± 2 ◦C/60% RH ± 5% RH or
30 ◦C ± 2 ◦C/65% RH ± 5% RH or
30 ◦C ± 2 ◦C/75% RH ± 5% RH

6 months

Freezer LONG-TERM –20 ◦C ± 5 ◦C 12 months or 6 months
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3. APS Studies vs. ICH Studies

ICH guidelines have established the core of stability data required for selling APIs and
FPPs and regulatory approval. Stability testing is based on several factors such as storage
conditions, time of storing, and influence of environmental conditions or container closure
systems. These storage conditions simulated in real-time the shipment, use of the product,
and storage. According to the type of study, some steps and conditions are described for
each type: long-term, intermediate, and accelerated studies (Table 3).

As a novel approach to predict the long-term stability of pharmaceutical products,
Accelerated Predictive Stability studies (APSs) have emerged as a more efficient and less
time-consuming approach. These studies are designed to increase the rate of pharmaceutical
degradation and to measure the changes undergone by the products due to forced storage
conditions.

Depending on the type and purpose of stability studies, stability testing could be
used for different applications: the development of the FPPs, the registration of the dossier,
quality assurance, or quality control (Figure 4). These uses have the objective of selecting
the most stable formulation and container closure, determining the shelf life and storage
conditions, as well as verifying possible changes in the existing formulation [8].
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4. Accelerated Predictive Stability (ASP) Studies

The accelerated stability assessment program (ASAP) was described to establish the
stability modelling of pharmaceutical materials by Waterman and co-workers [15]. This
program was based on a moisture-modified Arrhenius equation to provide a guiding
protocol to follow when performing stability studies. Extreme temperatures and RH
conditions (>40 ◦C) are combined during shorter periods (3–4 weeks) to understand which
degradation kinetic governs the process and hence, to be able to extrapolate what happens
under the conditions described in the ICH guidelines (Figure 5). These studies play an
important role in understanding and assessing stability properties and advancing the
pharmacokinetic behavior of drugs in the long term [16].
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In contrast with ICH guidelines, APS focuses on reducing the time of testing (acceler-
ated) and risk-analyses (predictive) and is defined by the following characteristics [16]:

• A wide range of storage conditions with different temperatures and moisture condi-
tions are used to define the degradation kinetics. Time points of storage are versatile
depending on the pharmaceutical stability, from days to weeks.

• Study endpoints are different according to the duration of the study to obtain a similar
level of degradation. The milder the conditions of the study, the longer it will take.

• Experimental results are modelled using a range of different equations (e.g., zero, first,
second, diffusion, and Avrami kinetics) to understand which kinetic model governs
the degradation process.

• Shelf-life use is predicted for long-term studies using the APS model.
• APS models should be contrasted with registration data of real-time ICH stability

studies.

This new tool, APS, can quickly and accurately predict the expiry date for APIs and
FPPs, helping the decision-making process, which is especially critical in the pipeline when
bringing new molecules and formulations to the market [15].

Different degradation kinetics are investigated during APS. These APS studies can
predict excursions of the degradation and shelf life of long-term studies. The most influ-
enced factors for the data analysis are internal factors such as product degradation and also
external conditions (temperature, humidity, light, and oxygen concentration) [17].
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Application Areas of APSs

APS is considered a useful tool for defining and predicting the drug development life
cycle, kinetic degradation, packaging selection, API retesting, and products of degradation,
as well as understanding formulations [16,17]. APSs were developed to study a wide range
of dosage forms (oral, topical, transdermal, or injectable forms) and APIs or container
materials. They are also used to predict the degradation of products and to take advantage
of suitable storage conditions for long-term studies. APSs follow Arrhenius kinetics to
establish chemical and physical degradation of the active ingredients.

The application areas include clinical development (API selection, suitable packag-
ing, storage condition specifications, shelf life, excipient election or equivalency of batch,
supplier), applications during registration (supportive pharmaceutical development, QbD
or package selection), and post-approval changes (assessment changes during evaluation
about continent and container data).

5. Extemporaneous Compounding Formulations

The stability for compounding formulations is defined in the Pharmacopoeias and
Nationals Formularies (NF). These documents compile the authorized monographs with
the manufacturing conditions and storage specifications. Stability conditions for these
formulations can usually differ from the industrially fabricated medicines.

Compounding guidelines are based on these reference documents and establish the
stability of the preparation and the expiry date, according to the APIs, the container, and
the law restrictions. Most of these formulations are manufactured in pharmacies or small
laboratories without preserving excipients, following the health agencies’ recommendations
and guidelines, and for this reason, the expiry date is more restrictive than industrially
fabricated medicines.

To determine the exact expiry date of extemporaneous compounding formulations is a
challenging task as it depends on the number of times that the container is opened during
use, the dosage form, the hygiene of the patient, the storage, and handling conditions.
Additionally, it is also important to consider the final characteristics of the formulation,
especially how long the medication should be used for and also the presence of preser-
vatives in the formulation, the material of the container employed, and the openness of
the packaging.

As an example, we have taken into account the Spanish law, in which the validation
period of extemporaneous compounding formulations is defined in monographs compiled
in Nationals Formularies (RD 175/2001 of 23rd of February). Additionally, the expiry
date documented in the literature is taken into account [18,19]. The recommended phar-
maceutical validation period is mainly defined by the dosage form, the suitable storage
temperature (room temperature: <25 ◦C), and the storage conditions recommended for dry
and dark locations and hermetic containers [20].

In the case of aqueous solutions, the maximum time of shelf life is 6 months, for nose
drops it is 3 months and for ophthalmic solutions it is 1 month, although it is important to
remember that according to the Spanish law (RD 1718/2010 of 17th of December) about
medical prescriptions and dispensing mediation, the expiry date should not exceed over
3 months (Figure 6) [21–23].

The USP and NF recommendations suggest a beyond-use time of 6 months (or no
longer than 25% of the time remaining of the validation period) for non-aqueous liquids and
solid formulations, 14 days for liquid preparations (stored between 2 and 8 ◦C) prepared in
solid form and 30 days or no longer than the therapy duration for the rest of formulations.
However, the beyond-use date could be extended with scientifically validated data [22].

Furthermore, certain compounding formulations can contain active ingredients with
limited expiry dates, and for this reason, their period of validation is limited to 1 month.
Some of these APIs require preservatives and antimicrobial excipients in their formulations,
such as erythromycin, vitamin E, potassium permanganate, ascorbic acid, ketoconazole,
and hydroxychloroquine.
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6. Differences between APS and Forced Degradation Studies

Forced degradation studies are designed to identify most of the degradation products
for an API, while APSs aim to predict the degradation kinetics and hence the shelf life of the
product through the isoconversion time, which is defined as the time a certain degradation
product, total degradants, or potency reach the specification limit [24]. The main objectives
for forced degradation studies are [25]:

• To determine the structure of degradation products and their degradation reactions.
• To investigate the mechanism of the chemical degradation reactions, distinguishing

between intrinsic degradation products from those related to the formulation.
• To reduce stability issues when formulating more stable preparations.
• To simulate products of degradation that can be formed under ICH conditions and

should be quantified.

The existence of several types of degradation reactions promotes a huge variety of new
structures (Figure 7). The most common degradation mechanism are oxidation, hydrolysis,
thermal degradation, isomerization, and photolysis [4].
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There are certain functional groups located in the chemical structure of drugs that
frequently suffer from hydrolysis (due to the presence of water molecules: H3O+, or OH−)
(Figure 8). To prevent these reactions from occurring, the drug should be formulated at
the highest stability pH by modifying the dielectric constant of the environment due to
the addition of different cosolvents, by reducing the API solubility and decreasing its



Pharmaceutics 2022, 14, 2324 10 of 21

contact with water or by protecting the susceptible functional groups from the hydrolysis
reactions [4].
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Oxidation takes place when the pharmacological compound enters into contact with
oxygen. Oxidation reactions tend to promote the formation of free radicals, which trigger
chain reactions due to the electron transfer mechanism [4,25]. Photolysis is a kind of
reaction experienced by certain drugs that are sensitive to sunlight, leading to the formation
of degradation products. Some APIs can capture the UV light and become self-activated,
leading to photolysis. Thermal degradation is performed in extreme heat conditions, not
only under dry conditions but also with wet heat. The Arrhenius equation is the tool that
allows us to study the impact of temperature on the activation energy (Ea) of the API [3,25].

7. Fundamentals behind an APS Study

APS aims to predict the stability of products in shorter periods using more extreme
conditions. Temperatures commonly used range between 50 and 80 ◦C combined with
different ranges of relative humidity (10–75%). In APSs, the most important factor is the
isoconversion time, defined as the time to edge to failure, in other words, the time to
reach a certain specification limit for potency or degradants. In traditional stability studies,
degradation at fixed time points (i.e., 3, 6, 12, 18, 24 months) is determined and hence,
there is a different level of degradation in each condition. However, in APS studies, the
conversion to degradation products is kept constant to target the specification limit, while
the time is varied at each condition [24].

Ideally, to estimate the isoconversion time with a small error, the degradation at
a particular condition should be close to the specification limit. Hence, the different
combinations of extreme relative humidity and temperatures should be carefully selected
to avoid the need of a great extrapolation, which would results in lower precision. This
implies prior knowledge of the API or formulation testing, which is not necessary for ICH
studies [28,29].

Mathematical calculations in APSs are based on the use of the Arrhenius equation,
which describes the relationship between the rate of degradation and temperature in a
liquid state (Equation (1)) [29]:

k = Ae−
Ea
RT (1)

where k is the chemical reaction rate, A is the preexponential factor related to the probability
of the molecules colliding with the correct orientation so that the collision gives rise to
the product’s preexponential factor, Ea is the activation energy of the reaction, typically
measured in kJ mol−1 or kcal mol−1, which describes the “temperature sensitivity” of
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the drug, R is the universal gas constant with values of 8.314 J K−1 mol−1 or 1.987 Cal
K−1 mol−1 and T is the absolute temperature expressed in Kelvin degrees. According
to the collision theory, when the temperature rises, molecules move faster and collide
more vigorously, increasing the likelihood of bond cleavages and rearrangements. A high
temperature and low activation energy favors larger degradation constants (k) and then
speeds up the reaction. When temperature is raised, the number of molecules that possess
an energy equal to or greater than the activation energy increases, which triggers the
chemical reaction; in this case, it is drug degradation. From the exponential part of the
Arrhenius equation (Equation (1)), the probability density that one model of a reactant has
a kinetic energy above the activation energy can be known and hence, so can the likelihood
for the reaction to occur.

Based on this premise, APSs performed at extreme temperatures will trigger the
formation of degradation products faster. From a practical point of view, the linear form of
this equation can be obtained by applying logarithms (Equation (2)) [30]:

Lnk = LnA − Ea
RT

(2)

The logarithmic form of the Arrhenius equation is used to easily represent the degrada-
tion rate in a straight line and to compare different degradation slopes. When representing
Lnk in the ordinate axis and 1/T in the abscissa axis, experimental data follow a linear
trend, which allows for extrapolating the Lnk that governs the degradation process at lower
temperatures (Figure 9). Knowing the degradation rate at these temperatures (40 ◦C and
below), a prediction of the shelf life at ICH conditions can be established.
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However, pharmaceutical solid dosage forms are highly affected by moisture, and
hence, the use of only the classical Arrhenius equation is not enough to make a good
prediction of the shelf life. For this reason, another innovative concept behind APS is
the use of the humidity-corrected Arrhenius equation, considering the effect of moisture
(Equation (3)):

Lnk = LnA − Ea
RT

+ B(RH) (3)

where B is a coefficient that represents the “humidity sensitivity” of the drug and RH is
the relative humidity expressed as a percentage (%). The humidity-corrected Arrhenius
equation explains the influence of RH combined with temperature in drug degradation
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processes. Molecular mobility is also highly affected by relative humidity. Thus, the higher
the values of B, the greater the impact of moisture on drug stability.

The correlation amongst the rate of degradation (Lnk), relative humidity (%), and
temperature (1/T) can be explained by a three-dimensional graph (Figure 10).
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Figure 10. Three-dimensional representation of the degradation rate (Lnk), temperature (1/T) and
relative humidity (%). Modified from [29].

Lnk is represented in the abscissa axis, 1/T in the ordinate axis, and percentage of RH
(% RH) in the z-axis, creating a plane in two dimensions. Lnk generates two slopes referring
to the plane: the slope of Lnk against 1/T axis (represented in Figure 9 as: −Ea/R) and the
slope of Lnk against % RH axis (represented in Figure 9 as coefficient B). Different software,
such as ASAP Prime, can be used to extrapolate these values from the 3D graph [29]. The
term B can be calculated using the following equation:

B(RH) = Ln
ln k1 − k 2

RH1 − RH2
(4)

To enhance accuracy in the extrapolation of the term B, it is necessary to perform
APS studies that include several conditions combining different RH values at the same
temperature. In this case, the slope of Lnk against % RH can be calculated.

There is no mention in the ICH guidelines of the Arrhenius equation, while it exists
in USP references [3,31,32] referring to the mean kinetic temperature (MKT). The MKT is
the temperature calculated in a period as the sum of different degradations that happen at
different temperatures. This temperature represents the storage effect and is calculated by
the following equation:

Tk =
∆H/R

−ln

(
e
− ∆H

RT1 +e
− ∆H

RT2 +...+e
− ∆H

RTn
n

) (5)

where the degradation rate (k) can be modified with temperature and humidity changes.



Pharmaceutics 2022, 14, 2324 13 of 21

Determining the degradation rate (k) is very challenging and can raise multiple con-
cerns. Different degradation models are expressed with a range of distinct profile graphics
that can be linear or non-linear. According to the kinetics of the degradation process, several
models of degradation have been defined (Table 4).

Table 4. Main kinetic models for degradation processes. Modified from: [17,29].

Name Differential Form ( dα
dt =)

Zero-order k

First-order k(1 − α)

Second-order k(1 − α)2

Power law (order “n”) k(1 − α)3

Nucleation (Avrami, order “n”) nk(α)(n−1)/n

Contracting area (n = 2)/Contracting volume (n = 3) n·k(1 − α)[− ln(−α)](n−1)/n

1-D diffusion n·k(1 − α)(n−1)/n

Exponential k·α

Linear degradation models are those employed to calculate the degradation rate (k) in
which it is necessary to know the percentage of degradation and length of time-on-storage.
Zero-order kinetics are those in which the degradation rate is unchanged as the amount of
drug substance decreases [4,29]. However, it is relatively rare to find genuine zero-order
reactions. Most zero-order reactions are actually first- or second-order reactions concerning
the reactant, in which the reaction is stopped before the degradation rate starts to slow
down due to consumption of the drug. Bearing in mind that specification limits for drug
loss are commonly below 10%, greater percentages of degradation are not relevant, and
thus we can assume that the drug substance degrades in an apparently linear fashion.

Non-linear degradation models are by far more common than linear ones. There
are multiple reasons behind these profiles, such as (i) complex chemical degradation
mechanisms in which many consecutive, competing, and reversible kinetics are involved,
(ii) heterogeneous physical states in which each state may have different susceptibility to
degradation, resulting in different fractions of reactive environments as time progresses,
(iii) the limit of degradation, which is frequently below 100% and dictates the extent
of the degradation process, e.g., when only a small fraction of the drug is in a reactive
state, (iv) non-linear physical and solid-state processes such as nucleation, diffusion and
contracting volume, and (v) non-fixed humidity environments, as the humidity inside the
packaging can slowly increase due to moisture permeation through the packaging.

Based on the above circumstances, it is very challenging to determine accurately
the value of “k” to model the effect of temperature and relative humidity on the drug
substance stability. The degradation profile selected should represent what occurs at a
lower extent of degradation, matching our specification limit. For this reason, the focus on
the isoconversion time is key in the selection of the most suitable kinetic profile. The shape
of the degradation curve does not matter, but that this shape remains consistent across all
the different stability conditions tested does, and hence it can be determined how long our
drug substance has to be exposed to a certain level of temperature and relative humidity
for to reach the specification limit.

8. How to Implement an APS Study

Before running an APS protocol, careful considerations have to be taken into account
to select suitable conditions of temperature and relative humidity. For example, the purpose
of the study should be clear: is it to confirm long-term stability data or to verify what
happens during an excursion at extreme conditions? Additionally, the specification limit
for the API degradation and the ideal storage conditions for this product should be known
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(e.g., lyophilized products should not be exposed to extreme relative humidity conditions).
Time points should be carefully chosen. Commonly, earlier time points are needed at
greater temperature and relative humidity conditions. Finally, a suitable analytical test
should be properly validated before starting the experiment to ensure high sensitivity and
to obtain more accurate and reliable stability-prediction models.

After establishing the objective of an APS study, specific information about the API
and the storage conditions should be compiled to elaborate on the protocol. Relevant
physicochemical characteristics of the API should be studied, such as melting point, del-
iquescence, chances of crystallization if the drug is in the amorphous state, hydration
and dehydration, and any other material attributes that may be relevant to set up the
temperature and relative humidity conditions of the study.

Concerning the storage conditions, the temperature usually ranges from 50 to 90 ◦C;
being the latter, the upper-temperature limit is commonly used to consider whether the
vaporization of water molecules can take place at higher temperatures. The relative hu-
midity is fixed in each stability chamber, ranging from 5 to 85%. Saturated salt solutions
are used in APS studies to prepare a constant environment of RH in a closed container
inside the chamber. The combination of temperature and relative humidity should be
randomized to avoid alised conditions. A minimum of five conditions is recommended
from a statistical point of view to maintain three degrees of freedom. Several time points,
including repetitions, should be included in each condition to predict the degradation
kinetics and establish a suitable relationship between time and degradation. Frequently,
time points tend to be shorter (1–7 days) when using more extreme conditions (temperature
above 70 ◦C and relative humidity above 50%) while longer time points (7–21 days) are
selected at milder temperatures (below 70 ◦C) and relative humidity (<50%).

In contrast with ICH guidelines, APS studies develop stability tests involving direct
contact of the drug with temperature and relative humidity conditions inside stability
chambers instead of performing the stability studies inside the packaging container. APS
protocols commonly have three well-differentiated stages: sample ageing, sample analysis,
and model building and stability prediction (Figure 11) [17].
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Stage 1 (Sample Ageing): In this stage, the stability chambers are prepared based on the
temperature and relative humidity conditions selected. Specific saturated salt solutions are
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introduced to each chamber to reach the desired relative humidity. Ideally, samples should
not be introduced inside the chambers until the relative humidity and temperature have
reached equilibrium, which should be confirmed with the corresponding sensor. Chambers
with a small headspace tend to equilibrate faster than large containers. Once the stability
chambers are ready, final dosage forms without packaging material are introduced in a glass
vial within each chamber. Powder APIs can also be tested, for which it is recommended to
weigh and introduce the same amount of material in each stability chamber. To minimize
errors during the sample analysis at Stage 2, samples should be introduced sequentially in
each chamber in such a way that at the end of the study all the samples are withdrawn and
analyzed in a single batch.

Stage 2 (Sample Analysis): the aged test material will be analyzed using a stability-
indicating HPLC method. Depending on the set APS protocol, the percentage of degradants
or the drug loss at different time points and conditions will be quantified. It is key to ensure
a high reproducibility in the method to reduce the overall standard error of the experiment.

Stage 3 (Model Building and Stability Prediction): the data obtained in stage 2 will be
used to build the corresponding degradation kinetic models. The degradation rate will be
determined based on the theoretical model that better fits the experimental data points in
all the conditions tested. At this point, the isoconversion time should be considered and
the model with the best fitting around the specification limit should be selected. Those
conditions that led to a high percentage of degradation should be removed as they are
not relevant and can alter the selection of the most suitable degradation profile. Once the
degradation rates (“k”) are calculated, the activation energy and b value can be calculated
from the modified Arrhenius equation. Based on this equation, the degradation rate at
ICH conditions can be extrapolated, and hence, the long-term stability prediction can be
obtained (Figure 11).

9. Stability Chambers

Storage conditions should be carefully monitored during the whole stability study in
both ICH and APS studies. On certain occasions, it is difficult to reassure the maintenance
of controlled temperature and humidity, especially when extreme conditions are used.
There is a wide variety of stability chambers in the market. In ICH studies, large chambers
with integrated temperature and moisture controllers are commonly used, with capacity
for many samples (Figure 12a). On some occasions, large rooms are equipped with sensors
to be used as stability chambers instead. However, the stability chambers for APSs are
different, as a small number of samples and a greater number of conditions combining
different relative humidity levels and temperatures are required. To meet this purpose,
smaller containers are commonly utilized. These chambers can be just a hermetically closed
glass container, such as basic jam jars (Figure 12b), or more advanced devices such as a
Cuspor Ageing System (Figure 12c) or Amebis Stability Testing System (Figure 12d) [33,34],
which include a sensor for both relative humidity and temperature and in which the empty
headspace inside the chamber is limited to ensure that the relative humidity reaches a fast
equilibrium after closure. To generate the relative humidity inside the smaller container, a
saturated salt solution is used [35]. These systems have been successfully tested in a wide
range of pharmaceutical stability studies [36–39].
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10. Implementing APS Studies on Long-Term Dissolution Drug Performance

APSs have been successfully applied in the prediction of chemical stability; however,
very little information can be found regarding their use in the prediction of physical changes
such as color, hardness, disintegration, and dissolution [28]. Slowdown of dissolution
performance on stability can potentially impact the drug bioavailability. The complexity
is that the mechanisms of dissolution slowdown on stability are unclear, but as chemical
degradation, temperature, relative humidity, and time are the key factors involved. The
slowdown seems to occur by physical processes rather than chemical ones, due to a greater
significance of the effect of relative humidity compared to temperature and the relative
rapidity of the slowdown process.

Several authors have demonstrated the capability of APSs to predict not only the
chemical stability but also the dissolution performance on stability [30,40]. When selecting
the APS experimental conditions, the same principle as that for the chemical stability should
be taken into consideration. For example, the conditions chosen should generate enough
dissolution to slow down to reach the isoconversion (edge to failure) but not overly stress
the product, as secondary mechanisms can occur. To build the models, the dissolution
slows down and can be considered as potency loss over time. The data can still be fitted into
the Arrhenius equation. The balanced residuals can be used as indicators of the accuracy of
the prediction [41].

When predicting how the dissolution profile is affected during dissolution, a new
parameter referred to as the acceleration factor can be used. This factor represents the
degree by which the timescale of a dissolution profile needs to be scaled to overlay it onto
the dissolution profile that was obtained initially (time 0). This factor follows an exponential
decay curve under accelerated stability conditions. Although different dissolution rates
are obtained at different conditions of temperature and relative humidity, the shape of the
dissolution profile remains consistent in most cases, which allows extrapolation at ICH
conditions [30].

11. Implementing APS on the Stability of Biological Products

According to ICH Q5C, the two key characteristics that should be included in the
stability studies for biotechnological products are potency and purity; potency depends
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on the conjugation of active ingredients and purity is difficult to determine due to the
effect of glycosylation or deamination. Other characteristics should also be monitored,
such as closure system, additives, sterility, or visual appearance [42]. The testing frequency
may differ from days to years to evaluate the real-time stability, and the long-term testing
under extreme conditions is usually performed under different temperature conditions and
protected from humidity.

The success of the APS methodology has promoted the desire to expand the use of
these scientific concepts to other areas, such as biological products. However, additional
considerations should be taken into account for these types of products, such as the physical
conformation of the compound and its particle size, aggregation tendency, or denaturation.
Conditions for APS studies should be carefully selected on a case-by-case basis [42–44].

Biological products are made up of active products with proteins and/or polypeptides
in which the maintenance of the molecular conformation is quite characteristic and depen-
dent on molecular forces. Complex analytical methods are needed to evaluate the stability
of biological products (e.g., electrophoresis and size exclusion chromatography, besides
those traditionally used such as HPLC, MS) as many external factors can influence them. It
is important to consider that many of these products are thermodynamically unstable and
the knowledge of the influence of temperature on their physical state is crucial to develop
an APS study with a guarantee.

Despite the large number of investigations about the stability of small molecules (APIs
and FPPs), the APS studies for peptides and biological products are very limited. Waterman
and colleagues investigated the stability of bacitracin under APS studies using extreme
temperatures from 50 to 80 ◦C and relative humidity up to 63% for 21 days [44]. The
generated model’s predictions for the peptide were in agreement with long-term data at
30 ◦C/53% RH and 40 ◦C/75% RH, which validates this approach for accelerating the
determination of the long-term stability of peptides [44]. Oliva and colleagues also devel-
oped an improved methodology to perform APS studies with peptide drugs. Combining
the use of the reparametrized Arrhenius equation with the simultaneous treatment of all
stability data using the bootstrap approach led to better long-term data prediction than the
determination of individual rate constants [45]. However, more studies are still necessary
to demonstrate the full potential and applicability of this approach in biological products.

12. Acceptability and Limitations of an APS Study

Accelerated stability studies have made great progress in predicting degradation
models and reducing the costs of traditional stability studies according to ICH. However,
when these two approaches are compared, the predictions do not always agree in terms of
expected degradation [46].

These protocols are focused on the chemical degradation of both substances, APIs
and FPPs, although neither physical aspects nor quality controls in solid products such
as friability or hardness test of tablets are deeply examined. These limitations of APS are
based on the incompatibility of physical changes and following the Arrhenius equation.
Extreme temperatures should be used in APS studies; however, these temperatures should
not exceed the melting point of the API or its deliquesce point. Similar considerations
should be taken when testing amorphous solid dispersions, where selected temperatures
below the glass transition of the amorphous system are recommended.

The acceptability of APS studies is based on their advantageous characteristics, as
mentioned before. Their versatile time points of storage and points of analysis help us to
study the pharmaceutical product during its whole life cycle. They offer suitable storage
conditions, products of degradation, long-term shelf life, and an understanding of the
degradation kinetics. All these reasons have converted APS into a key tool for stability
studies, saving time and money and helping to evaluate the degradation of drugs in
comparison to traditional ICH protocols, also providing the supportive data to predict
traditional time-based long-term stability. In regulatory filings, even in some cases, they
can be treated as the only data [47].
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With all the progress made in this field, regulatory authorities such as FDA, Health
Canada, and those from many European countries, are more frequently taking these APS
protocols into consideration in the registration process of drugs, especially in the early
phases of drug development (Phase I and Phase II) [48,49].

Some companies, such as Pfizer, have been utilizing risk tools as a design of experiment
(DOE) based on the APS approach during the last decade. Robust protocol designs, storage
conditions, the election of closure systems and the impact of changes in drug products
settle the clinical and registration information to submit to authorities [49].

A new APS strategy is lean stability, a tool based on monitoring the relevant attributes
and time points aimed at reducing the length of study and indeed determining shelf
life. It includes technical adjustments to increase efficiency and assure the quality of the
product, focusing on the individual product’s stability-related quality attributes. This
alternate strategy allows companies to redirect their resources to these attributes and
analyze historical data. APS studies use lean stability in unpacked drug product storage in
different ranges of temperature and relative humidity to push the package material to its
specification limits. Isoconversion allows us to extrapolate the shelf life to other conditions
and is used with the moisture-modified Arrhenius equation for solid dosage forms [50,51].

13. Future Perspective and Conclusions

Pharmaceutical stability is an arduous concept to address considering its pleomorphic
statuses, such as chemical, physical, and microbiological aspects. ICH guidelines dictate the
standard conditions for performing long-term studies. Even though accelerated conditions
are also proposed in the ICH guidelines, the time required to acquire all experimental data
goes beyond at least 6 months, which is to the detriment of a fast decision-making and
manufacturing process of industrially fabricated medicines. APS studies carried out over
a 3–4-week period and combining extreme temperatures and RH conditions (>40 ◦C and
up to 90% RH) have emerged as novel approaches to predicting the long-term stability of
pharmaceutical products in a more efficient and less time-consuming manner.

The modification of the Arrhenius equation, including the moisture-sensitivity factor,
has allowed us to take into account the impact of relative humidity on drug degradation,
which is of special relevance when predicting the stability of solid dosage forms. How-
ever, the most important contribution of APS studies is the use of isoconversion time to
predict stability, for which the conditions of relative humidity and temperature should be
carefully selected to reach a certain specification limit for potency and degradants. The
use of APS data is gaining importance as it can be used in the dossier submitted to reg-
ulatory authorities for drug approval. Apart from its usefulness in predicting chemical
stability of small molecular weight drugs, other applications such as stability prediction
of biological products and extrapolation of dissolution slowdown of solid dosage forms
are under investigation, with promising results already having been obtained. In contrast,
extemporaneous compounding formulations suffer from a very short shelf life, which is
the consequence of the lack of scientific stability data to support longer storage periods.
The application of a short APS protocol to extemporaneous compounding formulations
could greatly benefit this type of medicine by extending their shelf life in a safer manner.
This can be translated into a reduced waste of stable medicines and also a lower demand
from hospital and community pharmacists to elaborate on this type of medicine.
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