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Excursions from storage condition requirements may affect product performance and stability. The effects
of temperature excursion on stability depend on the amount of time that a product is subjected to these
conditions, temperature level, and activation energy. Both time at elevated temperature and the temper-
ature level can be directly measured, while activation energy needs to be estimated from the accelerated
stability tests. Coulter Clenz® reagent degradation information is used to demonstrate the effects of tem-
perature excursions. The stability of the product is affected by any excursion, but Coulter Clenz® will not

◦ ◦

tability
ccelerated stability
rrhenius model
helf life
egradation

lose all of its stability for excursion of up to 30 days at 35 C and 20 days at 40 C. Temperature excur-
sion for up to 20 days at 40 ◦C will reduce the stability of a product that has activation energy in the
range of 26–30 kcal mol−1 approximately by 5–7 months. Products with lower activation energy will have
a significantly lower reduction in stability. The effects of excursions on shelf life performance are less
severe when lower level of risk is implemented to establish the claimed shelf life. The proposed model
can effectively predict temperature excursion if used within the scope of a product performance and its
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characteristics.

. Introduction

Products must retain their original properties and functional-
ty during storage as defined by the manufacturer’s specifications.
roducts in storage may change as they age but they are consid-
red to be stable as long as their characteristics remain with the
pecifications. The period of time that a product is stable at the rec-
mmended storage conditions is referred to as the shelf life, while
he change of the performance as it ages is called degradation [1,2].
egradation is defined in terms of loss of activity or/and decrease
f performance with age and follows a specific pattern depending
n the kinetics of the chemical reaction. The amount of change in
unit of time is called the degradation rate. This depends on the

equired activation energy for the chemical reaction and is product
pecific [1,2].

Stability tests are used to establish shelf life of a product. Acceler-
ted stability tests are preferred in industry since stability and shelf
ife estimates are obtained in a shorter period of time and the time
o market of a product is reduced [3,4]. Products usually degrade

aster when they are subjected to elevated stress conditions like
emperature, humidity, radiation, etc. Temperature versus degrada-
ion rate explained by the Arrhenius equation is probably the most
ommon relationship used for stability studies. Statistical modeling
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f accelerated data is well publicized in literature. The development
f likelihood estimation approaches in mixed models [2,3] and the
vailability of statistical software for performing calculations has
acilitated the accommodation of different random effects associ-
ted with product performance in the models [5]. The planning
f stability tests in time and space is a balancing act between the
ncertainty of measuring the characteristic(s) of the product, num-
er of lots and replicates, required tolerance on the final estimates,
nd practical issues of conducting the tests [6]. Design for acceler-
ted testing that account for measurement uncertainty and other
roduct specifics are also available [7,8].

Excursions from storage condition requirements specified by the
anufacturer may affect product performance and stability. Tem-

erature is a common excursion in practice. In this paper we will
efer to as elevated temperature, a temperature level that exceeds
he storage temperature specification by the manufacturer. The
ffect of temperature excursion on stability depends on the amount
f time that a product is subjected to these conditions, tempera-
ure level, and activation energy (nature of the product). Both time
t elevated temperature and the temperature level can be directly
easured while activation energy needs to be estimated from the

ccelerated stability tests [2,4]. The objective of this paper is to

rovide a model for estimating stability after the occurrence of
emperature excursions using the information on the degradation
ate and activation energy of the product obtain from the acceler-
ted stability testing. In addition, experimental stability data will
e used to demonstrate the model.

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:Robert.Magari@coulter.com
dx.doi.org/10.1016/j.jpba.2008.10.029
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. Materials and methods

.1. Model

General model for a first-order degradation reaction is
xpressed as

= ˛ exp(−ıt) + ε (1)

here, Y is the measured result, ˛ is the result at time zero, ı is
egradation rate, t is time (t > 0), and ε is the experimental error.
rror is a pooled estimate of residuals at each time points consider-
ng that variances are homogenous. The degradation at an elevated
tress condition will be accelerated by the following acceleration
actor, calculated as the ratio of the degradation rate at the elevated
tress condition, ıe, to the degradation rate at storage condition, ıs,

= ıe

ıs
(2)

sing the Arrhenius relationship [1,2], the acceleration factor for
emperature can be expressed as

= exp
[

Ea

0.00199

(
1
Ts

− 1
Te

)]
(3)

here Ea is the activation energy (kcal mol−1), and Ts and Te cor-
espond to the storage and elevated temperatures respectively.
emperatures are expressed in Kelvin (K) = ◦C + 273. A product in
torage that undergoes an excursion at Te will increase its degrada-
ion rate by � during the time of the excursion. The degradation of
his product is expressed as

= ˛ exp(−ıst1) exp(−ıet2) exp(−ıst3) (4)

here, t1 is the age of the product at the time of excursion, t2 is the
uration of excursion, and t3 is time after excursion. The maximum
mount of time that product can be at elevated temperature before
t fails is

(2) = ln(crit) − ln(˛ ) + ıst1

−ıe
(5)

onsequently, the stability of a product that failed during the excur-
ion is

tability = t1 + t(2 max) (6)

tability of a product that did not fail during the excursion is

ln(crit) − ln(˛) + ıst1 + ıet2
tability = −ıs
+ t1 + t2 (7)

In both (5) and (7) crit represents a critical level where the
ssential performance characteristics of the product are within the
pecification.

v
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w
a
p

able 1
egradation parameters at elevated temperatures.

emperature Source Estimate

5 ◦C Intercept 0.9992
Degradation rate 0.0440
Error 0.0020

5 ◦C Intercept 0.9942
Degradation rate 0.0117
Error 0.0007

0 ◦C Intercept 0.9951
Degradation rate 0.0048
Error 0.0003
and Biomedical Analysis 49 (2009) 221–226

.2. Experiments

Accelerated stability tests were design to evaluate degradation
nd shelf life of Coulter Clenz®, which is a cleaning agent that is
spirated and circulated during the shutdown cycle of a Beckman
oulter hematology instrument. Coulter Clenz® reagent is refor-
ulated with a replacement antimicrobial to render the reagent

ormaldehyde free and is recommended to be stored at a tem-
erature of 25 ◦C with a shelf life of 1 year. The performance of
he product is monitored by the level of enzyme activity which
ends to decrease as product ages. Three different lots of Coulter
lenz® reagent were stored at three elevated temperatures 40, 45,
nd 55 ◦C. The CD-02 enzyme activity was determined and a ratio
hat corresponds to CD-02 enzyme activity at a particular time
ersus time zero is calculated. This ratio should be >70% for the
roduct to perform within specification. The degradation of the
roduct follows a first order reaction kinetics and the degradation
ate is positively related to temperature according to the Arrhenius
elationship modeled in (1) and (3). Coulter Clenz® is considered
table as long as Y > 0.7, where Y is the ratio of enzyme activity and
rit = 0.7. This period of time can be calculated as

tability = ln(0.7) − ln(˛)
−ı

(8)

egradation of this product will be affected by temperature excur-
ions as described in (4) and (7) can be used to calculate stability. A
aximum likelihood approach is used to estimate the parameters

f (4) and (7) using the level of enzyme activities data collected
n accelerated stability testing. Delta method based on the Taylor
eries of the first derivatives of the function can be used to obtain
he approximate error of stability. We used the procedure NLMIXED
f SAS® 9.1.3 (SAS Institute, Cary, NC) statistical program to analyze
he data [9].

. Results

.1. Degradation pattern

Estimates of degradation patterns of Coulter Clenz® at three ele-
ated temperatures are given in Table 1 and shown graphically in
ig. 1. Intercepts that represent a starting point of the performance
re similar in different temperatures and are not statistically differ-
nt from each other. Product performance degrades in time with
ifferent rates according to temperatures (Table 1 and Fig. 1). Degra-
ation rates increase from 0.0048 at 40 ◦C to 0.0117 at 45 ◦C, and to
lmost 10 times higher at 0.0440 at 55 ◦C. The confidence inter-

als of these estimates do not overlap indicating that the increases
f degradation rates at temperatures are statistically significant as
ell. Degradation patterns at each elevated temperature followed
first order kinetics (exponential pattern) linearly related to tem-
erature as shown in Fig. 1. This validates the use of the Arrhenius

S.E. Lower Upper

0.0244 0.9485 1.0498
0.0053 0.0329 0.0550
0.0006 0.0007 0.0033

0.0109 0.9719 1.0166
0.0006 0.0103 0.0130
0.0002 0.0003 0.0012

0.0117 0.9702 1.0201
0.0005 0.0037 0.0059
0.0001 0.0001 0.0006
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Fig. 1. Degradation trends at elevated temperatures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 2
Degradation parameters at storage temperature (25 ◦C).

Source Estimate S.E. Lower Upper

Intercept 0.9989 0.0046 0.9898 1.0080
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Table 3
Estimates of stability.

Temperature Days S.E. Lower Upper

55 ◦C 8.1 0.6 6.9 9.3
4
4
2

s
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3

w
S
s
t
design implemented in stability testing [6]. To reduce risk associ-
egradation rate 0.0006 0.0001 0.0004 0.0007
ctivation energy 28.15 0.79 26.58 29.73
rror 0.0008 0.0001 0.0006 0.0011

elationship for modeling the prediction of degradation at storage
emperature.

Degradation estimates at storage temperature are shown in
able 2 while degradation pattern along with its confidence lim-
ts is shown in Fig. 2. A 95% confidence is used to calculate limits.
egradation rate at storage is estimated to be 0.0006 with upper
5% confidence limit of 0.0007. This is significantly lower that
he degradation rate at 40 ◦C of 0.0048 with a confidence inter-
al of 0.0037–0.0059 (Table 1). The estimated activation energy
or Coulter Clenz® is 28.15 kcal mol−1, with 95% confidence lim-
ts from 26.58 to 29.73 kcal mol−1. These values are slightly higher
n comparison to the range of 10–20 kcal mol−1 reported for some
harmaceutical analytes [10].

The effects of degradation rates at different temperatures are
vident in the estimates of stabilities shown in Table 3. Coul-

er Clenz® will perform within specification for about 8.1 days at
5 ◦C in comparison to 73.2 days at 40 ◦C. Confidence intervals for
tabilities at different temperatures do not overlap indicating sta-
istical differences. Coulter Clenz® is expected to perform within

a
a
[
s

Fig. 2. Degradation at storag
5 ◦C 30.1 1.0 28.0 32.3
0 ◦C 73.2 5.6 61.3 85.1
5 ◦C 616.4 62.6 492.2 740.6

pecification for about 616.4 days at the recommended storage tem-
erature of 25 ◦C. Error of estimated stability at 25 ◦C is greater
han the errors at elevated temperatures since no data are collected
t this temperature, while the degradation pattern is estimated
sing data from the elevated temperatures and the Arrhenius
elationship.

.2. Risk in establishing shelf life

There is always a risk that a product with accepted performance
ill fail before its claimed shelf life when delivered to the consumer.

helf life of a product is estimated from real time or accelerated
tability tests [3]. The point estimate of shelf life has a certain error
hat is related to the uncertainty of measurement and experimental
ted with this estimation it is required that shelf life be determined
t least as the lower limit of confidence interval of the estimate
11,12]. In addition, manufacturers sometimes choose to allow for
ome extra time between the estimated and claimed shelf life. This

e temperature (25 ◦C).
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Table 4
Consumer’s risk and claimed shelf life for a product with estimated shelf life of 600
days.

Error of estimated
shelf life (%)

Manufacturer’s
tolerance (%)

Claimed shelf life
(days)

Consumer’s
risk (%)

10% 0% 540 2.500%
5% 510 0.164%

10% 480 0.004%
15% 450 0.000%
20% 420 0.000%
25% 390 0.000%

20% 0% 480 2.500%
5% 450 0.714%

10% 420 0.164%
15% 390 0.030%
20% 360 0.004%
25% 330 0.001%

Table 5
The effects of temperature and duration of excursion of stability.

Excursion
temperature (◦C)

Duration of
excursion (days)

Stability after
excursion (days)

Stability loss due to
excursion (days)

30 10 605 12
35 10 580 37
40 10 529 87
45 10 428 188
30 20 593 24
35 20 543 73
40 20 442 175
45 20 240 376
30 30 581 36
3
4
4
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5 30 506 110
0 30 355 262
5 30 126 490

s referred to as the manufacturer’s tolerance and is aimed at reduc-
ng the overall risk.

Let us consider a hypothetical product that went through stabil-
ty testing. The estimated shelf life from the data collected during
esting is 600 days with an error of ±60 days (10%). The lower
imit of this estimate is 540 days. Using the recommended 95%
onfidence level [11,12] and the assumption that data are normally
istributed there is a 2.5% chance that the shelf life would be greater
han 660 days and a 2.5% chance that the shelf life would be smaller
han 540 days. Thus, by default, the risk is 2.5% when only the lower

imit is used to determine shelf life and the manufacturer’s toler-
nce is 0%. Risk will consequently be reduced when manufacturer
llows for some tolerance, going practically down to zero when
his tolerance is up to 15%. Calculated risks for two levels of error
f estimated shelf life and different manufacturer’s tolerances are

i
d

C
e

Fig. 3. The effects of excursion temperature = 4
and Biomedical Analysis 49 (2009) 221–226

hown in Table 4. When error is 10% and the manufacturer’s toler-
nce is 0%, the claimed shelf life of the product would only be 60
ays less than the estimated shelf life, while in case when manu-

acturer’s tolerance is 20% the claimed shelf life of the product will
e reduced by another 120 days, for a total of 180 days less than
he estimated shelf life. Risk is also positively related to the error of
stimation when the manufacturer’s tolerance is greater than zero.
isk at manufacturer’s tolerance of 10% is at an almost negligible

evel of 0.004% for a 10% error in comparison to 0.164% for 20% error
Table 4).

The claimed shelf life of Coulter Clenz® is 360 days and the
alculated risk based on the results shown in Table 3 is 0.002%. Cal-
ulations using the accelerated stability testing results also indicate
hat the error of estimated shelf life is 20.1% and the manufacturer’s
olerance is 21.4%.

.3. Temperature excursions

Temperature is an excursion factor that may affect stability by
eans of the level of elevated temperatures and the duration of ele-

ated temperatures. The simulated effects of these combinations on
tability of Coulter Clenz® are shown in Table 5. In all cases, the age
f the product at time of excursions is considered to be 100 days,
ctivation energy is 28.15 kcal mol−1 and the degradation rate at
torage condition is 0.00058 (Table 2). Product will perform within
he intended specification when the estimated stability after excur-
ion is greater than the claimed shelf life of 360 days or when the
ays of stability loss due to excursion plus product age at time of
he excursion (100 days) is smaller than 360 days. The stability of
he product is affected by any excursion; however with the excep-
ion of the elevated temperature of 45 ◦C product performance will
e not affected for durations of up to 20 days. In addition, Coulter
lenz® will not lose all of its stability for excursion of 30 days at 30
nd 35 ◦C.

Graphical representation of estimated shelf life, claimed shelf
ife, and stability after two different excursions are shown in
igs. 3 and 4. Product performance will not be affected during its
helf life as long as the estimated stability after the excursion is
reater that the claimed shelf life as shown in Fig. 3. Product per-
ormance will be affected by excursion in Fig. 4 and its shelf life
hould be reduced by 5 days. Changes in the degradation pattern of
oulter Clenz® stored at different stressed conditions in compari-
on to the recommended normal conditions are shown in Fig. 5. It

s evident from this figure that temperature excursions accelerate
egradation and reduce stability.

All the above simulations are based on the activation energy of
oulter Clenz® estimated from the data collected during the accel-
rated stability testing. Activation energy is a characteristic of a

0 ◦C and duration of excursion = 20 days.
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re = 40 ◦C and duration of excursion = 30 days.
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Fig. 4. The effects of excursion temperatu

pecific product that determines the acceleration of the degrada-
ion rate at elevated temperature. The same temperature excursion

ay have different effect on the stability of different product based
n their activation energy. The effects of different activation ener-
ies on stability for different combination of elevated temperatures
re simulated and graphically shown in Fig. 6. The effects of tem-
erature and activation energy are synergetic. There is a difference
f about 100 days in stability between temperatures of 30 and
5 ◦C for an excursion of 10 days in a product that has activation
nergy of 15 kcal mol−1 while this difference goes up to about 450
ays for the same excursion in a product with activation energy of
0 kcal mol−1.

. Discussion

Information on several characteristics of the product is required
n order to use the model for prediction of the effects of temperature
xcursions that we are proposing in this paper. It is essential that
roduct should degrade according to zero or first-order reaction
nd degradation rate should depend on temperature as described

y Arrhenius relationship. Violations of these conditions are not
ncommon in practice and need to be considered specifically when
redictions of temperature excursions are concerned. In addition,

nformation on degradation rate and activation energy has to be
vailable. Experience, related products or/and stability tests can

b
e
n
t
a

ig. 5. Normal degradation at storage temperature and degradation at different stressed
eader is referred to the web version of the article.)
ig. 6. Relationship between activation energy, temperature, and stability for an
xcursion of 10 days.

e used for this purpose. Degradation rate can be estimated from

ither real time or accelerated stability testing, but the later one is
eeded to estimate activation energy and determine the accelera-
ion factor. Ranges of activation energy for families of products can
lso be used to predict the effects of excursions based on the worst

conditions. (For interpretation of the references to color in this figure legend, the
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ase scenario. Temperature excursion for up to 20 days at 40 ◦C will
educe the stability of a product that has an activation energy in
he range of 26–30 kcal mol−1 by approximately 5–7 months. Prod-
cts with lower activation energy will have a significantly lower
eduction.

The effects of excursions on shelf life performance are less severe
hen a lower level of risk is implemented to establish the claimed

helf life. The acceptable level of risk is a balanced decision based on
he combination of product specific characteristics and manufac-
urer’s tolerance. Each product performance exhibits some inherent
ncertainty associated with the random variability of processes
sed in the manufacturing of that product. This uncertainty affects
he estimated stability as well, but the degree of uncertainty can be
educed by controlling the manufacturing process variability and
ppropriate designing of stability tests. However, since this uncer-
ainty cannot be totally eliminated it is required to be expressed in
erms of the 95% confidence lower limit of the stability estimate.

anufacturer’s tolerance on the other hand is related to marketing,
anufacturing, storage, distribution and other practical decisions

hat follow a product from the production line to the customer’s
ands. Basically it implies that product is short dated, and conse-
uently has to be discretionally implemented since it may reduce

he claimed shelf life to unacceptable levels.

A product can be subject to additional stress factors during
torage or/and distribution that can augment the effects of excur-
ions. All these factors need to be mutually considered when a
ecision on the shelf life of the affected product has to be made.

[
[

[

and Biomedical Analysis 49 (2009) 221–226

ometimes temperature excursions are recurrent during storage
ut their effects can be considered as additive if the recurrence
as happened within a relative short period of time. The summa-
ion of time periods of different recurrences will constitute the
uration of excursion (t2) to be used in Eq. (4) of our proposed
odel.
In conclusion, the proposed model can effectively predict

emperature excursion if used within the scope of a product per-
ormance and its characteristics. Currently, we are also working to
xpand this model to products that exhibit higher order reaction
egradation kinetics and to accommodate simultaneous excursion
ffects.
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