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Abstract

The e�ect of irradiation (0 and 5 kGy) of beef, pork and lamb portions in retail overwrap packs and subsequent storage at 4�C
was studied in relation to colour changes. The colour of the exterior surface of beef and pork was measured on the same samples on

each day of storage for up to 7 days post irradiation. On day 7 the colour of a freshly cut surface was measured. The colour of both
the exterior and a freshly cut surface of lamb, in similar retail overwrap packs was measured at 2, 5 and 7 days, post irradiation,
di�erent samples being used on each day of measurement. L* values of irradiated beef increased signi®cantly with storage and a*

values for unirradiated samples decreased signi®cantly with storage. For lamb there was a general increase in L* and ho values and
a decrease in a*, b* and C* values with storage. Analyses of the day 7 data showed statistically signi®cant e�ects for species on all
CIELAB parameters. Irradiation resulted in signi®cantly higher hue angle (ho) values and the a*, b* and C* values were sig-

ni®cantly higher on the exterior than freshly cut surface. There were a number of statistically signi®cant 2 factor and 3 factor
interactions. The role of formation of a carboxyhaem pigment in the colour of irradiated meat is discussed. The problem of inter-
pretation of pigment changes from CIELAB values is highlighted. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Ionising radiation has been proposed as a suitable
method for the prolongation of storage life of meat and
meat products (Urbain, 1986). The usefulness of the
technology for the inactivation of pathogenic micro-
organisms in beef and poultry has been demonstrated
(Diehl, 1995; International Consultative Group on
Food Irradiation [ICGFI], 1993). Commercialisation of
irradiated food, including fresh meat, has been limited
due mainly to consumer fears about the safety of the
process. Such fears are unfounded as over 50 years of
research has shown the process to be safe (Diehl, 1995)
and gaining approval from a number of health and
agriculture organisations (Food and Drug Administra-
tion [FDA] 1997; Joint Expert Committee on the
Wholesomeness of Irradiated Food and Drug [JECFI]
1981). Side e�ects such as undesirable ¯avours, smells

and colour changes have prevented the widespread
commercialisation of irradiated fresh meat. Of these
changes, the formation of undesirable or unexpected
colours from the consumer's viewpoint are critical as
meat colour is of vital importance in the decision to buy
a certain piece of meat.
The earliest work in this area was performed on beef

extracts and showed that ionising radiation caused the
formation of a red colour in metmyoglobin extracts and
the formation of metmyoglobin in oxymyoglobin
extracts (Ginger, Lewis & Schweigert, 1955). Later work
on fresh meat irradiated in a nitrogen atmosphere also
showed the formation of a red colour and it was postu-
lated that this compound was oxymyoglobin formed
from metmyoglobin via ferrylmyoglobin (Tappel, 1956).
Further studies con®rmed the presence of a red colour
in meat and meat extracts following irradiation (Ber-
nofsky, Fox & Schwiigert, 1959; Satterlee, Brown &
Lycometras, 1972). Alternative pathways and in some
cases ®nal products including, ferrylmyoglobin from
metmyoglobin solutions (Giddings & Markakis, 1972)
and reduced globin myohaemochromagen in cooked
beef (Kamarei, Karal & Weirbicki, 1979) have also been
proposed.
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The objective of the present work was to examine the
e�ect of ionising radiation on the colour of three meats of
di�erent origins and haem pigment concentration. It was
envisaged that this would help understand the phenom-
enon of colour changes following irradiation better and
allow for the identi®cation of the pigment responsible.

2. Experimental

2.1. Preparation of samples and irradiation

Samples of longissimus dorsi (LD) approximately 12
cm in length were obtained from the beef, lamb or pork
carcasses 24 h post mortem. They were transported to
the laboratory in an insulated container (4�C). On arrival
at the laboratory a sample of approximately 1 g was
taken from each LD for pHu determination according to
the method of Bendall (1975). The samples were stored at
4�C for a further 24 h after which time they were bisec-
ted, placed in polystyrene trays with the freshly cut sur-
face uppermost and overwrapped in oxygen permeable
®lm.
One of each pair was irradiated using a 60Co source

(Gammabean 650 irradiator, Nordion International,
Canada), at an estimated dose of 5 kGy at 4�C. Amber
perspex dosimeters (Type 3042D, AEA Technology,
Harwell, UK) were attached to both sides of each sample
to calculate the dose received (Millar, Moss, MacDougall
& Stevenson, 1995). The remaining unirradiated controls
were stored at 4�C during the irradiation process.
Following irradiation all samples were stored at 4�C

and colour measurements made at di�erent time intervals
following storage. The timing of the colour measurements

varied between the meat species, these are given in detail
below and summarised in Table 1.

2.2. Colour measurement

Re¯ectance was measured over the range 380 ± 800 nm
using an integrating sphere with di�use/0 specular
excluded illumination geometry attached to a Monolight
6800 Spectrophotometer (Macam Photometrics, Living-
ston, Scotland, UK). The Monolight spectrophotometer
was calibrated to a standard white tile (National Physi-
cal Laboratory, Teddington, UK). The instruments
software was used to calculate CIE colour parameters at
5 nm intervals using weighting functions for illuminant
D65 10� observer.

2.3. Experiment 1

2.3.1. Colour measurement of irradiated beef
Ten samples of beef LD were irradiated in overwrap

packs as described above and stored at 4�C. On day 1 the
overwrap packs were taken directly from the irradiator to
the laboratory in an insulated container and the colour of
the exterior upper surface of the samples was measured
through the overwrap ®lm with the ®lm in contact with
the meat. The samples were then placed in storage at 4�C.
Colour measurements were repeated in this way on days
2, 3, 4, 5, 6 and 7 of storage post irradiation. On day 7 a
1 cm slice was removed from the exterior surface following
its colour measurement. The overwrap ®lm was replaced
and the colour of this freshly cut surface was measured
through the ®lm within 30 s of cutting to obtain a colour
measurement representative of the pigment state within
the meat at the time of cutting. An outline of the days on

Table 1

Experimental sampling plan for colour measurements showing when exterior and freshly cut surfaces were measureda,d,e

Beef Pork Lamb

Expt 1A Expt 2A Expt 2B Expt 3

ny=10 ny=17 ny=13 ny=30

Irradiation time post mortem 24 h 24 h 72 h 24 h

Surface measured Ext#c FC{b Ext FC Ext FC Ext FC

Day

1
p

x
p

x x x x x

2
p

x
p

x x x
p p

3
p

x
p

x x x x x

4
p

x
p

x x x x x

5
p

x
p

x x x
p p

6
p

x
p

x x x x x

7
p p p

x
p p p p

a y n= Number of samples measured i.e. both irradiated and unirradiated.
b { FC= Freshly-cut surface.
c # Ext= Exterior surface.
d
p
= Measurement taken.

e x= No measurement taken.
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which colour measurements were taken is shown in Table
1 (day 1 refers to day on which samples were irradiated).

2.4. Experiment 2

2.4.1. Colour measurement of irradiated pork
Two separate trials were undertaken, in the ®rst trial

(2A) 17 pork LD samples were packed and irradiated as
described above and the colour measurement was repe-
ated on the exterior surface at 1, 2, 3, 4, 5, 6 and 7 days
following irradiation. In the second trial (2B) 13 sam-
ples were packed, irradiated and stored as described
previously, however, colour measurements were made
only on day 7 but included both the exterior and freshly
cut surface (see Table 1 for plan).

2.5. Experiment 3

2.5.1. Colour measurement of irradiated lamb
Thirty samples of lamb LD were packed, irradiated

and stored as described previously. On day 2 of storage,
colour measurements through the overwrap ®lm were
made as described previously on the exterior surface of
10 samples. A 1 cm slice was then removed from the
surface and the colour of the freshly cut surface mea-
sured through the overwrap ®lm within 30 s of cutting.
Once the exterior surface had been cut the freshly cut
surface was measured to obtain a colour measurement
representative of the pigment state within the meat at
the time of cutting. The sample was not stored for fur-
ther periods. This procedure was repeated on a further
10 samples on day 5, and 10 on day 7 (see plan Table 1).

2.5.2. Statistical analysis
Regression analysis was used to test whether the

change in CIELAB values with time for the 7 days of
storage was signi®cantly di�erent due to irradiation. This
approach was only applied where visual inspection of the
graphs indicated linear trends with time. For each species
on each day the di�erence between irradiated and uni-
rradiated samples was assessed using the students t-test.
For the lamb data, analysis of variance was undertaken

to test for the main e�ects of irradiation, days of storage,
surface and their interactions. To compare the e�ects of
irradiation and surface across all species, analysis of the
day 7 data was performed for the main e�ects of irra-
diation, species, surface and their interactions.

3. Results

3.1. pHu Measurements

The mean pHu values for the beef, lamb and pork were
5.75, 5.56 and 5.56 respectively. There was one sample of
high pHu meat (>6.5) in the set of beef samples.

3.2. Changes in CIELAB parameters on the exterior
surface of beef and pork during storage

The changes in CIELAB parameters on the exterior
surface during storage for beef and pork are given in
Fig. 1a and b. Changes in CIELAB parameters for lamb
are considered under the separate analysis of variance
for lamb. For the exterior surface the L* values for beef
were signi®cantly higher in the control samples than
irradiated samples on day 1, but values for control
samples changed little during storage. L* values for
irradiated beef increased with storage with a statistically
signi®cant (P<0.05) linear slope of 0.56 L* units/day.
L* values for both control and irradiated pork were not
signi®cantly di�erent (Fig. 1b) and decreased slightly on
days 2 and 3 compared to day 1, then increased to reach
day 7 values slightly below those on day 1.
The a* values for the exterior surface of irradiated

beef were signi®cantly (P<0.001) lower by at least 5 a*
units than control samples on each day of storage (Fig.
1a). The a* values for irradiated beef did not change sig-
ni®cantly during storage, whereas the a* values for the
control samples showed a signi®cant (P<0.05) linear
decrease (slope 0.203 a* units/day) with storage (Fig.
1a). The a* values for irradiated pork were signi®cantly
greater (P<0.001) on day 1 and signi®cantly lower on
days 5 and 6 (P<0.01 and P<0.05, respectively) than
unirradiated controls.
The b* values for the exterior surface of irradiated

beef were signi®cantly lower than controls on days 1, 2,
4, 5, 6 and 7 of storage (Fig. 1a). There were no statis-
tically signi®cant trends in b* with storage for beef.
The b* values for the exterior surface of both control

and irradiated pork were 3±4 b* units lower on day 1
than on subsequent storage days (Fig. 1b). On days 6
and 7, b* values for irradiated pork were signi®cantly
higher than for unirradiated pork (Fig. 1b).

3.3. Analysis of variance for CIELAB measurements
undertaken on day 7

The results of the analysis of variance of CIE mea-
surements taken on day 7 data for the main e�ects of
species, irradiation, surface and their interactions are
given in Table 2. All CIELAB parameters were sig-
ni®cantly (P<0.001) a�ected by species. Lamb and
pork had similar L* and a* values, while beef and pork
had similar C* values. The b* and ho values were sig-
ni®cantly di�erent between each species with lowest
values in beef and highest in pork. The hue angle was
signi®cantly higher (P<0.01) in the control than irra-
diated treatments (Table 2). The a*, b*, and conse-
quently C� values (C� � ���������������

a2 � b2
p

) were signi®cantly
lower on the freshly cut surface than exterior surface.
There were a number of 2 factor and 3 factor interac-
tions (see Table 2).
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3.4. Evaluation of interactions for CIELAB values
measured on day 7

The L* values for freshly cut beef were higher than
the exterior surface whereas the opposite trend was
shown in lamb. There were no statistically signi®cant
di�erences in L* values between pork freshly cut and
exterior surfaces (Fig. 2). The 3 factor interaction
shows that for beef, L* values for both the control and
irradiated treatments of the freshly-cut surface were

signi®cantly higher than for their respective exterior
surface (Fig. 2). For lamb, L* values were signi®cantly
higher on the exterior than the freshly cut surface for
the unirradiated controls (Fig. 2). Also on the exterior
surface of lamb, L* values were signi®cantly higher in
the control than the irradiated treatment.
All 2 factor interactions for a* values were statistically

signi®cant (Table 2) and there was a signi®cant
(P<0.001) 3 factor interaction (Fig. 2). These interac-
tions show that although there was no main e�ect of

Fig. 1. E�ect of irradiation and days of storage on the CIELAB parameters of the exterior surface of pork and beef. Di�erences between uni-

rradiated and irradiated for each day: *P<0.05; **P<0.01; ***P<0.001; not statistically signi®cant if no indication given.
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irradiation on a* values, i.e. over all species (Table 2),
in fact the a* values for irradiated beef (9.78) were
signi®cantly (P<0.001) lower than unirradiated beef
(11.82) whereas the a* values for irradiated pork (4.93)
were signi®cantly (P<0.01) higher than unirradiated
pork (3.57). The values for irradiated and unirradiated
lamb were not signi®cantly di�erent (3.90 and 4.02
respectively). For beef these changes following irradia-
tion were due to decreases in a* values for the exterior
surface with no change on the freshly cut due to irra-
diation (Fig. 2). The increase in a* values following irra-
diation of pork was essentially due to the large increase
in a* values on the freshly-cut surface since a* values on
the exterior surface decreased following irradiation but
by a lesser extent (Fig. 2).
The irradiation/surface interaction for b* values shows

that the mean b* values for the freshly-cut surface of
controls over all species (8.66) was not signi®cantly dif-
ferent from the freshly-cut surface of the irradiated
samples (8.91). The mean b* values for the exterior sur-
face over all species was signi®cantly (P<0.05) higher in
controls (11.17) than irradiated samples (10.45), both
these values were signi®cantly (P<0.001) higher than
the respective freshly-cut surface. The surface species
interaction for b* values show that although for each
species the b* values were signi®cantly higher on the

exterior surface than the freshly-cut surface, the di�er-
ence was greater for beef and pork than for lamb (beef
5.23, 8.04; pork 11.02, 13.41; lamb 9.44, 10.21 freshly-
cut, exterior surface respectively).
The statistically signi®cant 2 factor (irradiation/spe-

cies, irradiation/surface) interactions and 3 factor inter-
action for ho re¯ects both the a* and b* values since ho

is a function of these (ho=tanÿ1[b/a]). The irradiation/
species interaction shows that the overall higher ho values
in control samples (Table 2) was essentially due to the
e�ect of irradiation on pork, since ho values for beef and
lamb were not signi®cantly a�ected by irradiation (Fig.
3). For beef and lamb this applied to both the freshly-
cut and exterior surface as shown in the statistically
signi®cant 3 factor interaction (Fig. 3). The ho values for
the freshly-cut surface of pork were signi®cantly
(P<0.001) higher in the control than the irradiated
samples. On the exterior surface, however, the reverse
was obtained (Fig. 3). ho values were signi®cantly
(P<0.01) higher on the exterior surface for control
lamb than the respective freshly-cut surface (Fig. 3).
The metric chroma (C*) had statistically signi®cant 2

factor and 3 factor interactions. The irradiation/species
interaction shows that although there was no main e�ect
of irradiation on C* values, the C* values for beef were
higher in control samples than irradiated samples and

Table 2

E�ect of species, irradiation and surface on CIELAB values measured 7 days post irradiationa

L* a* b* ho C*

E�ect of species

(overall irradiation and storage days)

Beef 45.00a 10.80a 6.64a 31.23a 12.70a

Lamb 61.93b 3.96b 9.82b 68.02b 10.62b

Pork 62.79b 4.25b 12.22c 71.28c 13.05a

Statistical signi®cance *** *** *** *** ***

SEM 0.788 0.149 0.275 1.057 0.230

E�ect of irradiation

(overall species and storage days)

Control (0kGy) 57.29 6.21 9.92 59.15 12.46

Irradiated (5kGy) 56.99 6.09 9.68 57.16 11.95

Statistical signi®cance ns ns ns ** ns

SEM 0.283 0.111 0.079 0.402 0.113

E�ect of surface

(overall species and irradiation treatment)

Freshly cut 56.95 5.40 8.79 57.64 10.87

Exterior 57.33 6.89 10.81 58.66 13.54

Statistical signi®cance ns *** *** ns ***

SEM 0.285 0.112 0.112 0.582 0.118

Statistical signi®cance of interactions

Irradiation/species nsb *** ns *** **

Irradiation/surface ns *** ** *** ***

Surface/species *** *** *** ns ***

Irradiation/species/surface * *** ns *** *

a Within columns, treatment means with common letters are not signi®cantly di�erent (P>0.05).
b ns, not statistically signi®cant, *P<0.05, **P<0.01, ***P<0.001.
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that this was due to greater changes in C* for the
exterior surface than the freshly-cut surface following
irradiation (see Fig. 3). It should be noted, however,
that irradiation increased C* values on the freshly-cut
surface of pork (Fig. 3). The overall signi®cantly higher
C* values on the exterior surface are due essentially to
beef (both control and irradiated treatments) and con-
trol pork since in the other species treatment combina-
tions there was no signi®cant di�erence in C* values
between the freshly-cut and exterior surface (see Fig. 3).

3.5. E�ect of irradiation and storage on colour of lamb

Since for lamb the colour of both the exposed exterior
surface and freshly cut surface was measured on days 2, 5
and 7 following irradiation the data for lamb were sub-
jected to a separate analysis of variance for the main
e�ects of days, irradiation, surface and their interactions.

The results show that with storage there was a general
increase in L* and ho values and decrease in a*, b* and
C* values (Table 3). Irradiation resulted in signi®cantly
lower L*, a*, b* and C* values. The L*, a*, b* and C*
values were signi®cantly higher on the exposed outer
surface than on the freshly cut surface. There were a
large number of statistically signi®cant 2 factor and 3
factor interactions (Table 3).
The irradiation/surface interaction shows that the

e�ect of irradiation on L* values (Table 3) is primarily
due to the exterior surface L* values (Fig. 4). On both
the freshly cut and exterior surfaces L* values were
lowest on day 2 and highest on day 5 (Fig. 4).
The 2 factor and 3 factor interactions for a* values

show that the overall higher a* values on the exterior
surface (see Table 3) were primarily due to measure-
ments made on day 2 (Fig. 4). Signi®cantly lower a*
values due to irradiation treatment are essentially due to
di�erences in a* values on the exterior surface on day 2
(Fig. 4).
The irradiation/days/surface interaction for b* shows

that for the freshly cut surface on each day that was no
statistically signi®cant di�erence due to irradiation. On
the exterior surface the b* values of the irradiated sam-
ples were similar to those of the freshly cut surface sur-
face on the same day. The b* values of the exterior
surface of the controls, however, were signi®cantly
higher on each day than those of the irradiated samples

Fig. 2. E�ect of irradiation and surface on the CIELAB parameters

(L*a*b*) of beef, lamb and pork 7 days post irradiation. Note Ð sig-

ni®cance of di�erences due to irradiation within a surface are given

above the relevant surfaces. For b* these are not given (na not

applicable) since the factor interaction was not statistically signi®cant.

Fig. 3. E�ect of irradiation and surface on the CIELAB parameters

(Hue, Chroma) of beef, lamb and pork 7 days post irradiation. Note ±

signi®cance of di�erences due to irradiation within a surface are given

above the relevant surfaces.
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(Fig. 4). This di�erence was greater on day 2, than days
5 and 7 (Fig. 4). It is also evident from this irradiation/
days/surface interaction that the signi®cantly higher b*
values for the exterior surface reported in Table 3 are
mainly due to the higher values of the exterior surface of
the control samples on day 2.
The days/surfaces interaction for hue angle (ho) shows

that ho values are higher on the freshly-cut surface than
exterior on day 2 and lower on the freshly-cut surface
than exterior on day 5 (Fig. 5). Also the ho values on the
exterior surface on days 5 and 7 were not signi®cantly
di�erent from each other, but were signi®cantly higher
than corresponding ho values for day 2. On the freshly-
cut surface ho values increased progressively with days
of storage (Fig. 5). Irradiation had no statistically sig-
ni®cant e�ect on the ho values of either the freshly-cut
or exterior surface.
Since metric chroma is a function of a* and b*

(C� � ���������������
a2 � b2
p

) the three factor interactions for C*
might be expected to show similarities to the trends for
a* and b*. Irradiation had no statistically signi®cant
e�ect on the C* values of the freshly cut surface (Fig. 5).
On the exterior surface higher C* values in control than
irradiated lamb samples were observed on days 2 and
(P<0.001), 5 (P<0.05), but on day 7 this just failed to
reach signi®cance (P=0.062) (Fig. 5). This re¯ects the
trends observed with a* and b* values for the exterior
surface in that these are much higher in controls on day
2 than on days 5 and 7.

4. Discussion

It is clear that treatment with ionising radiation has
an e�ect on the colour of beef as judged by its surface
appearance. Figs. 1 and 2 clearly show irradiated beef to
be less red (lower a*) and less yellow (lower b*) for each
day of storage except day 3 for b* values. The fact that
there was no linear trend observed for a* and b* values for
irradiated meat shows it to be more colour stable than the
control samples for which a* declined signi®cantly during
storage. This is probably due to increased metmyoglobin
formation beneath the outer layer of oxymyoglobin
(Ledward, 1984). Consistent trends with the exterior
surface of pork were less obvious although it would
appear that irradiated samples have higher b* values on
days 6 and 7 which does not occur in the controls. For
lamb the direction of the colour changes on the exterior
surface following irradiation are similar to beef in that
a* values on day 2 are signi®cantly lower in irradiated
samples than controls and b* values signi®cantly higher
on days 2, 5 and 7 than controls. Overall these results
(Figs. 1, 2 and 3) show that the e�ect of irradiation as
evaluated by CIELAB parameters of the exterior sur-
face was di�erent for each species both in direction and
magnitude of change. The analysis of variance results
for day 7 showed that as would be expected there were
signi®cant di�erences between the colour of each of the
species studied. Beef was darker and redder than either
pork or lamb although it was surprising that the colour

Table 3

E�ect of days of storage following irradiation on the colour of lamba

Lamb L* a* b* h0 C*

E�ect of days

Day 2 51.84a 9.53a 11.19a 50.47a 14.85a

Day 5 67.01b 3.14b 6.58b 64.44b 7.32b

Day 7 61.93c 3.95c 9.83c 68.02c 10.61c

Statistical signi®cance *** *** *** *** ***

SEM 0.788 0.149 0.275 1.057 0.230

E�ect of irradiation

Control (0kGy) 60.77 5.86 9.71 61.18 11.54

Irradiated (5kGy) 59.76 5.23 8.69 60.78 10.32

Statistical signi®cance * *** *** ns ***

SEM 0.283 0.111 0.079 0.402 0.113

E�ect of surface

Freshly cut 59.52 4.73 8.56 61.24 9.85

Exterior 61.00 6.37 9.84 60.72 12.00

Statistical signi®cance *** *** *** ns ***

SEM 0.285 0.112 0.112 0.582 0.118

Signi®cance of interactions

Irradiation/days ns ** *** ns ***

Irradiation/surfaces *** *** *** ns ***

Days/surfaces *** *** *** *** ***

Irradiation/days/surfaces ns *** *** ns ***

a Within a column means with common superscript are not statistically signi®cantly di�erent at P<0.05.

ns Ð not statistically signi®cant P>0.05; *P<0.05; **P<0.01; ***P<0.001.

S.J. Millar et al. /Meat Science 55 (2000) 349±360 355



values for lamb were closer to those for pork than those
for beef. If, however the CIELAB values on day 2 for
the exterior surface are considered then the L*, a*, b*
values for lamb (50, 12, 12, L*, a*, b*, respectively) are
closer to those for beef (42, 14, 9) than those for pork
(65, 5, 12).
The di�erent e�ect of irradiation on the CIELAB

parameters of the three species studied is seen further
from the interactions obtained on the day 7 data which
included both freshly cut and exterior surfaces. It is
clear, however, from Figs. 1±4 and the interactions
given in Table 2 that a decrease in hue angle following
irradiation does not apply similarly to all species. After
7 days storage the changes in pigment state at the

exterior surface due to storage need to be considered.
For beef, a* values on the exterior surface of uni-
rradiated samples decrease by approximately 2 units
over the 7 day period, which is less than reported by
Mitsumoto, Ozawa, Mitsutiashi and Koide (1998) for
similar storage conditions. The a* values for the exterior
surface of pork remained virtually unchanged, whereas
the a* values of the exterior surface of lamb decreased
markedly from day 2 to day 5. The colour of fresh meat
depends on the amount and state of pigment and light
scattering properties (MacDougall, 1983) and balance
between oxygen penetration, oxidative processes and
reducing systems within the meat (Ledward, 1985;
Renerre & Labas, 1987; Taylor, 1985). Irradiation of

Fig. 4. The e�ect of irradiation and storage on CIELAB parameters of the freshly cut and exterior surface of lamb longissimus dorsi. Di�erences

between unirradiated and irradiated for each day: *P<0.05, **P<0.01, ***P<0.001, not statistically signi®cant (P>0.05) if no indication given.
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meat would be expected to a�ect the meat uniformly
with the colour changes observed on the exterior surface
dependent on rate of oxygen di�usion and depth of
penetration of oxygen.
The rapid decline in a*, b* and C* values on the

exterior surface of both irradiated and unirradiated lamb
samples may be explained by the greater oxygen con-
sumption rate of lamb compared to beef (Atkinson &
Follett, 1973). The higher a*, b* and C* values on the
exterior surfaces of lamb on day 2 compared to the freshly
cut surface is as might be expected since the surface
represents a fully bloomed surface, whilst the freshly cut
surface represents a freshly cut unbloomed surface. TheC*
and h� values for the predominantly oxymyoglobin form
of the haem pigments decrease as the proportion of met-
myoglobin increases (MacDougall, 1983). It is evident
that for lamb on days 5 and 7 the CIELAB values for
the exterior surface were generally similar to those of the
freshly-cut surface. In unirradiated meats this represents
a comparison of a predominantly metmyoglobin surface
on the exterior with myoglobin predominating on the
freshly-cut surface. MacDougall quotes similar C* and
h* values for 100% reduced myoglobin and situations
where metmyoglobin comprises 20% of the pigment.
CIELAB parameters may not be su�ciently sensitive
indicators of pigment changes following irradiation.

The use of various equations to calculate pigment pro-
portions (Dean & Ball 1960; Krzywicki 1979; Snyder &
Armstrong, 1967; Stewart, Zipsert & Watts, 1965) were
not used in the present study since these only apply to a
three component system of myoglobin, oxymyoglobin
and metmyoglobin. If irradiation results in the forma-
tion of a di�erent pigment as reported by Tappel (1956)
and Bernofsky et al. (1959) then given the di�erent
spectral forms of the pigments and resulting four com-
ponent system (myoglobin, oxymyoglobin, metmyoglo-
bin and irradiated pigment) application of the published
equations to calculate pigment proportions would not
be valid for the irradiated samples. (Moss, Millar &
Stevenson, 1994).
Of the factors that in¯uence the colour of fresh meat,

O'Keefe and Hood (1982) considered the rate of dis-
coloration to be more dependent on myoglobin oxida-
tion and oxygen consumption rate. Ledward (1985)
however, considered the activity of the reducing system
to be more important. In¯uences on enzyme reducing
systems and mitochondrial oxygen consumption by
irradiation are unlikely since enzymatic activity has
been shown to be resistent to irradiation even at doses
used for sterilisation processes (Diehl, 1995).
In the present studies meat was irradiated in overwrap

packs, thus at the time of irradiation the exterior surface

Fig. 5. E�ect of irradiation and storage on the Hue and Chroma on freshly cut and exterior surface of lamb longissimus dorsi. Di�erences between

unirradiated and irradiated for each day: P<0.05, **P<0.01, ***P<0.001, not statistically signi®cant (P>0.05) if no indication given.
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would be predominantly oxymyoglobin with a met-
myoglobin layer some distance below this with reduced
myoglobin predominating in the centre of the meat
samples. Ginger, Lewis and Schweigert (1955) found
that irradiation of beef extracts with a large proportion
of oxymyoglobin seemed to cause the formation of
metmyoglobin, and if the pigment in the extracts was
predominantly metmyoglobin a pigment with similar
spectral shape to oxymyoglobin was formed (Satterlee
et al., 1971). Such changes from oxymyoglobin to met-
myoglobin at the surface could explain the lower a*
values on the exterior surface of irradiated beef (Fig. 1)
and initially lamb (Fig. 2) compared to unirradiated
samples in the present experiments. On storage then the
remaining unconverted oxymyoglobin or other `irra-
diated pigment' would become oxidised to metmyoglo-
bin resulting in further decrease in a*. The in¯uence of
the postulated conversion of underlying metmyoglobin to
`oxymyoglobin type' spectra would have less contribution
to the surface re¯ectance measurement depending on the
depth of the metmyoglobin layer beneath the surface prior
to irradiation. Giddings and Markakis (1972) found that
when solutions were anoxic prior to irradiation a
reductive oxygenation occurred giving oxymyoglobin.
Whitburn, Ho�man and Taub (1981), however, found
no evidence of oxymyoglobin formation following irra-
diation of deaerated solutions of myoglobin.
The di�erence in responses of the three species to

irradiation is seen by comparing the CIELAB values
after 7 days of storage. On the exterior surface the
CIELAB values obtained are dependent on the initial
e�ect of irradiation and the subsequent changes in pig-
ment form, particularly oxidation, during storage. On
the freshly-cut surface which was measured within 30 s
of cutting and unbloomed, the CIELAB values obtained
should represent the initial pigment formed during irra-
diation and its subsequent inherent stability or interac-
tion with enzyme systems in the meat. Di�erences in a*
value of the freshly cut surface were only seen for pork.
The higher a* value of the freshly cut surface of irra-
diated pork could be explained by the formation of
oxymyoglobin as proposed by Satterlee et al. (1972).
If the e�ect of irradiation on the pigment is dose

related then the quantity of irradiated pigment formed
(qi) should be of a similar order in each of the species
studied in the present experiment. It is evident that as
the total haem content in the meat increases the irra-
diated pigment would contribute proportionally less to
the overall colour. If for example at a given dose (e.g.
5kGy) all the myoglobin in pork was converted to
`irradiated' pigment, then based on the pigment deter-
mination of Moss et al., (1994), the same quantity of
pigment converted (qi) would represent 5% of the pig-
ment in lamb and 2% in beef. According to Millar
(1994) the quantity of haemoglobin in pork is slightly
higher than myoglobin, whereas in lamb and beef

haemoglobin represents 20% and 5% of the total haem
pigment. If irradiation a�ected haemoglobin pre-
ferentially to myoglobin then greater changes in colour
would be expected in the lower haem meats. This could
be one explanation for the greater observed colour
changes in pork in these experiments and in chicken
(Millar et al., 1995).
Although a number of di�erent pigment forms have

been proposed following irradiation (Bernofsky, 1959;
Satterlee et al.; Tappel, 1956, 1972) it seems more likely
that irradiation results in the same pigment form in each
meat species, but the fate of this pigment and sub-
sequent pathways depend on the oxygenation and
reducing properties within the meat. Previous work
(Millar et al., 1995) has indicated that chicken breasts
have a more red appearance when irradiated. It would
appear that pork undergoes a similar reaction but that
the pigment changes are con®ned to areas not exposed
to oxygen. It seems unlikely that oxymyoglobin could
be one of the proposed irradiated pigments as the col-
our change in pork only occurred in the interior. As the
pigment produced in pork appears to predominate in
the meat interior, it would be logical to assume that it is
based on ferrous iron. Two haem pigments, the carboxy
and the nitroso forms, are known to be bright red or
pink in colour at the concentrations found in pork. The
nitroso form is well-known as the colour of cured bacon
and it is tempting to conclude that the formation of this
pigment is responsible for the colour of irradiated pork.
It is known, however, that carbon monoxide is pro-
duced in meat during irradiation (Dauphin & Saint
LeÁ be, 1977) and, in fact, this has been proposed as a
marker for a range of irradiated meats (Furuta, Doh-
maru, Katayama, Toraboru & Tukeda, 1992). In light
of this it would seem more likely that the colour changes
observed are due to the production of the carboxy form
of the haem pigments in the meat interior. Carboxy-
myoglobin and oxymyoglobin have similarly shaped
spectra, and the small di�erences in the position and
magnitude of the absorption peaks (Millar, Moss &
Stevenson, 1996) make it di�cult to di�erientiate them
from re¯ectance spectra. Millar, Moss and Stevenson,
(1994) interpreted the re¯ectance spectra of freshly cut
pork and its subsequent change when stored as an indi-
cation of the presence of carboxymyoglobin.
It is di�cult to explain completely the changes in beef

and lamb following irradiation. One possible model
may be the formation of irradiated pigment such as
carboxymyoglobin throughout the beef initially. El
Badawi, Cain, Samuels and Anglemeier (1964) showed
that beef packed in a 2% carbon monoxide /98% air
mixture maintained satisfactory colour index on storage.
Sorheim, (1999) considered 0.4% CO to be optimum in
their modi®ed atmosphere packs, and also noted that
CO prevented the blackening of haemoglobin at bone
surfaces. There is some indication according to their
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calculations of pigment proportions (El Badawi et al.,
1964) of a reduction in metmyoglobin and increase in
reduced myoglobin with concomitant decrease in car-
boxymyoglobin on storage of meat packed in carbon
monoxide. Thus if carboxymyoglobin is the pigment
initially formed during irradiation of meat it may retard
the formation of metmyoglobin present at the limit of
oxygen penetration, and the rate at which this layer
moves towards the surface during storage. In the pre-
sent studies the irradiated pigment is more persistent in
pork as evident by the higher a* values on the freshly
cut surface of irradiated pork.

5. Conclusions

In conclusion these experiments show that the
response of meat from di�erent species to irradiation as
measured by CIELAB values varies in both magnitude
and direction. It is proposed that a carboxy form of the
haem pigments either carboxymyoglobin or carboxy-
haemoglobin may be responsible for the colour changes
observed particularly in the interior surface of low haem
meats such as pork. To further understand the changes
in pigment form following irradiation it is necessary to
examine the re¯ectance spectra in detail and possible
approaches using ®rst or second derivative spectra as
described by Millar et al., (1995).
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