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Abstract
pH and oxygen are usually considered as the main factors inﬂuencing the organoleptic stability of beer. Polyphenols from malt
and hop contribute to several characteristics of beer ﬂavor, but their incidence on astringency is rarely mentioned.
In this work, eﬀects of pH (3.0 and 5.0) and accelerated aging (0 or 5 days at 40 °C with low or high level of oxygen in the bottle)
on astringency were measured by two sensory analysis methods: quantitative descriptive analysis and time–intensity analysis. In
addition, the polymerization degree of polyphenols was determined for the diﬀerent samples in this study. Whatever the sensory
technique used, a trained panel showing high repeatability identiﬁed pH as the only factor having a signiﬁcant eﬀect on astringency.
Accelerated aging, even with high level of oxygen in the bottle, does not signiﬁcantly modify perception of this sensation compared
with the 4 °C-stored beer, probably because the variation of polymerization degree of polyphenols was not suﬃcient to be detected
by the panelists.
Ó 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Astringency is a complex sensory property, characterized by drying, roughing, and puckering of the skin or
mucosal surface in the mouth. It is not always perceived
immediately, but evolves continually in the mouth after
swallowing (Guinard, Pangborn, & Lewis, 1986), and
increases upon repeated ingestion (Courregelongue,
Schlich, & Noble, 1999). A wide range of compounds,
forming four groups, elicit this sensation: salts of multivalent metallic cations (particularly aluminum salts such
as alum), dehydrating agents (ethanol and acetone),
*
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mineral and organic acids, and plant tannins (polyphenols) (Siebert & Chassy, 2003). Consequently, the sensation of astringency includes many nuances. For this
reason Gawel, Iland, and Francis (2001) have established a list of twenty or so descriptors of this sensory
attribute in wine.
Astringency produced by foods rich in polyphenols is
fairly well understood: saliva contains a considerable
quantity of proteins that lubricate the mouth. These
proteins, especially those rich in proline, bind preferentially to polyphenols derived from foods. This leads (i)
to formation of insoluble complexes, (ii) to a decrease
in salivary lubrication properties, and (iii) to the perception of astringency (Corrigan Thomas & Lawless, 1995;
Gawel et al., 2001; Siebert & Chassy, 2003).
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Oxygen and pH are two of the main factors likely to
inﬂuence the astringency perception. Oxidation enhances the polymerization degree of polyphenols, and
consequently increases their astringent properties (Noble, 2002). Concerning pH, it is accepted that astringency is intensiﬁed at low pH, at least in model
solutions and wine (Guinard et al., 1986), although pH
4.4 is the optimum for beer colloidal instability (Siebert
& Chassy, 2003).
In beer, polyphenols from malt and hop are known to
contribute to several characteristics of beer ﬂavor, notably astringency but also bitterness, body, and fullness
(Dalgliesh, 1977). Reduced polyphenols impart to beer
a note of freshness, while their oxidized counterparts
give it an ‘‘aged ﬂavor’’ (Dadic & Belleau, 1973). The
impact of polyphenols on ﬂavor during aging has been
especially highlighted because of their susceptibility to
oxygen in the package (Lermusieau, Noël, Liégeois, &
Collin, 1999; Noël, Metais et al., 1999).
Using the stable non-radioactive oxygen isotope 18O2,
Noël, Metais et al. (1999) have found, after natural (9
months at 20 °C) or accelerated aging (5 days at
40 °C), 18O to have been incorporated into, respectively,
0.61% and 6.48% of the polyphenol molecules. Moreover, the incorporation of 18O into water conﬁrmed that
high amounts of polyphenols are also oxidized into quinone derivatives (especially during natural aging).
In the present paper we report experiments designed
to establish the time-course of oral astringency of lager
beer, during accelerated aging (5 days at 40 °C) at diﬀerent pH values (3.0 and 5.0) and low or high level of oxygen in the bottle. Attention is paid to the astringency
responses of individual panelists in both quantitative
descriptive analysis (QDA) and time–intensity (TI) analysis. Total polyphenols and ﬂavanoids were also quantiﬁed in order to check their relationship with the sensory
analyses.

2. Materials and methods
2.1. Chemicals
Sensory analysis: (+)-catechin, ()-epicatechin, and
potassium aluminum sulfate (>98%) were purchased
from Sigma–Aldrich (Bornem, Belgium). Chocolate extracts were obtained according the method developed
by Counet and Collin (2003). Grapeseed extracts were
a kind gift of the ‘‘Société Française de Distillerie’’
(ref. SFD, PPB, Vallon-Pont-dÕArc, France). All solutions were prepared in ultrapure water (Reagent Water
System, Millipore Corporation, Bedford, USA). Flavanoids quantiﬁcation: p-dimethylaminocinnamaldehyde
(>98%), hydrochloric acid (37%), and methanol were
purchased, respectively, from Fluka (Bornem, Belgium),

Sigma–Aldrich (Bornem, Belgium), and Romil Chemicals (Merelbeke, Belgium). Total polyphenols quantiﬁcation: carboxymethylcellulose was purchased from
Sigma–Aldrich (Bornem, Belgium). EDTA and ammonia (solution min. 25%) were obtained from VWR (Leuven, Belgium).
2.2. Beer preparation
The chosen reference beer was as a commercial lager
beer (pH 4.4) stored at 4 °C to limit any sensory change.
Eight beers were then prepared by modifying this commercial reference beer. The variable parameters were
the oxygen level (high or low), the pH (3.0 or 5.0), and
aging (0 or 5 days at 40 °C) (Fig. 1). To this end, bottles
were opened, and if oxygen was not desired, the bottom
of the bottle was struck to produce foam. When the
foam reached the top, we sealed the bottle with a silicone top (Vel no. 5). The beer pH was adjusted to 3
or 5 by injecting HCl or NaOH with a glass syringe into
bottles through the silicone top. The bottles were then
crown-sealed and the beers stored at 4 °C or aged at
40 °C for 5 days, in a dark room in both cases. After
aging, the beers were stored at 4 °C until used. The
pH of each beer was checked with a pH-meter (PHM
83 Autocal pHmeter, Radiometer/Copenhagen, Van
der Heyden, Belgium) before tasting. All pH values were
consistent with the set point: 3.0 or 5.0 ± 0.2.
2.3. Sensory analysis
Scientists of the ‘‘Université catholique de Louvain’’
were selected as judges on the basis of their ability to describe and discriminate astringency in beer, both qualitatively and quantitatively. Selection tests proposed by
Issanchou, Lesschaeve, and Köster (1995) were adapted
to beer and permitted us to recruit 8 unpaid volunteers,
3 males and 5 females (aged 25–44 years).
2.3.1. Tasting conditions
All samples were presented in 500-mL ‘‘Breughel’’
glasses (Durobor, Belgium) covered with a glass top
and containing 20 mL beer per glass. Samples were assessed at room temperature in individual booths illuminated with red light. Tasting sessions were organized in
the morning on the basis of two half-hour sessions per
week.
2.3.2. Panel training
Panelists were ﬁrst invited to participate in diﬀerent
sessions aiming at (i) specifying the sensations elicited
by model solutions to which potassium aluminum sulfate-, (+)-catechin-, or ()-epicatechin had been added;
(ii) describing perception in the mouth of polyphenolrich extracts of chocolate and grape seeds; (iii) classify-
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Fig. 1. Preparation of modiﬁed beers according to pH, oxygen level and accelerated staling.

ing diﬀerent concentrations of (+)-catechin in ultrapure
water or sparkling water (BruÒ, Belgium); (iv) quantitatively assessing astringency of the modiﬁed beers in this
study by comparison with the reference beer. This last
step was carried out to make panelists aware of minimal
and maximal intensities and to reach agreement on the
quantiﬁcation notation. Other sessions were then organized to familiarize the panelists with the time–intensity
method and data acquisition software (FizzÒ, Biosystemes, Couternon, France). The reference beer and four
modiﬁed beers (pH3O20, pH3O25, pH5O20, and
pH5O25) (see Fig. 1) were used for this purpose in a
well-balanced experimental design for presentation.
These sessions were organized until panelists showed
at least two reasonably overlapping replicate TI curves
out of three (Peyvieux & Dijksterhuis, 2001). After three
replicates of each beer, the panelÕs repeatability was
judged suﬃcient.
2.3.3. Quantitative descriptive analysis (QDA)
At each session, the reference pH 4.4 beer and three
digit-coded beer samples among the eight types of modiﬁed beer (see Fig. 1) were presented to the panelists.
The subjects were instructed to taste the reference beer
(identiﬁed as ‘‘Reference’’) and to memorize its astringency intensity. By deﬁnition, this intensity corresponds
to the point 5 of a 0-to-10 structured scale. Then panelists had to taste the ﬁrst coded beer sample and to assess
the perceived astringency by comparison with the reference sample. After mouth rinsing with a piece of unsalted rusk (CracotteÒ, Danone, France) and spring

mineral water (LouiseÒ, Belgium), they had to appraise
the astringency of the next coded samples in the same
way. Each panelist assessed all modiﬁed beers in triplicate in the course of eight diﬀerent sessions. The coded
beer samples were presented according to an incomplete
block design balanced for position eﬀects within the
eight sessions of each judge and nearly balanced for carry-over eﬀects in the whole experiment.
2.3.4. Time–intensity analysis (TI)
As for the quantitative descriptive analysis, the panelists had to assess four coded samples at each session: the
reference pH 4.4 beer and three of the eight modiﬁed
beer samples (see Fig. 1). The Fizz data acquisition system is designed to assess the time evolution of a response
(here the astringency) on an unstructured scale deﬁned
on the left side by ‘‘0’’ corresponding to ‘‘no perception’’
and on the right side by ‘‘Max’’ corresponding to the
highest intensity perceived by the panelist. After taking
the sample in the mouth, the panelist has to click
on the computer mouse to activate the astringency
record. The intensity assessment of this perception is
then performed on line by moving the cursor on the
scale with the help of the mouse. After 5 s, a message
appears on the screen, indicating to the panelist to
swallow the sample and to continue to assess astringency until the message ‘‘end of record’’ is displayed.
Data were collected every second for 2 min.
After each sample, a 3-min pause was proposed to
panelists to allow them to rinse the mouth with a piece
of unsalted rusk (CracotteÒ, Danone, France) and
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spring mineral water (LouiseÒ, Belgium). In each session,
the reference beer was always presented ﬁrst in order (i) to
provide a palate cleanser (King & Duineveld, 1999), (ii) to
suppress the ‘‘ﬁrst product’’ eﬀect and create the same
conditions as in the QDA, and (iii) to monitor the panelistsÕ repeatability. Assessments of all modiﬁed beers were
performed in triplicate in the course of eight diﬀerent sessions. At each session the modiﬁed beer samples were presented to the panelists according to a well-balanced
design similar to that used in the QDA.
2.4. Determination of the polymerization degree
Flavanoids were quantiﬁed by means of a colorimetric assay based on the reaction of their A-rings with
p-dimethylaminocinnamaldehyde (Delcour & Janssens
de Varebeke, 1985). As for total polyphenols, their concentration was determined according to Bishop (1972).
All quantiﬁcations were performed in duplicate. The
ratio of total polyphenols to total ﬂavanoids provides
a reasonable estimate of the degree of polymerization.
2.5. Statistical data analysis
For statistical analysis of the QDA data, the recorded
astringencies were used directly. In the case of the TI
data, four parameters were extracted from the individual curves: Imax (maximum intensity at peak/plateau),
Tmax (minimum time where intensity reaches a maximum peak/plateau), area under the curve (AUC) and
Dtot (total duration). For statistical assessment of the
judgesÕ performances (repeatability and reproducibility)
the method proposed by Rossi (2001) was applied to
these ﬁve responses (intensity for QDA and four extracted parameters for TI). The homogeneity of judgesÕ
variability was tested by LeveneÕs (1960) classical equality of variance test.
A four-way mixed-linear-model was then chosen to
analyze the eﬀect of pH, oxygen, and aging on the diﬀerent responses, the judges being deﬁned as a random effect in the model (procedure MIXED in SAS 8.2, SAS
Institute Inc., Cary, NC, USA).
Linear relationships between the four time–intensity
parameters were measured on the basis of classical Pearson correlation coeﬃcients.
Finally, a hierarchical classiﬁcation was also done
(SPAD 4.02, Décisia, Levallois, France) on the four TI
responses in order to classify the eight types of beers
and to conﬁrm the results obtained by the mixed-linear-model approach. For this classiﬁcation, we coarsely
averaged the four extracted parameters over replicates
and judges, such that we got the four responses for eight
beers (8 ‘‘individuals’’, 4 variables). Then, we performed
a hierarchical classiﬁcation with the WardÕs aggregation
criterion.

3. Results and discussion
3.1. Repeatability and reproducibility of panelistsÕ
performance
The respective performances of the eight judges were
compared with each other as regards repeatability. This
was done on the basis of the ratio of the judge variability
to the average of these variances for all judges (Rossi,
2001). These ratios, averaged over the eight beers, are
represented for each judge and each response in the left
part of Fig. 2. They show that no judge showed much
higher or much lower repeatability than the others. LeveneÕs test, however, showed for all responses a signiﬁcant diﬀerence between ‘‘within-judge’’ variances. This
had to be taken into account in later mixed modeling
(see below).
Reproducibility (or homogeneity) analysis aims to
detect whether some judges give systematically higher
or lower responses than the others. It is always good
to highlight such eﬀects but they can be taken into account in the statistical analysis by introducing a judge
eﬀect into the mixed-linear-model. The reproducibility
measurements presented on the right of Fig. 2 compare,
for each beer, the mean response of one judge with the
mean response of all judges, concerning astringency.
This diﬀerence is standardized and averaged over the
beers. The graphics show that no judge is a systematic
outlier and no judge gives systematically higher or lower
scores for all responses.
3.2. Panelist signatures
Individual TI curve proﬁles show extreme diversity
(Fig. 3). This ﬁgure presents, for each judges, the eight
curves for the astringency intensity obtained for the reference beer and, in bold, the average (at each time point)
of these eight curves. The main diﬀerences concern (i)
the ascending slope (subject 3 versus subject 4), (ii) the
decreasing phase (sometimes absent because of the limited recording time, as for subject 4), and (iii) the maximal astringency intensity. Physiological features,
especially diﬀerent salivary ﬂows, are frequently invoked
to explain such diﬀerences (Lawless & Heyman, 1998;
Pangborn, Lewis, & Yamashita, 1983). This phenomenon is called the panelistÕs signature, always present in
time–intensity studies (Dijksterhuis & Piggott, 2001).
In our case study, we do observe this phenomenon: for
the eight other beers, each judge presents exactly the
same pattern (‘‘signature’’) as for the reference beer.
3.3. QDA intensity, Imax, Tmax, AUC, Dtot
For these ﬁve responses we have used a linear-mixedmodel:
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Fig. 3. Replicates (—) and simple mean curve ( ) of reference beer, tasted in the course of the eight quantiﬁcation sessions for astringency.

Y ijk ¼ l þ apH;i þ aO2 ;i þ aAging;i þ apHO2 ;i þ apHAging;i
þ aAgingO2 ;i þ apHAgingO2 ;i þ bjudge;i þ eijk
where Yijk is the response for the ith beer (determined by
the 3 factors), jth judge, kth measurement (k = 1, 2, 3),
aÕs denote ﬁxed eﬀects, b is the random judge eﬀect
b  N ð0; r2judge Þ, and eijk  N(0, r2).
As no interaction eﬀect was signiﬁcant, so we were
able to reduce our model to
Y ijk ¼ l þ apH;i þ aO2 ;i þ aAging;i þ bjudge;j þ eijk
Whatever the technique used (QDA or TI), i.e. whether
the intensity or the Imax was considered, the perceived
astringency was signiﬁcantly higher at pH 3.0 than at
pH 5.0 (p < 0.0001 and p < 0.01, respectively), but nei-

ther oxygen nor aging had a signiﬁcant eﬀect. We also
observed a signiﬁcant pH eﬀect on Tmax: astringency
appeared faster at pH 3.0 than at pH 5.0 (p < 0.05).
Moreover the AUC value is signiﬁcantly larger at pH
3.0 than at pH 5.0 (p < 0.05). When beer at pH 3.0 is
mixed with saliva, pH increases to around 4.4. The
astringency intensiﬁcation observed with decreasing
pH is consistent with the fact that at pH 4.4 interactions
between polyphenols and proline-rich proteins are
strengthened (Siebert & Chassy, 2003). Means and
95% conﬁdence intervals for each response are reported
for QDA in Fig. 4 and for TI in Fig. 5. The signiﬁcant
eﬀects do not appear ‘‘clearly’’ because of judge variability, which is not eliminated in these conﬁdence intervals.
It is worth mentioning that this random judge eﬀect is
highly signiﬁcant for all responses, as was expected.
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Table 1
Pearson correlation coeﬃcients between parameters extracted from
time–intensity curves of the eight reference beer replicates

Imax
Tmax
AUC
Dtot
*
**

Imax

Tmax

AUC

Dtot

1
0.820*
0.914**
0.279

1
0.580
0.536

1
0.213

1

p < 0.05.
p < 0.01.

Fig. 4. Mean and conﬁdence intervals (95%) for astringency intensity
obtained by QDA according to oxygen ((- - -) low or (—) high), pH (3.0
or 5.0) and accelerated staling (0 or 5 days at 40 °C).

The nature of the time–intensity curves often implies
strong correlations between extracted parameters (King
& Duineveld, 1999). In this study, we do observe such
correlations; however there is no systematic correlation
between one parameter and all the others, so that each
brings its own information (Table 1). Among the highest
correlations observed is the positive correlation between
Imax and AUC: i.e. intensiﬁcation of the astringency
leads to a longer and/or higher persistence. Inversely,
Imax correlates negatively with Tmax, i.e. the more intense the astringency, the less time it takes for astringency to reach its maximum intensity.
A hierarchical classiﬁcation based on the four parameters enabled us to conﬁrm some previous observations.
As shown in Fig. 6, the beers are grouped only accord-

Fig. 6. Hierarchical classiﬁcation performed on the four TI parameters
on the eight beers.

ing to their pH. No oxygen or aging eﬀect is evidenced.
It is also worth to mention that the ﬁrst PCA axis reﬂects mainly the pH.
3.4. Polymerization degree
The mean polymerization degree of polyphenols is
reported in Fig. 7 as a function of pH (3.0 and 5.0),

Fig. 5. Mean and conﬁdence intervals (95%) for Imax, Tmax, Area Under the Curve, total duration (s) according to oxygen ((- - -) low or (—) high), pH
(3.0 or 5.0) and accelerated staling (0 or 5 days at 40 °C).
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Fig. 7. Mean of polymerization degree according to oxygen ((- - -) low
or (—) high), pH (3.0 or 5.0) and accelerated staling (0 or 5 days at
40 °C). The mean (Std dev.) for aged beers are pH3Ø25 5.6 (0.18),
pH3O25 5.8 (0.20), pH5Ø25 6.5 (0.24), pH5O25 6.7 (0.27).

oxygen (low or high), and aging (0 and 5 days at 40 °C).
As shown in this ﬁgure, a pH increase before accelerated
aging signiﬁcantly enhances the polymerization degree
of polyphenols. Nevertheless, the variations do not exceed 1.5 units: this probably explains why the panelists
were unable to distinguish the astringency of the 4 °C
stored beer and aged beers. Very surprisingly, oxygen
seems to have no signiﬁcant eﬀect on beer polyphenols
polymerization compared with the 4 °C-stored sample.
Complementary studies are needed, however, to conﬁrm
these data by means of experiments focusing on natural
aging (3 and 6 months at 20 °C).

4. Conclusion
In conclusion, the TI and QDA methods are very useful for assessing the impact of pH and accelerated aging
on lager beer astringency. The TI method permits a
broader study thanks to the diﬀerent parameters extracted. It notably makes it possible to assess the
dynamics of the phenomenon via Tmax and Dtot. Both
methods show that pH has a huge impact on astringency: the higher the pH the lower the astringency perceived. On the other hand, accelerated aging has no
impact on beer astringency compared with 4 °C-storage,
even though the polymerization degree was a little bit
higher in the two samples aged at pH 5 (eﬀect probably
partially balanced by the higher pH). From a methodological point of view it is also interesting to analyze TI
curves with global statistical methods instead of working with four summary parameters. Possible methods
are discussed in François and Govaerts (2005).

References
Bishop, L. R. (1972). The measurement of total polyphenols in worts
and beers. Journal of Institute of Brewing, 78, 37–38.

Corrigan Thomas, C. J., & Lawless, H. T. (1995). Astringent
subqualities in acids. Chemical Senses, 20(6), 593–600.
Counet, C., & Collin, S. (2003). Eﬀect of the number of ﬂavanol units
on the antioxidant activity of procyanidin fractions isolated from
chocolate. Journal of Agricultural and Food Chemistry, 51(23),
6816–6822.
Courregelongue, S., Schlich, P., & Noble, A. C. (1999). Using repeated
ingestion to determine the eﬀect of sweetness, viscosity and oiliness
on temporal perception of soymilk astringency. Food Quality and
Preference, 10, 273–279.
Dadic, M., & Belleau, G. (1973). Polyphenols and beer ﬂavor.
Proceedings of the American Society of Brewing Chemists, 4,
107–114.
Dalgliesh, C. E. (1977). Flavour stability. In Proceedings of the
European Brewery Convention, Amsterdam (pp. 623–659).
Delcour, J. A., & Janssens de Varebeke, D. (1985). A new colourimetric assay for ﬂavanoids in pilsner beers. Journal of Institute of
Brewing, 91, 37–40.
Dijksterhuis, G. B., & Piggott, J. R. (2001). Dynamic methods of
sensory analysis. Trends in Food Science and Technology, 11,
284–290.
François, N., & Govaerts, B. (2005). Use of non-centered principal
curves method and mixed modeling in a time–intensity study on
beer astringency. Discussion Paper, Institut de statistique, Université catholique de Louvain-la-Neuve.
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Noël, S., Metais, N., Bonte, S., Bodart, E., Peladan, F., Dupire, S.,
et al. (1999). The use of oxygen 18 in appraising the impact of
oxidation process during beer storage. Journal of Institute of
brewing, 105(5), 269–274.
Pangborn, R. M., Lewis, M. J., & Yamashita, J. F. (1983). Comparison of time–intensity with category scaling of bitterness of iso-aacids in model systems and in beer. Journal of the Institute of
Brewing, 89, 349–355.
Peyvieux, C., & Dijksterhuis, G. (2001). Training a sensory panel for
TI: a case study. Food Quality and Preference, 12, 19–28.
Rossi, F. (2001). Assessing sensory panelist performance using
repeatability and reproducibility measures. Food Quality and
Preference, 12, 469–479.
Siebert, K. J., & Chassy, A. W. (2003). An alternate mechanism for the
astringent sensation of acids. Food Quality and Preference, 15,
13–18.

