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ABSTRACT

Low-dose, low-penetration electron beam (E-beam) irradiation was evaluated for potential use as an antimicrobial inter-
vention on beef carcasses during processing. The objectives of this study were (i) to assess the efficacy of E-beam irradiation
to reduce concentrations of Escherichia coli O157:H7 on a large beef surface and (ii) to evaluate the effect of the treatment
on the sensory properties of the product. A 1-kGy dose of E-beam radiation reduced E. coli O157:H7 inoculated onto sections
of cutaneous trunci at least 4 log CFU/cm2. In assessing organoleptic impact, flank steak was used as the model muscle. Flank
steaks with various levels of penetration by radiation (5, 10, 25, 50, and 75%) were evaluated. None of the flank steak sensory
attributes were affected (P . 0.05) by any penetration treatment. Ground beef formulations consisting of 100, 50, 25, 10, 5,
and 0% surface-irradiated beef were tested. A trained sensory panel did not detect any difference between the control (0%)
and either the 5 or 10% treatments. These results suggest that if chilled carcasses were subjected to low-dose E-beam irradiation,
aroma and flavor of ground beef would not be impacted. The data presented here indicate that low-dose, low-penetration E-
beam irradiation has potential use as an antimicrobial intervention on beef carcasses during processing and minimally impacts
the organoleptic qualities of the treated beef products.

Escherichia coli O157:H7 is the major target pathogen
for control in the beef processing industry. Previous studies
have indicated that multihurdle intervention strategies are
the best for reducing pathogen contamination of beef car-
casses during processing (2, 8, 28). Currently, processors
employ a variety of intervention technologies but are still
unable to eliminate contamination of the final product by
pathogens such as E. coli O157:H7 (3, 13). Clearly, novel
interventions are required to help processors minimize or
eliminate such pathogens.

In several studies, irradiation significantly reduced
foodborne pathogen concentrations (16, 22, 30). Conse-
quently, irradiation has been approved and used on a wide
variety of food items. Currently, ionizing radiation is ap-
proved for use in treating refrigerated or frozen uncooked
meat, meat byproducts, and certain other meat food prod-
ucts to reduce concentrations of foodborne pathogens and
to extend shelf life (34, 35). Traditionally, large lots of ei-
ther nonintact cuts or ground beef are irradiated. To uni-
formly treat these products, high-penetration, high-energy
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radiation is needed to ensure that the entire meat product,
both exposed surface and internal regions, is irradiated.
Such treatments may lead to the development of off-odors
and can affect flavor. Recently, low-dose, low-penetration
electron beam (E-beam) irradiation technology has evolved
to the point where large nonuniform surface areas can be
effectively treated (e.g., an entire carcass side). This ap-
proach allows for whole carcasses to be treated after chill-
ing. With such a process, only the surface (approximately
15 mm of penetration) of each carcass side receives a sig-
nificant radiation dose. Because pathogen contamination of
carcasses is a surface phenomenon, this treatment is ex-
pected to dramatically lower the pathogen load without ad-
versely affecting the organoleptic qualities of products
made from the internal regions of the carcass. The present
experiment was designed to simulate the effects of E-beam
irradiation on pathogen concentrations and meat quality in
chilled beef carcasses immediately before carcass disassem-
bly. The objectives of this study were (i) to assess the ef-
ficacy of E-beam irradiation for reducing concentrations of
E. coli O157:H7 on carcass surface tissues and (ii) to eval-
uate the effect of E-beam irradiation on product quality.

MATERIALS AND METHODS

In these experiments, various tissues were irradiated, but the
method of irradiation was the same for each experiment. Methods
were designed to simulate the effect of applying E-beam irradia-
tion to chilled beef carcass sides. Therefore, at a large-scale U.S.
fed beef harvesting facility, tissues were obtained from chilled
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beef carcasses during the course of conventional carcass disassem-
bly. Tissues were vacuum packaged and transported (238C) to the
irradiation facility. As detailed below, tissues were unpacked, ar-
ranged on trays, and subjected to E-beam irradiation.

E-beam irradiation. Samples were irradiated with a 3-MeV
Dynamitron (RDI, Edgewood, N.Y.) at a dosage of 1 kGy/s. Be-
cause of limited capacity of the E-beam unit used in this study,
17 irradiation batches were required to complete the tests. For
each batch, two BioMax Alanine Dosimeter Films (Eastman-Ko-
dak, Inc., Rochester, N.Y.) were used to assess the radiation de-
livered to the beef tissues. The free radical signal was measured
with an electron paramagnetic resonance analyzer (Bruker Instru-
ments, Inc., Billerica, Mass.). The range in delivered surface dos-
age was 0.98 to 1.17 kGy among the 17 batches (mean 6 standard
deviation, 1.04 6 0.05 kGy). Internal dosages can be up to 1.6
times higher.

Pathogen reduction: meat samples. Forty cutaneous trunci
pieces were used for this experiment. At the E-beam facility, the
cutaneous trunci pieces were warmed to room temperature before
inoculation because when carcass contamination occurs during the
beef harvesting process the surface of the carcass is warm. Out-
lines of two 200-cm2 areas were marked on each piece using ed-
ible ink and a template (10 by 20 cm); one section was treated
and the other was not (control). On the control section, three areas
(5 by 5 cm) were marked with edible ink. Two such areas were
marked on the treated section.

Pathogen reduction: strain. An E. coli O157:H7 strain lack-
ing both Shiga toxins (ATCC 43888) was used for all inoculations.
This strain has growth characteristics similar to those of fully
toxigenic E. coli O157:H7 strains; however, to our knowledge
there have not been any studies comparing the radiation sensitiv-
ities of such strains.

Pathogen reduction: inoculation. E. coli O157:H7 (ATCC
43888) was grown overnight in tryptic soy broth (Difco, Becton
Dickinson, Sparks, Md.) to approximately 5 3 108 CFU/ml. The
culture was diluted with buffered peptone water (Difco, Becton
Dickinson) to 108 CFU/ml (high-concentration inoculum) and 105

CFU/ml (low-concentration inoculum). Twenty cutaneous trunci
pieces were used for high-concentration inoculation (approxi-
mately 106 CFU/cm2), and 20 pieces were used for low-concen-
tration inoculation (approximately 103 CFU/cm2). To inoculate the
sections, 4 ml of the appropriate culture dilution was dispensed
across the 400-cm2 area and spread using a sterile spreader.

Pathogen reduction: attachment. After inoculation, the
pieces remained at room temperature for 1 h. After 1 h, one 25-
cm2 piece from each control section was excised, aerobically
bagged, refrigerated, and shipped overnight to the U.S. Meat An-
imal Research Center (MARC) for processing. These pieces were
designated as time 5 0 h postirradiation. The remaining sections
were refrigerated overnight to simulate the chilling that occurs
between the end of slaughter and carcass fabrication, i.e., between
slaughter and the proposed low-dose E-beam irradiation imme-
diately before carcass disassembly.

Pathogen reduction: treatment. The refrigerated sections
were removed from refrigeration, and the treated and control sec-
tions were separated. The pieces to be treated were irradiated as
described. Two 25-cm2 sections were excised from both the con-
trol and treated sections, aerobically bagged, and shipped refrig-
erated to MARC for processing. These pieces were designated as
time 5 48 h or 120 h postirradiation. The 48- and 120-h sampling

times were designed to represent beef trimmings that experience
a relatively short and a relatively long distribution and transpor-
tation period, respectively, before ground beef production.

Pathogen reduction: detection and enumeration of E. coli
O157:H7. Twenty-five milliliters of buffered peptone water was
added to the sample bags containing 25-cm2 beef pieces. The bags
were stomached (Seward Lab Blender Stomacher 400, Brinkmann
Instruments, Westbury, N.Y.) for 1 min at 230 rpm, and samples
were serially diluted and plated in duplicate onto sorbitol Mac-
Conkey agar (SMAC; Difco, Becton Dickinson) supplemented
with cefixime (0.05 mg/liter) and potassium tellurite (2.5 mg/liter;
Dynal, Lake Success, N.Y.) (ctSMAC). The remaining buffered
peptone water from a subset of the treated samples was used for
most-probable-number (MPN) estimation of E. coli O157:H7.
Four aliquots (5 ml each) of the stomached samples were removed
to new tubes. Forty-five milliliters of prewarmed (428C) BAX
medium (DuPont Qualicon, Wilmington, Del.) was added to the
four tubes and mixed thoroughly. BAX medium (45 ml) was also
directly added to the sample bag containing the remaining 5 ml
and the treated section of meat. Two consecutive serial dilutions
were made by transferring 5 ml from each of the previous dilu-
tions into new tubes and adding 45 ml of BAX medium. The tubes
and sample bag were incubated for 16 to 20 h at 428C. E. coli
O157:H7 was isolated using immunomagnetic separation and plat-
ing onto (i) ctSMAC and (ii) Rainbow agar (Biolog, Inc., Hay-
ward, Calif.) supplemented with novobiocin (20 mg/liter; Sigma,
St. Louis, Mo.) and potassium tellurite (0.8 mg/liter; Sigma) (4).
Bacterial enumeration data were analyzed by one-way analysis of
variance (ANOVA) in which each subcell of the incomplete var-
iable arrangement (treatment 3 inoculum level 3 storage time)
was considered a different level of a single factor.

Meat quality evaluation: flank steaks. Flank steaks were
used to represent a whole muscle cut that would be exposed dur-
ing whole-carcass E-beam irradiation. Thirty rough-cut flanks
were used for this experiment. At the irradiation facility, 20-mm-
thick flank steaks were randomly assigned to one of five treat-
ments. The surface fat over the external side of the rectus abdom-
inus muscle was trimmed to give five treatments of radiation pen-
etration, assuming 15 mm penetration by the E-beam irradiation
treatment: (i) 75% muscle penetration (no overlying fat tissue),
(ii) 50% muscle penetration (5 mm overlying fat tissue), (iii) 25%
muscle penetration (10 mm overlying fat tissue), (iv) 10% muscle
penetration (13 mm overlying fat tissue), and (v) 0% penetration
(untreated control).

After radiation treatments were complete, samples were vac-
uum packaged and shipped by air (overnight, 28C) to MARC. At
MARC, the flank steaks were stored at 58C for an additional 12
to 14 days and then cooked and evaluated. A section (8.5 by 15
cm) was obtained from the center of the flank steak and then cut
into cubes (1 by 1 by 2 cm). The cubes were stir-fried in an
electric skillet (West Bend Housewares, West Bend, Wis.) at
1778C for 5.5 min. Separate skillets were used for each treatment.
Samples were evaluated by a 10-member trained descriptive at-
tribute sensory panel for six attributes: beef aroma intensity, off-
aroma, tenderness, juiciness, beef flavor intensity, and off-flavor
(where 8 5 extremely intense, none, extremely tender, extremely
juicy, extremely intense, and none, respectively; and 1 5 none,
intense, extremely tough, extremely dry, none, and extremely in-
tense, respectively). Immediately after cooking, each panelist eval-
uated three cubes. The panel evaluated two samples of each treat-
ment on each of three consecutive days. The first sample of each
panel session was a nonexperimental warm-up sample. Flank
steak sensory data were analyzed by one-way ANOVA.
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TABLE 1. Effect of electron beam irradiation and time posttreat-
ment on E. coli O157:H7 in beefa

Sample

High concentration
inoculum

0 h 48 h 120 h

Low concentration
inoculum

0 h 48 h 120 h

Control
Treatedb

7.2 A 6.6 B

0.0 G

5.9 C

0.1 G

3.9 D 2.9 E

0.0 G

2.6 F

0.0 G

a Values are log CFU per square centimeter. Cell counts with dif-
ferent letters are significantly different (P , 0.05).

b When no growth was detected, data were treated as 1 log less
than the minimum level of detection, which was 10 CFU/cm2.

TABLE 2. MPN estimates for E. coli O157:H7 following electron
beam irradiation of beefa

MPN
estimate

High concentration
inoculum

0 h 48 h 120 h

Low concentration
inoculumb

0 h 48 h 120 h

Average
Maximumc

11.0
40

11.2
69

0.024
,0.036

0.056
0.34

a Values are CFU per square centimeter.
b When no growth was detected (,0.036 CFU/cm2), data were

treated as 0.024 CFU/cm2.
c Maximum MPN within group.

The remaining flank steak, after removal of the section for
cooking, was cut in half horizontally to expose fresh surfaces and
was allowed to bloom (convert from deoxymyoglobin to myoglo-
bin in the presence of oxygen) at 58C. Hunter colorimeter mea-
surements (L*, lightness; a*, redness; and b*, yellowness) were
obtained in duplicate after 30 min and again after 2 h of bloom
time. Flank steak colorimeter data were analyzed by ANOVA for
a 5 (treatment) 3 2 (bloom time) design.

Meat quality evaluation: ground beef patties. Boneless
chuck short ribs (150 kg) were mechanically sliced into 2-cm-
thick strips, vacuum packaged, and transported to the irradiation
facility at 238C. At the irradiation facility, 50 kg of trimmed short
ribs was uniformly irradiated as described, and 100 kg was left
untreated to serve as a control. After radiation treatments were
complete, the treated and untreated short ribs were vacuum pack-
aged and transported at 238C to a processing facility for prepa-
ration of ground beef.

Ground beef with various percentages of irradiated versus
control meat was prepared using appropriate proportions of treated
short ribs blended with untreated short ribs to achieve the follow-
ing proportions of treated meat in the final formulations: (i) 100%,
22.7 kg treated short ribs, (ii) 50%, 11.3 kg treated blended with
11.3 kg untreated short ribs, (iii) 25%, 5.7 kg treated blended with
17 kg untreated short ribs, (iv) 10%, 2.3 kg treated blended with
20.4 kg untreated short ribs, (v) 5%, 1.1 kg treated blended with
21.6 kg untreated short ribs, and (vi) 0%, 22.7 kg untreated short
ribs. The target fat content was 20%. Proximate composition was
determined by oven drying at 1008C for 24 h followed by diethyl
ether Soxhlet extraction, and fat content was 23%. Ground beef
formulations were formed into 113.4-g patties, blast frozen
(2308C), and packaged in plastic-lined cardboard boxes. Frozen
patties were transported (2178C) to MARC and stored at 2178C.

Ground beef patties were evaluated after 20 days (19 to 21
days) and 40 days (39 to 41 days) of frozen storage. Two samples
(each sample contained two patties) from each treatment were
evaluated on each of three consecutive days at each storage time.
Samples were evaluated by a 10-member trained descriptive at-
tribute sensory panel for the same six attributes: beef aroma in-
tensity, off-aroma, tenderness, juiciness, beef flavor intensity, off-
flavor (where 8 5 extremely intense, none, extremely tender, ex-
tremely juicy, extremely intense, and none, respectively; and 1 5
none, intense, extremely tough, extremely dry, none, and extreme-
ly intense, respectively). Patties were thawed at 58C for 18 h and
then cooked on a George Foreman grill (model GR35, Salton,
Columbia, Mo.) for 3.75 min at a temperature of approximately
3508C. Cooked patties were blotted on paper towels to remove
excess grease, and then each patty was cut into 12 wedges to yield
24 wedges per sample. Each panelist evaluated two wedges per
sample. The panel evaluated two samples of each treatment on

each of three consecutive days at each storage time. The first
sample of each panel session was a nonexperimental warm-up
sample. Ground beef sensory data were analyzed by one-way AN-
OVA.

At each frozen storage time, Hunter colorimeter measure-
ments (L*, a*, and b*) were obtained in duplicate for four ran-
domly selected patties of each treatment after 18 h of thawing and
bloom time at 58C. Ground beef colorimeter data was analyzed
by ANOVA for a 6 (treatment) 3 2 (duration of frozen storage)
design.

RESULTS

Pathogen reduction: direct plating. Stomached sam-
ples were plated directly onto ctSMAC in duplicate to de-
termine E. coli O157:H7 cell counts. For the low-inoculum
samples, a 1.3-log reduction in cell counts for the control
samples from 0 to 120 h (Table 1) was observed during
storage at 48C for 120 h. There was no E. coli O157:H7
growth on ctSMAC at either 48 or 120 h for the treated
samples, indicating cell counts were less than 10 CFU/cm2.
This is a reduction of 2.9 and 2.6 log CFU, respectively,
for the 48- and 120-h treated samples compared with con-
trols. The high-inoculum samples had a similar 1.3-log re-
duction in control cell counts from 0 to 120 h during stor-
age. A 6.6-log reduction was seen for the high-inoculum
treated samples at 48 h; counts for all 48-h treated samples
were below the limit of detection. At 120 h, there was a
5.7-log difference between the treated and control samples,
with all but two of the treated samples below the limit of
detection.

Pathogen reduction: enumeration. After the aliquots
for direct plating were removed, the stomached samples
were separated into five portions and serially diluted for a
5 3 3 MPN estimation. The MPN method included an en-
richment step before selective plating to allow for recovery
of injured cells and had a minimum detection limit of 0.036
CFU/cm2. The results of the MPN analysis were similar to
that from direct plating, indicating that the numbers of vi-
able E. coli O157:H7 cells following irradiation were very
low (Table 2). There were no low-inoculum samples at 48
h and only one low-inoculum sample at 120 h that had an
MPN value above the limit of detection, resulting in aver-
age MPN determinations of 0.024 and 0.056 CFU/cm2 for
48 and 120 h, respectively. All of the high-inoculum sam-
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TABLE 3. Effect of depth of electron beam penetration on trained
sensory panel ratings of flank steak

Treatment

Trained sensory panel ratinga

Beef
aroma

intensity
Off-

aroma
Tender-

ness
Juici-
ness

Beef
flavor

intensity
Off-

flavor

Control
10% penetration
25% penetration
50% penetration
75% penetration

6.02
5.97
6.04
5.70
5.75

6.13
6.36
6.33
6.10
5.84

6.03
5.48
5.33
5.80
5.61

5.62
5.61
5.30
5.65
5.28

5.28
5.53
5.27
5.20
4.94

4.98
5.16
5.11
5.10
4.54

SEM
P value

0.27
0.84

0.22
0.48

0.27
0.40

0.18
0.38

0.27
0.65

0.26
0.46

a Six samples were evaluated for each treatment group. Ratings
for the six attributes ranged from 8 (extremely intense, none,
extremely tender, extremely juicy, extremely intense, and none,
respectively) to 1 (none, extremely intense, extremely tough, ex-
tremely dry, extremely bland, and extremely intense, respective-
ly).

TABLE 4. Effect of depth of electron beam penetration on color
of raw flank steaka

Treatment L* a* b*

Control
10% penetration
25% penetration
50% penetration
75% penetration

39.4
43.0
38.4
41.5
37.0

22.3
22.2
21.7
21.3
20.0

17.5
18.4
16.9
17.4
15.5

SEM
P value

0.68
,0.0001

0.50
,0.02

0.30
,0.0001

a Color based on Hunter attributes: L*, lightness; a*, redness; b*,
yellowness.

ples were above the limit of detection, resulting in averages
of 11.0 and 11.2 CFU/cm2 at 48 and 120 h, respectively.

Meat quality evaluation: flank steaks. Split beef car-
casses have thin external or surface muscles or edges of
muscles that may be partially exposed from the carcass
splitting process. During low-dose E-beam irradiation of
carcass sides, these muscles will receive various doses of
radiation depending on their location and the extent of fat
cover. In this assessment for organoleptic impact, the flank
steak was used as the model muscle because it is partially
surface exposed, consistent in size, shape, and location, and
easy to access and remove and possesses sufficient surface
fat to allow appropriate trimming and surface layer molding
to achieve variable penetration.

None of the flank steak sensory attributes were affected
(P . 0.05) by any penetration treatment (Table 3). All three
Hunter color attributes were affected (P , 0.05) by treat-
ment penetration (Table 4). However, the effects on L* and
b* were not linear or apparently dose related and thus prob-
ably are not meaningful. The effects of treatment penetra-
tion on a* were generally linear and had a dose-related
pattern, but the magnitude of the differences makes it un-
likely that any treatment, with the possible exception of the
75% penetration, would impact consumer purchase deci-
sions.

Meat quality evaluation: ground beef patties. Bone-
less chuck short ribs were utilized as the model tissue for
irradiated and control muscle and fat tissue used to produce
ground beef because this cut contains the appropriate lean:
fat ratio for subsequent 20% fat ground beef preparations.
If chilled carcasses were exposed to low-dose E-beam ir-
radiation, at most 10% of the resulting ground beef blend
would be made from the irradiated surface material. How-
ever, for the purposes of this experiment we chose to in-
clude additional blends to simulate worse-case scenarios.
We also included a 100% irradiated treatment as a positive
control for sensory panel evaluation.

The interaction of treatment and storage time was not
significant (P . 0.05) for any trait. All ground beef patty
sensory attributes were affected (P , 0.05) by proportion
of irradiated trim (Table 5). For ground beef aroma intensity
and beef flavor intensity, the 100% irradiated treatment
samples received less favorable ratings. This result was ex-
pected and indicates that the trained sensory panel was ca-
pable of detecting differences in aroma and flavor that
could be attributed to treatment. The fact that the panel did
not detect a difference between the control (0%) and either
the 5 or 10% treatment samples suggests that there indeed
was no difference in flavor between those samples and the
control and that if chilled carcasses were subjected to low-
dose E-beam irradiation, aroma and flavor of ground beef
prepared from these carcasses would not be impacted. Off-
flavor ratings were lowest (P , 0.05) for the 100% irra-
diated samples, and both the 100% and the 50% irradiated
samples had more (P , 0.05) off-flavor and off-aroma than
did all other treatment samples. Tenderness and juiciness
ratings were lowest (P , 0.05) for the 100% samples, but
differences among other treatment groups were not linear
or dose related, and thus it is not clear whether these effects
represent meaningful differences.

Ground beef aroma and beef flavor intensities were not
affected (P . 0.05) by frozen storage time (Table 5). Off-
aroma and off-flavor ratings increased (decrease in trait) (P
, 0.05), and tenderness and juiciness ratings decreased (P
, 0.05) with increased frozen storage time. The significant
effects of frozen storage time are not logical and may not
be of practical importance. The proportion of irradiated trim
did not affect any color measurement of raw ground beef
patties (P . 0.05) (Table 6).

DISCUSSION

Low-dose, low-penetration E-beam irradiation has
great potential as an antimicrobial intervention in the beef
slaughter process. Because contamination of beef carcasses
by pathogenic bacteria occurs on the external surface, a
broad-spectrum antimicrobial intervention that produces
large reductions in pathogen load while minimally affecting
the carcass would be ideal. The objective of this study was
to determine whether these criteria are met by low-dose,
low-penetration E-beam irradiation.

We used direct plating to evaluate the efficacy of E-
beam radiation for reducing pathogen concentrations. Di-
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TABLE 5. Effect of proportion of irradiated trim and frozen storage time on trained sensory panel ratings of ground beef patties

Main effects n

Trained sensory panel ratinga

Beef aroma
intensity Off-aroma Tenderness Juiciness

Beef flavor
intensity Off-flavor

Treatment

Control
5% irradiated
10% irradiated
25% irradiated

12
12
12
12

5.71 A

5.48 AB

5.51 AB

5.59 A

5.78 AB

5.65 AB

5.84 A

5.85 A

6.57 A

6.36 B

6.40 AB

6.36 B

5.98 A

5.77 AB

5.83 AB

5.73 B

5.17 A

5.11 A

5.25 A

5.23 A

4.93 AB

4.78 AB

5.01 A

4.87 AB

50% irradiated
100% irradiated
SEM
P value

12
12

5.41 AB

5.19 B

0.11
0.05

5.47 BC

5.16 C

0.12
0.01

6.55 A

6.13 C

0.07
0.01

5.84 AB

5.51 C

0.07
0.01

5.00 A

4.56 B

0.12
0.01

4.65 B

4.18 C

0.12
0.01

Frozen storage time

20 days
40 days

36
36

5.41
5.55

5.46 B

5.79 A

6.63 A

6.16 B

5.96 A

5.59 B

5.10
5.01

4.62 B

4.86 A

SEM
P value

0.07
0.13

0.07
0.01

0.04
0.01

0.04
0.01

0.07
0.36

0.07
0.02

a Ratings for the six attributes ranged from 8 (extremely intense, none, extremely tender, extremely juicy, extremely intense, and none,
respectively) to 1 (none, extremely intense, extremely tough, extremely dry, extremely bland, and extremely intense, respectively).
Within main effect, means in same column that do not share a common letter are significantly different.

TABLE 6. Effect of proportion of irradiated trim on color of raw
ground beef pattiesa

Treatment L* a* b*

Control
5% irradiated
10% irradiated
25% irradiated

49.7
48.4
47.9
49.5

15.2
14.4
15.0
15.2

17.7
16.7
17.1
17.7

50% irradiated
100% irradiated
SEM
P value

50.3
49.7
0.72
0.19

14.4
15.9
0.55
0.43

17.2
18.1
0.32
0.06

a Color based on Hunter attributes: L*, lightness; a*, redness; b*,
yellowness.

rect plating is useful for large numbers of samples and is
reasonably sensitive but had two notable shortcomings in
this study: (i) the limit of detection was 10 CFU/cm2 and
(ii) plating directly onto selective agar does not allow for
recovery of injured cells and the estimated number of vi-
able cells may be slightly lower than the actual number. For
these reasons, an MPN method was used for a subset of
the treated samples. The MPN method provided results with
a lower limit of detection (0.036 CFU/cm2); thus, E. coli
O157:H7 cell counts were obtained for some samples for
which direct plating produced no growth.

In previous studies, E-beam radiation has been used to
kill a broad spectrum of bacterial species, including E. coli
O157:H7 (18, 19, 26, 29). The data presented here indicate
that an E-beam radiation dose of approximately 1 kGy with
a penetration depth of 15 mm reduced stationary-phase E.
coli O157:H7 on the surface of beef tissue by at least 4 log
CFU/cm2. However, the study was conducted using only
one strain of E. coli O157:H7. Buchanan et al. (6, 7) found
that the radiation resistance of E. coli O157:H7 strains can

be variable, especially with respect to the level of acid tol-
erance (both induced and noninduced) of the particular
strain. Therefore, if other strains had been incorporated into
this study, the overall reduction might not have been as
large. However, other E. coli O157:H7 strains have been
used in numerous irradiation experiments, and the results
were similar to those obtained here. Using a 1.5-kGy dose
of gamma radiation, Fu et al. (16) obtained a 5-log CFU/g
reduction of E. coli O157:H7 on surface-inoculated steaks.
In other studies using ground beef, similar pathogen reduc-
tions have been attributed to the antimicrobial effects of
irradiation. A 1-kGy dose of gamma radiation resulted in a
3- to 4-log CFU/g reduction of E. coli O157:H7 in frozen
and refrigerated ground beef, respectively (9). Similarly,
Thayer and Boyd (33) projected that E. coli O157:H7 con-
tamination at 106 CFU/g in ground beef would be com-
pletely eliminated by gamma irradiation with a 1.5-kGy
dose at 08C.

Conventional antimicrobial interventions have been
evaluated in several studies (10). Knife trimming and steam
vacuuming, which can produce large bacterial reductions in
localized areas, are useful for pathogen reduction in visibly
contaminated areas or carcass regions believed to be hot-
spots for contamination (e.g., hide removal pattern lines).
However, these techniques cannot be used efficiently for
the entire carcass. Carcass washing systems and steam pas-
teurization cabinets have been implemented to decontami-
nate whole carcasses. Hot water and organic acids are fre-
quently used in both pre- and postevisceration carcass wash
cabinets. E. coli O157:H7 populations have been reduced
by 3.4, 4.0, and 3.5 log CFU/cm2 (similar to reductions
obtained in this study with E-beam irradiation) using hot
water, lactic acid, and steam pasteurization, respectively
(11, 12, 28). A portion of the reductions obtained in those
studies could be attributed to rinsing effects, indicating that
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such interventions are not necessarily completely bacteri-
cidal. In some studies, such interventions have been inef-
fective against bacteria attached to meat surfaces (5, 15).

Radiolytic products can cause oxidation of myoglobin
and fat, leading to discoloration and rancidity or off-odors
and off-flavors (23). The development of off-odors and off-
flavors in irradiated meat can be affected by a number of
factors, including radiation dose, dose rate, temperature,
within-package environment during irradiation, postirradi-
ation storage time, temperature, and packaging, and the
condition of the meat before irradiation (27, 31). To mini-
mize the development of objectionable odors and flavors,
meat should be irradiated in a reduced-oxygen or oxygen-
free atmosphere at the minimum required dose to meet safe-
ty goals (27).

A number of studies of the effect of irradiation on meat
quality have been conducted on various meat products, in-
cluding whole and minced chicken and chicken pieces, pork
loins and chops, beef steaks, and ground turkey, pork, and
beef. Results from most of these studies indicate that at low
radiation doses (#1 kGy) no problems with odor or taste
occurred. However, as dose increased to 2 kGy or higher,
the frequency of off-odors and off-flavors increased (32).

In the limited number of studies specifically designed
to test the effect of irradiation on sensory qualities of
ground beef, the results are mixed. Weese et al. (36) studied
ground beef patties irradiated at 0, 1, 3, 5, and 7 kGy and
then stored at 2188C for 6 weeks. Trained sensory panel
evaluation was conducted weekly over the 6-week period.
No significant differences were detected between irradiated
and untreated patties for any irradiation dose of less than 7
kGy for the entire 6-week frozen storage period. Luchsinger
et al. (21) studied frozen ground beef patties irradiated at
0, 2.0, or 3.5 kGy and then stored at 2198C for 1 day.
Patties were formulated at either 10 or 22% fat with either
aerobic or vacuum packaging. No effect of irradiation was
detected on odor or various flavor measures by a trained
flavor profile panel, perhaps because storage was limited to
1 day. Lefebvre et al. (17) studied ground beef irradiated
at 0, 1.0, 2.5, and 5.0 kGy and then stored for 16 days at
48C. A 10-member nonexpert panel detected an objection-
able odor in the raw irradiated product (all doses), although
this effect was not detectable after cooking for the 1 kGy
treatment group. These authors recommended a dosage of
1 kGy to avoid consumer acceptance problems. Fu et al.
(16) studied ground beef irradiated at 0, 0.6, and 1.5 kGy
and then stored for 7 days at 78C. No effect on odor of raw
product immediately after irradiation was detected by an
untrained sensory panel. Using a trained sensory panel,
Murano et al. (24) studied ground beef patties irradiated at
0, 2, and 5 kGy and then stored at 2258C for 3 days.
Irradiated ground beef could be distinguished from the con-
trol when samples were stored in air but not when they
were stored under vacuum. No flavor differences were de-
tected between control and irradiated ground beef samples.
Lopez-Gonzalez et al. (20) reported that ground beef patties
irradiated with 2 kGy by gamma radiation or E-beam at
58C, packaged in air, and evaluated 2 days after irradiation
were not different from the controls in sensory properties.

Emmerson et al. (14) reported that irradiated ground beef
had higher thiobarbituric acid concentrations than did con-
trols and, thus, greater oxidation. However, these authors
concluded that antioxidants (rosemary, vitamin E, and er-
ythorbate) reduced the effect of irradiation on thiobarbituric
acid concentrations and may retard irradiation-induced ox-
idation. In agreement, Nam and Ahn (25) reported that an-
tioxidants in irradiated pork patties reduced the volatile
compounds that may contribute to off-odors and off-flavors.

Wheeler et al. (37) indicated that despite changes in
aroma and flavor that were large enough to be detected by
a trained descriptive attribute panel and were ascribed to
irradiation of vacuum-packaged frozen ground beef patties
at both 3.0 and 4.5 kGy, consumers rated hamburgers made
with meat irradiated at all doses as some level of ‘‘fair’’
for taste. Individual sensitivities to various taste and smell
stimuli are variable, and women generally are more sensi-
tive than men (1). Thus, as expected, consumer ratings were
variable, with a majority able to detect slight or no differ-
ences in taste of hamburgers made with patties from dif-
ferent irradiation treatments and small proportions of con-
sumers rating hamburgers made with irradiated patties as
better or worse than those made with control patties.
Wheeler et al. (37) concluded that the irradiation-induced
changes in sensory traits produced minimal effects on con-
sumer taste ratings at the minimum irradiation dose (3.0
kGy) needed to elicit a 5-decimal kill of E. coli O157:H7
in 19% fat vacuum-packaged frozen ground beef patties.

E. coli O157:H7 contamination on beef carcasses fol-
lowing conventional multihurdle antimicrobial interven-
tions is minimal, as indicated by the limited data available.
Barkocy-Gallagher et al. (3) found that beef carcasses from
several major processing plants had E. coli O157:H7 con-
centrations of ,3 CFU/100 cm2 following the full comple-
ment of antimicrobial interventions. Such contamination
could easily be eliminated using low-dose, low-penetration
E-beam technology. E-beam treatment also has a minimal
effect on the organoleptic qualities of surface-exposed beef
products. Therefore, an E-beam intervention step before
beef carcass fabrication would be highly effective for path-
ogen reduction.
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