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Evaluation of Components Contributing to the International Bitterness Unit
of Wort and Beer

Toru Kishimoto , Satoko Teramoto, Akiko Fujita, and Osamu Yamada

National Research Institute of Brewing, Hiroshima, Japan

ABSTRACT
This study evaluated the components that contribute to the International Bitterness Unit (IBU) of
wort and beer. A range of samples were analyzed in this study, including beer with 47.5 IBU con-
taining 39.9 ppm iso-a-acid, and one with 49.9 IBU containing only 2.2 ppm iso-alpha acid. The IBU
value of wort and beer is mainly contributed by iso-a-acid, non-isomerized a-acid, oxidative polar
compounds, and malt-derived polar components. The isomerization of a-acid to iso-a-acid is initi-
ated between 60 �C and 70 �C and the isomerization ratios accelerate rapidly at higher tempera-
ture. In the wort boiled below 60 �C, over 50% of the IBU value was contributed by non-
isomerized a-acid. Most of the non-isomerized a-acid disappeared during fermentation, whereas
the concentration of iso-a-acid was stable. The disappearance of a-acid resulted in a large
decrease in the IBU value during fermentation, and the isomerization ratio influenced the degree
of the decrease. Over 80% of the IBU value was contributed by the oxidative polar compounds in
the beer hopped with the pellet stored at 40 �C for 90days. Bitterness intensity was less in the
beers with deteriorated hops than in those with non-deteriorated hops, despite both having the
same IBU values.
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Introduction

Hops (Humulus lupulus L.) are used in the brewing process
to add a characteristic bitterness and distinctive aroma to
beer. The bitterness of beer is ascribed to the iso a-acid
(IAA) produced by the isomerization of a-acid (AA) during
wort boiling and the whirlpool process of brewing. AA is
composed of homologues, normal-humulone, co-humulone,
and ad-humulone, and IAA is also composed of its corre-
sponding homologues, iso-normal-humulone, iso-co-humu-
lone, and iso-ad-humulone.

Hops are susceptible to oxygen degradation during stor-
age, and oxidative polar compounds (OPCs) are present in
freshly baled, aged, or improperly stored hops in varying
levels.[1,2] It had been reported that OPCs are composed of
many kinds of hop-derived compounds, such as oxidative
degradation products of bitter acids, polyphenols, fatty acids
and aroma components.[1,3–9] Hao et al. reviewed the struc-
tures and suggested the formation mechanism and distribu-
tion profiles of a total of 39 oxidative substances, including
15 derived from AA, 15 from IAA, and 9 from b-acid.[10]

These components have impacts on the sensory bitterness of
beer,[9,11–14] though their contributions vary. It was reported
that the bitterness intensity of OPCs were lower,[9,15–18] and
Algazzali and Shellhammer reported that oxidized hop acids,
hulupones, and humulinones are 84% and 66% as bitter as
isohumulones, respectively.[9]

The IBU value is used to express bitterness intensity in
beers and is measured by the method defined by the
American Society of Brewing Chemists (ASBC)[19] and
European Brewery Convention (EBC).[20] In the measurement
of the IBU value, components of worts and beers are extracted
using 2,2,4-trimethylpentane, and the IBU values are calcu-
lated from the absorbance values of the 2,2,4-trimethylpentane
layer at 275nm, as measured by a spectrophotometer. The
double bond structures of the compounds in the 2,2,4-trime-
thylpentane layer absorb ultraviolet (UV) light in the 275 nm
region.[21] Although the IBU value is believed to reflect the
concentration of IAA, this method measures IAA, AA, b-acid,
and OPCs, including polyphenols in beer[9,11–14,22] and the
sum of these compounds is then incorporated in the IBU cal-
culation. Hahn et al.[11] examined the components that influ-
ence sensory bitterness perception in highly hopped beers and
concluded that the IBU cannot predict bitterness in a linear
response to sensory perception. They proposed an alternative
model for predicting bitterness based on isohumulones,
humulinones, and ethanol concentrations.

In this study, worts with different compositions, contain-
ing normal and highly oxidized hops, and different degrees
of isomerization ratio, were prepared and fermented. Then,
the impact of the components contributing to the IBU value
of the wort and beer were examined.

In the sensory evaluation, the variations among interindi-
vidual panelists are the large issue. Humans perceive at least
five taste modalities, as sweet, salty, sour, bitter, and umami.
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Individual differences in taste appear to be caused by
physiological differences in the gustatory system, cognitive
processing of taste signals in the brain, genetics, or environ-
mental influences, and large variations occur in the percep-
tion of bitterness and umami.[23–26] To elucidate the issue, a
taste sensing system with less variability was adopted in this
study. This particular sensor does not simply respond to a
concentration of a substance but to the intensity of the bitter-
ness, and the higher correlation with organoleptic evaluation
and the taste sensing system has been previously studied in
detail.[27] The bitterness intensity of the finished beers were
compared using this instrumental sensory method.

Experimental

Reagents and materials for brewing

HPLC analysis standards of IAA (DCHA - ISO Standard)
and AA (ICE-4 Hops Extract Standard) were purchased
from the American Society of Brewing Chemists
(Minnesota, U.S.A.). The chemicals 2,2,4-trimethylpentane,
toluene, 6mol/L hydrochloric acid, and methanol for
HPLC analysis, phosphoric acid, and 10% tetraethylammo-
nium hydroxide solution were purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). The
malt extract was obtained from Coopers Brewery
(Australia). Bottom-fermenting sludgy yeast was purchased
from the Chuetsu Yeast Co., Ltd. (Niigata, Japan). Hop pel-
lets of Hallertau Magnum, containing 14% a-acid, was pur-
chased from MoreFlavor, Inc. (Pittsburg, CA, U.S.A.).
Forcibly deteriorated hops were prepared by storing the
Hallertau Magnum hop pellets at 40 �C in opened alumi-
num bags and sampled at the 3rd, 5th, 7th, 10th, 14th, 21st,
30th, and 90th day from the start of storage.

Small scale brewing processes

Malt extract (250 g) was dissolved in 1.5 L of distilled
water. Boiling processes were conducted on a two-liter
scale after the adjustment of the pH to 5.1 and the con-
centration of extract to 11.6%. At the beginning of the
wort boiling processes, 2.1 g of hop pellet was added to
1.5 L of wort. The wort was boiled for 60min with an
evaporation rate of 8.0% per hour. Apart from the above
boiling experiment, the wort temperatures were kept at
20, 30, 40, 50, 60, 70, 80, and 90 �C for 60min to examine
the isomerization ratio. The worts were then cooled
immediately to 4 �C to prevent further isomerization, and
the water to replenish the evaporated amount was added
after the boiling process.

The wort (850mL) was fermented on a one-liter scale.
The sludgy yeast was washed two times by suspending it in
1 L of unhopped wort and centrifuging at 4700� g. After
centrifugation, 4 g of the precipitated yeast was added to
850mL of hopped wort and fermented for 7 days at 10 �C
with stirring at a speed of 1000 rpm. After 7 days of fermen-
tation, the beer was centrifuged at 10,000� g for 30min.
The supernatants were subjected to further analysis. The

alcohol content and apparent extracts were analyzed using
Alcolyzer Beer ME equipped with DMA4500M density
meter (Anton PaarVR GmbH, Graz, Austria).

Measurements of IBU values

The IBU values of wort and beers were analyzed according
to the method defined by the American Society of Brewing
Chemists (Method Beer-23A)[19] and the European Brewery
Convention (Method 9.6).[20] To 10mL of wort or beer,
0.5mL of 6mol/L hydrochloric acid and 20mL of 2,2,4-tri-
methylpentane were added. The mixture was shaken vigor-
ously for 15min on a wrist action shaker, and then
centrifuged at 1580� g for 5min at room temperature. The
2,2,4-trimethylpentane layer was subjected to an IBU meas-
urement, followed by HPLC analysis.

The absorbance of the 2,2,4-trimethylpentane layer at
275 nm was measured by a spectrophotometer, using
pure 2,2,4-trimethylpentane as a control, and then the
IBU values were calculated by multiplying the absorb-
ance by 50.

HPLC analysis of bitter components in beer

The 2,2,4-trimethylpentane layer, filtered with a 0.5 lm
PTFE membrane filter, was subjected to HPLC analysis.
The HPLC (Shimadzu, Kyoto, Japan) was connected to a
UV detector set at 275 nm using a previously described
method with slight modifications.[7] The mobile phase was
prepared as follows: 2800mL of methanol was added to
1200mL of pure distilled water containing 150mL of 10%
tetraethylammonium hydroxide solution and 150 g of phos-
phoric acid. Twenty microliters of sample volume was
injected, and the separation was performed on a Sim-pack
CLC-ODS/H column (250mm length x 4.6mm i.d.;
Shimadzu) set at 40 �C with a flow rate of 1.0mL/min. The
analytical HPLC column was washed using pure distilled
water and 0.05% phosphoric acid for every analysis. The
concentrations of AA and IAA were calculated with the
absolute calibration curve method using the areas of each
analytical peak and those of the authentic standards,
DCHA-ISO Standard and ICE-4 Hops Extract Standard.

HPLC analysis of bitter components in hop pellets

The bitter components were extracted from 5 g of milled
hop pellet using 100mL of toluene for 2 h at room tempera-
ture. Thereafter, 50lL of each toluene extract was evapo-
rated and dried under the flow of N2 gas in a tube. Then
2500 lL of methanol was added to the tube to dissolve the
bitter compounds.

The methanol layer, filtered with a 0.5 lm PTFE mem-
brane filter, was analyzed using an HPLC system
(Shimadzu, Kyoto, Japan) connected to a UV detector set
at 302 nm. The mobile phase was prepared as follows:
800mL of methanol was added to 200mL of pure distilled
water, containing 29.5mL of 10% tetraethylammonium
hydroxide solution and 17 g of phosphoric acid. Ten lL of
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sample was injected and separation was performed on a
Sim-pack CLC-ODS/H column (250mm length x 4.6mm
i.d.; Shimadzu) set at 40 �C with a flow rate of 1.0mL/min.
The analytical HPLC column was washed using pure dis-
tilled water and 0.05% of phosphoric acid for every ana-
lysis. The concentrations of AA and IAA were calculated
by the absolute calibration curve method using the areas of
each analytical peak and those of the authentic standards,
ICE-4 Hops Extract Standard.

Measurement of bitterness intensity using a taste
sensing system

Prior to analysis by the taste sensing system, the IBU values of
all the sample beers were adjusted to 40 IBU using unhopped
beer. Bitterness intensity values were measured by the SA402
taste sensing system (Intelligent Sensor Technology, Inc.,
Kanagawa, Japan), fitted with a sensor probe for bitter taste
(SB2C00) and a reference probe.[28] The taste sensor probe
consisted of a polymer membrane, an Ag/AgCl electrode, and

Figure 1. HPLC chromatograms of the beer extracts with (A) normally stored hop pellet at 4 �C, (B) hop pellets stored at 40 �C for 10 days, (C) 21 days, (D) 90 days,
and (E) unhopped beer.
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an internal cavity filled with 3.3M KCl aqueous solution satu-
rated with AgCl. The polymer membrane of the bitter taste
sensor was composed of tetradodecylammonium bromide, 2-
nitrophenyl octyl ether, and poly vinyl chloride. The reference
probe consisted of a liquid junction made with ceramics, an
Ag/AgCl electrode, and an internal cavity filled with 3.3M KCl
aq. solution, saturated with AgCl.

The sensor measurement was automatically carried out
at 25 �C. The taste sensor probe and the reference probe

were dipped into sample solutions or standard substance
solutions for 30 s to detect the change in membrane
potential. The bitter taste intensity of the sample solution
was defined as the difference between the change in mem-
brane potential in the sample solution and that in the ref-
erence solution, generated by taste substances adsorbed
on the polymer membrane of the sensor probe. The value
of each sample was obtained from the average of three
measurements.

Figure 2. HPLC chromatograms of the wort extracts (F) boiled at 100 �C for 60min, (G) kept at 80 �C, (H) 50 �C, (I) 20 �C for 60min after the addition of normally
stored hop pellet, and (J) unhopped wort.
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Results and discussion

Components contributing to the IBU value

Figure 1 and Figure 2 show the HPLC chromatograms of
the components in 2,2,4-trimethylpentane layers that con-
tribute to the IBU value of beer. No chromatographic peaks
were detected outside the chromatographic time. Figure 3
shows the correlation between the total peak areas of the
HPLC chromatograms and the IBU values of wort and beer.
The total peak areas were proportional to the IBU value of
wort and beer as shown in Figure 3, indicating that the IBU
values were attributed to the components included in the
chromatogram in Figure 1 and 2.

The peaks of IAA (iso-co-humulone, iso-normal-humu-
lone, and iso-ad-humulone) and AA (co-humulone, normal
and ad-humulone) were identified by comparing those of
authentic compounds. As shown in Figure 1(C and D), the
fractions of polar components that appeared before the peak
of iso-co-humulone increased as hop deterioration pro-
gressed and were identified as OPCs in previous reports.[7,8]

As shown in Table 1, unhopped beer and wort have IBU
values of 3.7 and 5.6, respectively, and slight amounts of
malt-derived polar components contributed to the IBU
value, as depicted in Figure 1(E) and 2(J). Thus, the IBU
values of wort and beer were mainly attributed to IAA, AA,
OPCs, and malt-derived polar components. Almost all the
AA disappeared during fermentation (Figures 1 and 2).

The effect of non-isomerized a-acid during fermentation

The contribution of non-isomerized AA to the IBU value of
wort and beers has been described above. Worts with differ-
ent isomerization ratios were prepared by changing the iso-
merization temperature. The hopped wort was kept at 20,
30, 40, 50, 60, 70, 80, 90, and 100 �C for 60min.

Table 1 shows the concentrations of IAA and AA in wort
and beer produced at different boiling temperatures. Figure
4 shows the correlation between the boiling temperature and
isomerization ratio of AA in worts. The isomerization ratio
was calculated by the formula; IAA (mg)/(AA (mg) þ IAA
(mg)), as the ratio of the homologues (normal, co, ad-form)

Figure 3. Correlations between the total peak areas of HPLC chromatograms
and IBU values of wort and beer extracts.
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and the molecular weight of the AA does not change after
the isomerization. As shown in Figure 4 and Table 1, the
isomerization ratio and IAA concentration of beer increased
from the boiling temperature of 60 �C to 70 �C and the
increase in ratio is accelerated at higher temperatures. The
wort kept at 20 �C already contained 6.9 ppm of IAA, which
was assumed to have been derived from the drying process
or pelletizing process of hop cones as no IAA was detected
from the undried fresh hop cone (data not shown).

As shown in Table 1, for the wort boiled at 20 �C to
60 �C, over 50% of the IBU value was contributed by the
AA content. Larger decreases in IBU values were observed
during fermentation in the wort with the lower isomeriza-
tion ratio, as depicted in Figure 1(A, F), and Table 1. The
concentration of AA in each wort dramatically decreased

during fermentation as in Table 1, although those of IAA
were stable before and after fermentation. Thus, the decrease
in the IBU value during fermentation was mainly caused by
the disappearance of AA, and the isomerization ratio influ-
enced the decrease in the IBU value during fermentation.
The reasons for the disappearance of hydrophobic compo-
nents are discussed in the literature.[29–32] As the pH
decreases during fermentation, hydrophobic components
such as AA become insoluble in the beer. These hydropho-
bic components also adhere to yeast cell walls; moreover,
the degree of adsorption to the cell surface depends on the
degree of hydrophobicity of the cell surface.[31]

Figure 4 shows that isomerization started at a tempera-
ture between 60 �C and 70 �C. This indicates that isomeriza-
tion progresses not only in the wort boiling process, but
also in the subsequent whirlpool process, wherein the wort
is exposed to higher temperatures. In order to control the
bitterness value of the final beer product, the time spent in
the whirlpool rest process should also be considered.

Content of OPCs in beer depends on the degradation of
used hops

The contribution of OPCs to the IBU values of wort and beers
are as mentioned earlier. Worts with different ratios of OPCs
were prepared using hops with different degrees of oxidization.
Hop pellets were stored at 40 �C in order to prepare forcibly
deteriorated hops, and they were sampled at the 3rd, 5th, 7th,
10th, 14th, 21st, 30th, and 90th day from the start of storage.

Table 2 shows the concentration of the bitter compo-
nents in beer hopped with forcibly deteriorated pellet. As
shown in Table 2 and Table 3, as the storage period of the
hopped pellet became longer, the AA content in the hop
pellet, and the corresponding IAA in beer, decreased, and

Figure 4. Correlations between boiling temperatures and isomerization ratio of
a-acid. The wort was kept at each temperature for 60min after the addition of
hops. Isomerization ratios were calculated by the formula; iso-a-acid (ppm)/(iso-
a-acid (ppm) þ a-acid (ppm)).

Table 2. Content of bitter components of beer hopped with forcibly deteriorated hop pellet.

Storage periods
of hop pellet
at 40 �C

a-acid (%)
content in

hopped pellet

IBU of
finished
beer

iso-co-
humulone
(ppm)

iso-normal-
humulone
(ppm)

iso-ad-
humulone
(ppm)

co-humulone
(ppm)

normal,
ad-humulone

(ppm)

0 day 14.0 47.5 12.9 21.6 5.3 1.3 1.2
3 days 13.4 48.2 11.4 19.1 4.6 0.8 0.8
5 days 12.8 48.8 11.8 19.3 4.6 1.0 0.9
7 days 12.1 47.1 12.4 20.4 4.9 0.9 0.8
10 days 10.9 49.9 11.4 18.6 4.6 0.9 0.9
14 days 9.8 48.9 11.0 17.9 4.4 0.8 0.7
21 days 4.4 54.7 6.6 10.5 2.6 0.4 0.4
30 days 1.2 51.1 3.4 5.1 1.3 0.1 0.1
90 days 0.0 49.9 1.0 1.0 0.2 0.0 0.0

The wort, including 2.1 g of each stored hop pellet, was boiled for 60min and fermented for 7 days.

Table 3. Contributions (%) to IBU value of beer calculated from peak area of HPLC chromatograms.

Storage periods of hop pellet at 40 �C Malt-derived compounds (%) Oxidative polar components (%) iso-a-acid (%) a-acid (%)

0 day 7.7 8.4 80.7 3.3
3 days 7.6 9.3 80.7 2.4
5 days 7.5 9.5 80.3 2.8
7 days 7.8 10.7 79.2 2.3
10 days 7.3 12.2 78.0 2.5
14 days 7.5 13.6 76.7 2.3
21 days 6.7 36.9 55.0 1.4
30 days 7.1 59.1 33.5 0.3
90 days 7.3 83.4 9.3 0.0

The contribution was calculated from the ratio of the area of each peak to the total peaks.
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the ratio of the OPC (%) in the total peak area of the chro-
matogram of beer, increased. However, the IBU values of
the beer did not vary, as it depended on the storage peri-
ods of the hopped pellet, and the contents of IAA and
OPCs did not decrease during fermentation to contribute
to the IBU values of beer. It should be noted that the beer
derived from the hop, which was forcibly deteriorated at
40 �C for 90 days, contained only 2.2 ppm of IAA and
an IBU value of 49.9. The beer with normally stored hop
had almost the same IBU value and contained 39.9 ppm
of IAA.

Evaluation of bitterness intensity of beers with forcibly
deteriorated hop pellets using a taste sensing system

The intensity of bitterness is expected to vary, even in beers
with the same IBU values: while some beers have IBU values
mainly composed of IAA, the others have IBU values mainly
composed of OPCs. The bitterness intensity of the beers
hopped with oxidized hops was evaluated using an elec-
tronic tongue, a taste sensing system, after the adjustment of
their IBU value to 40 using unhopped beer.

The taste sensing system is an instrumental method for
evaluating the taste attributes of food and beverages, such as
beer.[27,28,33–37] The electronic tongue of the taste sensing
system consists of sensor electrodes with lipid/polymer
membranes prepared for each primary taste.[28] The taste
intensities are recorded as membrane potential changes
caused by the interaction between the lipid/polymer mem-
branes and the taste substances. A difference of 0.5 in the
response value between samples, from the taste sensing sys-
tem, can be recognized by a panelist who is accustomed to
drinking beer. If there is a difference of 1.0 in the response
value between samples, ordinary people can recognize the
difference in bitterness intensity.[27]

Figure 5 shows the bitterness intensity evaluated by the
taste sensing system and the total IAA content. The bitter-
ness intensity largely decreased in the beer with hops stored

for 21, 30, and 90 days, where the total IAA also decreased
markedly. It was found that the bitterness intensities of the
beer composed of larger ratios of OPCs were lower. Our
observations are consistent with previous reports that beers
made with deteriorated hops have less bitterness than that
expected from the IBU values.[9,22] This is because the bit-
terness intensities derived from OPCs are lower as the
threshold levels of OPCs are generally higher.[9,15–18]

Conclusions

The IBU value had been believed to reflect the concentration
of iso-a-acid, however, in the current study, samples with
disparate iso-a-acid content were analyzed: one was a beer
sample with 47.5 IBU containing 39.9 ppm iso-a-acid, and
the other was a beer sample with 49.9 IBU containing only
2.2 ppm iso-alpha acid. The IBU value of the wort and beer
is mainly contributed by iso-a-acid, non-isomerized a-acid,
OPCs, and malt-derived polar components. It was observed
that the isomerization of a-acid to iso-a-acid was initiated
between 60 �C to 70 �C and the isomerization ratios acceler-
ated rapidly at higher temperatures. In the wort boiled at
temperatures below 60 �C, over 50% of the IBU value was
contributed by non-isomerized a-acid, and most of the non-
isomerized a-acid disappeared during fermentation.
However, the concentration of iso-a-acid was stable. Thus,
the disappearance of the a-acid resulted in the larger
decrease in IBU value during fermentation, and the isomer-
ization ratio influenced the degree of the decrease.

The OPCs that increase with the deterioration of hop
contribute to the IBU value of beer. When non-deteriorated
hop with small amounts of OPCs were used in brewing, the
IBU was mainly contributed by IAA and only 8.4% was con-
tributed by the OPCs. However, in the beer hopped with the
pellet stored at 40 �C for 90 days, over 80% of the IBU value
was contributed by the OPCs. The bitterness intensity of
beers hopped with deteriorated hops were examined using
the taste sensing system. The beers with the deteriorated

Figure 5. The bitterness intensity evaluated by taste sensing system and total iso-a-acid content. The IBU values of all beers were adjusted to the same 40 IBU
using unhopped beer and were subjected to taste sensing analysis. The bar graph shows the bitterness intensity by the taste sensing system, and the line graph
shows the iso-alpha-acid content (ppm) after adjusting the bitterness value to 40 IBU.
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hop had lesser bitterness intensity, despite having the same
IBU values as the beer with non-deteriorated hop.
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