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Abstract

This study investigated the effect of premature browning (PMB) on the survival of E. coli
0O157:H7 in beef hamburgers after cooking with respect to interior colour of the hamburger
and recommendations to cook hamburgers to a core temperature of 71°C. Assessment of
doneness by visual inspection or measurement of internal temperature was compared in terms
of survival and the increased relative risk of illness due to PMB was estimated. At the last
consume-by-day, hamburgers made from minced meat packaged in 80/20 O2/CO, (MAP
hamburger) and from meat minced at retail packaged in atmospheric condition (control
hamburger) were inoculated with a gfp-tagged strain of E. coli O157:H7 (E. coli
0157:H7gfp+). Hamburgers were cooked for different times during assessment of the core
temperature every 30 sec and cut in halves after cooking. Doneness was evaluated based on
visual judgement of the internal colour using a score chart (C-score) from “uncooked’ (score
1) to ‘tan with no evidence of pink’ (score 5). An alternative five point score chart (TCC-
score) including texture of the meat, clarity of meat juice and internal colour was also
developed. Enumeration of viable E. coli O157:H7gfp+ in cooked hamburgers were based on
fluorescent colonies recovered from plates. Results showed that MAP hamburgers developed
PMB when compared with controls (P=0.0003) and that the shortest cooking time for the
highest C-score was 6 and 11 minutes for MAP and control hamburger, respectively. The
mean temperature in the MAP hamburger was then 60.3 °C. The TCC-score reduced the
difference between MAP and control hamburgers. It was also shown that the survival of E.
coli O157:H7gfp+ was highest in MAP hamburgers. The predicted absolute risks for illness
were highest for MAP hamburgers for all C-scores and the relative risk associated with PMB
increased with doneness. For a C-score of 4 (slightly pink) the predicted relative risks for

illness was 300 times higher for MAP hamburger than for controls. A variable pathogen
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reduction was observed when cooking hamburgers to temperatures of 70-76°C (the 5th and
95th percentile range was around 3.3 log CFU). The lower reductions, at the 5th percentile,
may, depending on initial contamination levels, not be enough to ensure sufficient and safe
inactivation of E. coli O157:H7. Efforts to inform consumers about PMB in minced meat

packaged in high oxygen packages (> 60% O) are needed with the aim to make consumers

use thermometers correctly or at least not determine doneness based only on meat colour.

Keywords

Bacterial inactivation, Doneness evaluation, Food safety, Modified atmosphere, Relative risk

1. Introduction

Shiga toxigenic producing Escherichia coli (STEC) O157:H7 is a foodborne pathogen with
severe public health impact caused by haemorrhagic colitis and chronic sequelae, such as
haemolytic uremic syndrome (HUS) (Karmali, 2004; Keithlin et al., 2014; Pennington, 2010).
Human illness may follow exposure to less than 100 CFU, even after ingestion of one CFU,
(Teunis et al., 2004) and disease in humans may thus develop without prior multiplication of
the bacterium in food. Minced meat from cattle, or products thereof, are important vehicles
for human STEC O157:H7 infections (Pennington, 2010) and are reported as the vehicle in
approx. 40 percent of the reported foodborne outbreaks of E. coli 0157:H7 within the EU and
in the US (ECDC and EFSA, 2011; Rangel et al., 2005). Indeed, the first documented
outbreak of STEC O157:H7 was linked to hamburgers (Bell et al., 1994). Quantitative risk
assessments have shown that cooking preference has an impact on the risk to develop disease,

including HUS, and that consumption of raw beef (steak tartar) increases the risk for illness
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(Delignette-Muller and Cornu, 2008; Hussein, 2007; Nauta et al., 2001; Signorini and
Tarabla, 2009).

Minced meat can be packaged in modified atmosphere (MAP) often consisting of 80/20 or
70/30 O2/CO2 mixture to increase shelf life (McMillin, 2008). The consume-by-date is, for
example in Sweden, thereby prolonged from one to eight days. During cooking there is,
however, a risk of premature browning (PMB) of meat stored in MAP (Hague et al., 1994;
Hunt et al., 1999; John et al., 2004; Sorheim and Hoy, 2013). The condition of PMB is
influenced by the chemical state of myoglobin in the meat interior during cooking and results
in meat developing a well-done appearance earlier than meat not packaged in an 80% oxygen
atmosphere (Seyfert et al., 2004). There is thus a risk that the meat develops a well done
appearance even if temperatures ensuring inactivation of pathogenic bacteria have not been
reached. This implies food safety risks if the consumers base their decision on the meat’s
doneness exclusively on visual appearance. MAP hamburgers can be perceived as done at
temperatures down to as low as 49°C (Hunt et al., 1999; Rossvoll et al., 2014, John et al.,
2004). Evaluation of hamburger doneness is most often based on visual judgement (Phang
and Bruhn, 2011). Fewer consumers use meat juice clarity and texture of the interior as
indicators for doneness whereas only a minor proportion uses a meat thermometer (Mahon et
al., 2006; Phang and Bruhn, 2011; Rossvoll et al., 2014). Furthermore, a large proportion of
consumers prefer a pink interior of the hamburgers (Altekruse et al., 1999; Phang and Bruhn,
2011; Rossvoll et al., 2014).

The objective of this study was to investigate the effects of PMB on E. coli O157:H7
reduction in hamburgers after cooking in relation to interior colour of the hamburger and
recommendations on cooking, also taking into account whether judgment of doneness was
based on visual inspection of meat colour or measurement of internal temperature. The

objective was addressed by: i) comparing reduction of gfp-tagged E. coli O157:H7 in
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hamburgers made of minced meat packaged in modified atmosphere (MAP hamburger) or of
meat minced at retail (control hamburger) during cooking, in relation to the interior colour of
the hamburger, ii) comparing E. coli O157:H7gfp+ reduction when visual judgement of
doneness was based only on interior colour with reduction when judgment was based on a
combination of interior colour, meat texture and clarity of meat juice, iii) developing
relationships between E. coli O157:H7gfp+ log reductions and interior colour and
temperature, respectively, for MAP and control hamburgers during cooking, and iv) using
these relationships to evaluate the reduction and relative risk of illness for consumers relying
on visual inspection of meat colour or measurements of internal temperature depending on

recommended final temperatures.

2. Materials and methods

2.1. Bacterial strain and culture conditions

The strain used in this study was a non-pathogenic strain of E. coli O157:H7 (verotoxin 1
and 2 negative, eae-positive, obtained from the Swedish Institute for Communicable Disease
Control, Solna Sweden, registry no. E81186), which was gfp-tagged (Alam et al., 2014). This
single strain of serotype O157 was selected because the aim of the study was to investigate
PMB and not strain variability, and also because it was already available as gfp- tagged. More
importantly, the serotype O157 accounts for approx. 50% of all human cases of illness caused
by STEC (FOHM, 2015). The gfp-tagged strain was induced to fluoresce in UV-light when
grown on Luria-Bertani (LB, L3022-1kg, Sigma, Stockholm, Sweden) broth or agar
supplemented with 100 pg/ml ampicillin and 0.1% L-arabinose. Bacterial cultures were

prepared by inoculating a colony into 10 ml of Brain heart infusion broth at 37 + 1°C for 20 =



125 2 h. The final cultures were centrifuged at 3 320 x g for 15 minutes and washed in peptone
126 saline (0.1% peptone in 0.85% NacCl) three times. The pellets were thereafter suspended in
127  peptone saline (0.1% peptone in 0.85% NaCl) to give a target concentration of 10 log CFU
128  per 100 ml of cell suspension. Two 100 ml cell suspensions were made for each trial. The

129  number of bacteria in the cell suspension was confirmed to be 8 log CFU/ml using bacterial
130  enumeration as described below.

131

132 2.2. Minced meat used in the trial

133

134 Raw minced meat in packages of 1.5-1.7 kg was used. All meat originated from Swedish
135  cattle and was obtained from the same local retail store. Three batches of minced meat

136  packaged in Modified Atmosphere (MA; 80/20 O,/CO>) from one supplier were used for the
137  MAP hamburger and three batches of meat minced at the retail store were used for the control
138  hamburger. All minced meat was packaged in plastic trough, covered by plastic foil and kept
139  at 3°C at retail. The fat content in all batches was around 10%, with a maximum of 12 %

140  according to the manufacturer, and all meat was ground with the same diameter. No additives,
141  such as salt and water, were added. All meat was kept at 5°C until the consume-by-date when
142  inoculations, cooking and analyses were made. The consume-by-date was chosen as

143 consumers may store the minced meat until this date.

144

145  2.3. Inoculation, preparation and cooking of hamburgers

146

147 Minced beef was weighed aseptically into 13x100 g portions and placed on aseptic plastic
148  plates. Ten ml of cell suspension containing 8 log CFU per ml were added to each 100 g portion

149  resulting in 9 log CFU/hamburger. This is equivalent to 7 log CFU/g which is within the
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recommended range of inocula levels in inactivation studies by the National Advisory
Committee on Microbiological Criteria for Foods (NACMCEF, 2010). The suspension volume
was chosen to facilitate mixing. Each portion was thoroughly mixed by gloved hands for two
minutes to ensure homogenous distribution of the organisms and was formed into a hamburger
with a diameter of 11 cm and a thickness of 1 cm using a plastic mould custom made at our
laboratory. In each trial, 100 g of minced meat inoculated with 10 ml of peptone saline (0.1%
peptone in 0.85% NaCl) served as un-inoculated control. The hamburgers were kept at 8°C for a
maximum of 3h until cooked in a Teflon-coated skillet with 22 cm diameter at a temperature of
180 + 5°C on an induction stove (Item No. 9095-1452, Rusta AB). The temperature in the skillet
was measured continuously using an infra-red thermometer (No. 405053, accuracy +1.5°C, Jula
AB) and adjusted if needed. The cooking times ranged from 2 to 13 minutes and the hamburger
was turned once mid-time. After cooking, the hamburger was removed and placed on a grid for
two minutes to simulate the continued cooking that takes place within meat that have been
removed from the cooking source (post cooking).

The central core temperature in each hamburger was measured every 30 sec using a digital
thermometer (Prima Long, E 905 050-905 052, accuracy <1°C, Amarell Electronic) during
cooking and post cooking. Consumers who are using a thermometer when cooking hamburgers
presumably measure the central core temperature. The hamburgers were cut in halves after post
cooking and two lab-trained investigators (the authors Boqvist and Fernstrom) evaluated the
interior colour using the following five-point Colour score (C-score): 1= uncooked (dark red to
purple), 2= bright red, 3= very pink, 4= slightly pink and 5= tan with no evidence of pink (Hunt
et al., 1999). An alternative five point score taking Texture and Colour of the meat, and Clarity
of the meat juice (TCC-score) into account was also developed.

The TCC-score is a summary of three sub-scores of which the first is the C-score described

above. The second describes the texture of the meat, when cutting the hamburger in halves,



175  using a three-point score: 1= raw (high degree of chewiness and of thread like texture), 2=

176  medium degree of chewiness and of thread like texture, and 3= no evidence of chewiness and of
177  thread like texture. The third score describes the clarity of the meat juice immediately after

178  cooking: 1= bright red, 2= pink, 3= clear with no evidence of pink and 4= no meat juice

179  remaining after cooking. For each hamburger the sum of all sub-scores was calculated, with a
180  minimum of 3 and a maximum of 12, and converted to the TCC-score as shown in Table 1.

181 The hamburgers were photographed under similar lightning conditions, using a Nikon D50,
182  immediately after the visual assessment, weighed and placed on aluminium foil on ice for rapid
183  cooling. Before the first trial started, a pilot study was conducted to test the experimental set up,
184  and the C- and TCC-scores scores. After each trial the investigators discussed and reviewed the
185  results in the written protocols and compared them with the photographs.

186 All equipment was thoroughly washed in hot water with detergent followed by disinfection
187  using 70% ethanol between each cooking and each cutting. The risk for cross-contamination
188  was further reduced by starting with the hamburger that was cooked for 13 min and finishing
189  with the hamburger cooked for 2 min. Three separate trials were done using MAP and control
190  hamburgers, respectively. Twelve patties (one for each cooking time) were included in each
191  trial making a total of 36 MAP hamburgers and 36 control hamburgers.

192

193 2.4 Bacterial analyses of E. coli O157:H7gfp+ and microbial enumeration of the background

194  flora
195
196 Both halves of each MAP and control hamburger, respectively, were mixed with 100 ml

197  (1:1 dilution) of peptone saline (0.1% peptone in 0.85% NaCl) and homogenized for one
198  minute using a Stomacher lab-blender (easyMIX® Lab Blender, AES-Chemunex, Weber

199  Scientific). For hamburgers cooked 2 to 10 minutes and 11 to 13 minutes, serial dilutions 10
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to 10° and 10 to 103, respectively, were made. Manual surface plating of each dilution was
done on LB agar with ampicillin (100 pg/ml) and arabinose (1 g/ I). All plates were incubated
at 37 = 1°C for 24 + 2 h before counting fluorescent colonies on the first plate with countable
numbers of colonies (that is the lowest dilution) using ultraviolet light (Spectroline, CM-10A,
wavelength 365 nm). The six non-inoculated patties (one MAP and one control hamburger
from each trial) were subjected to analyses of Enterobacteriacae and E. coli using NMKL
144.3.2005 and NMKL 125.4.2005, respectively. In all trials, numbers of colonies were

transformed into logarithmic numbers (log 10).

2.5 Evaluation of temperature distribution in hamburgers during cooking

A separate trial was made to investigate the temperature distribution in three hamburgers,
even if consumers who measure the temperature during cooking of hamburgers likely do this
at the central core of the hamburger, as was done in this study. The hamburgers were cooked
for 6 min, turned and cooked for additional 6 min at a temperature of 180 £ 5°C. The
temperature was measured every 10 sec at three spots in the hamburger (the central core,
between the core and the edge, and at the edge) only after turning using a 1 cm long
temperature probe (Tinytag Flying Lead Thermistor PB-5009-0M6, Intab) connected to a
temperature data logger (Tinytag Plus, IP68, Intab). The data on temperature was analysed

using the software programme EasyView Pro5.0 (Intab).

2.6 Analyses of colour scores after cooking
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To investigate the potential difference between the colour scores in MAP and control
hamburgers the nparlway Wilcoxon rank sum test was used using the software program SAS

9.2. A P-value < 0.05 was considered significant.

2.7 Relationships between log reduction and Colour score, and log reduction and

temperature

Inactivation of E. coli O157:H7gfp+ after cooking for a given C-score or internal central
temperature was variable. To model log reduction as a function of C-score or temperature,
distributions were developed to describe the observed variation. Log reduction of E. coli
0157:H gfp+ after cooking was calculated as -logio of the relative number of surviving E. coli
0157:H7gfp+ (CFU), i.e. -logio (N/No), for each MAP and control hamburger. Log reduction
was grouped per C-score for each group of hamburger and described using a triangular
distribution including the minimum, median and maximum log reduction (Vose, 2008).

To describe the variable log reduction as a function of core temperature within the
hamburgers a linear regression was done on data of log reduction between temperatures of 54
and 76 °C using the R statistical and modelling software (R Development Core Team, 2013).
E. coli O157:H7gfp+ levels below the detection limit (<2 log CFU/g) were assumed to be one
log CFU. The 95% prediction interval for the fitted line was estimated and these linear
equations were used to define a triangular distribution for the log reduction as a function of
the measured internal temperature. The linear equations describing the upper and lower limit
of the prediction interval was used, as the minimum and maximum log reduction,

respectively, and the fitted line as the most likely log reduction.

10



247 2.8 Risk of illness using visual inspection or temperature measurement to decide doneness of
248  MAP and control hamburgers

249

250 Risk of illness associated with different C-scores (used as a proxy for consumer

251 preferences) were evaluated for MAP and control hamburgers based on log reductions of E.
252 coli O157:H7gfp+ for different C- scores. The hypothesis is that the risk is greater for MAP
253 hamburgers than for controls as the former appear to be done sooner.

254 To investigate this hypothesis and to evaluate the relative impact of MAP and colour

255  assessment, a reference scenario was simulated in which an initial contamination level of 5
256  log CFU E .coli O157:H7gfp+/hamburger (equivalent to 3 log CFU/g) was assumed. At lower
257  levels of contamination, the relative impact of MAP and meat colour cannot be properly

258  evaluated since heat inactivation may be sufficient and associated risk would be negligible.
259  The relationships between the C-scores and the distribution of log reductions developed in
260 this study (see previous section) were used to estimate the number of surviving E. coli

261 O157:H7gfp+ for different C-scores. Since inactivation (log reduction) is variable, the

262 distributions for log reduction were used in a stochastic approach to evaluate the distribution
263  of the relative risk in MAP hamburger compared to controls. The dose, i.e. surviving E. coli
264  O157:H7gfp+ per hamburger, was used as input to an exponential single-hit dose-response
265  model: pilness=1-(1-r)*dose, where r is the probability for illness from a single bacterium
266  (Delignette-Muller and Cornu, 2008). The probability for illness in an adult is modelled and
267  an r-value of 0.00113 was used (Strachan et al., 2005). This was done for MAP and control
268  hamburgers, respectively and the relative risk is presented as the Rmap/Rcontrol t0 indicate the
269  increased risk per C-score associated with MAP hamburger. The scenarios were simulated
270  using the Monte Carlo simulation software @Risk (Palisade Corporation, USA) and Latin

271 Hypercube sampling. Each simulation was run using 10.000 iterations.

11
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To illustrate the impact of variable log reduction of E. coli 0157:H7gfp+ at different final
internal hamburger temperatures log reductions at temperatures between 70 and 76 °C was

simulated using the relationship developed based on our experimental setup (Equation 1).

3. Results

3.1. Experimental conditions

Analyses at the consume-by-date showed that levels of Enterobaceriacae ranged from 3.9
to 5.6 log CFU in MAP hamburger and from 2.8 to 4.5 log CFU in control hamburger. The
higher levels of Enterobaceriacae in MAP hamburgers reflect that the meat had been stored
for eight days before analyses at consume-by-date, whereas control hamburgers were minced
at retail and analysed on the same day. Levels of E. coli were below detection (<2 log CFU/Q)
in all hamburgers.

Initial measurements of temperature at different locations within the hamburgers showed
that the mean temperature difference within a hamburger for all three trials was 5.0°C (SD 1.5
C°), with a minimum temperature difference of 1.8 C° and a maximum of 11.2°C. To mimic
consumer behaviour it was decided to monitor temperature only in the central core during the
experiments and evaluate the effect of variable temperatures on log reductions within
hamburgers by simulation.

For 50% of all MAP and control hamburgers the highest temperature was reached during
post-cooking. Only hamburgers cooked < 5 min reached the highest temperature during

cooking.

3.2. Colour scores in MAP hamburger and control hamburger

12
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The C-scores for all cooking times > 3 min was higher (P=0.0003) for MAP hamburgers
compared with control hamburgers, which showed that PMB occurs in the former (Table 2).
In MAP hamburgers a maximum mean C-score of 5 was reached after 8 min, whereas the
highest mean C-score registered for a control hamburger was 4.3 after 13 min cooking. When
using the TCC-score a maximum mean score of 5.0 and 4.7 was reached after 11 and 13 min
cooking for MAP and control hamburger, respectively. There was no significant difference
(P=0.11) in TCC-score between MAP and control hamburgers. The effect of PMB is thus
reduced if texture and clarity of meat juice is included in the doneness evaluation of

hamburgers.

3.3. Relationship between E. coli O157:H7gfp+ reduction, Colour score and temperature

In total, 4 and 22 MAP hamburgers reached a C-score of 4 and 5, respectively (Fig. 1). For
control hamburgers 13 and 3 hamburgers reached the corresponding scores. At the C-score 5
in MAP hamburgers levels of E. coli O157:H7gfp+ varied between 0 and 5.9 log CFU, and
the maximum core temperature between 60.3°C and 82.6°C (Fig. 1, Fig. 2). The temperature
of 60.3°C was reached after 6 min cooking (Table 2). In control hamburgers, the levels of E.
coli O157:H7gfp+ for the C-score 5 were between 3.1 and 3.8 log CFU and the temperature
was between 80.5°C and 82.9°C.

Mean levels of E. coli O157:H7gfp+ per cooking time were for 9 of 12 cooking times
higher in MAP hamburgers whereas internal temperatures were higher in all but one control

(Fig. 3 A and B).

13
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Relationships between log reduction at each C-score for MAP and control hamburgers
were developed assuming a triangular distribution (Table 3). For all C-scores log reduction

was lower for MAP hamburgers compared with control hamburgers.

3.4. Relative risk of illness of MAP hamburgers using Colour score to decide doneness

When evaluating the potential impact of PMB on risk; it was shown that the risk of illness
was higher for consumption of contaminated MAP hamburgers for all C-scores compared
with the controls (Table 4). As expected, for both MAP and control hamburgers the absolute
risk decreased with an increase in C-score preference. However, since absolute risk
estimations are associated with great uncertainties the impact was evaluated as relative risk.
The predicted relative risk for MAP hamburgers for C-scores of 1-3 was less than four.
However, for C-score 4 the relative risk for MAP hamburgers was 297 times greater than for
controls. The relative risk could not be estimated for the highest C-score since there was no
risk associated with control hamburgers at this score. Thus, the relative impact of PMB

increased with increasing C-score.

3.5. Evaluation of log reduction at different recommended internal temperatures

To describe the variable log reduction as a function of the measured central core
temperature the linear equations illustrated in Fig. 4 were developed. The lines in the figure
represent the best fit of a linear regression and the upper and lower limits of the log reduction
95 % prediction interval. For comparison a relationship previously reported (Cassin et al.,

1998), and based on data in (Juneja et al., 1997), is also shown in Fig. 4.

14
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To evaluate the predicted log reduction at different recommended core temperatures, the
linear relationships in Fig. 4 were used to simulate minimum, most likely, and maximum log
reduction of E. coli O157:H7gfp+ at different temperatures using the following
Triangular(min; most likely; max) distribution:

RiskTriang(-12.094 + 0.209*T;-9.425 + 0.205*T;-6.756 + 0.201*T) Eq (1)

In Table 5, the mean, 5" and 95" percentiles of the simulated log reduction at different
temperatures are shown. Estimated log reductions ranged between 4.9 and 6.2 for
temperatures between 70 and 76°C and there was a variation in log reduction of approx. 3.3

between the 5th and 95th percentile for all temperatures.

4. Discussion

Results from this study support other findings showing that MAP hamburgers develop
PMB (Hague et al., 1994; John et al., 2004; Seyfert et al., 2004; Sorheim and Hoy, 2013). In
the present study the MAP hamburgers had a well done appearance at a core temperature of
60.3°C, which is similar to results reported in other studies (Hunt et al., 1999; Rossvoll et al.,
2014). The effect of PMB combined with results from studies showing that between 20 and
43% of consumers prefer undercooked hamburger (Altekruse et al., 1999; Lyon et al., 2000;
Phang and Bruhn, 2011; Rossvoll et al., 2014) emphasise the health risks MAP hamburgers
might constitute if doneness is based only on visual judgement. In these cases the core
temperatures may be too low to inactivate pathogenic bacteria.

To ensure the safety of hamburgers and avoid foodborne illness a core temperature of
71.1°C in hamburgers is recommended (FDA, 2011). However, most consumers (27-83%)
determine hamburger doneness based on colour of the meat, fewer by colour of the meat juice

(11-38%) and texture of the meat (16%) whereas only a few percentages (0.2-6%) use a

15
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thermometer (Mahon et al., 2006; Phang and Bruhn, 2011; Rossvoll et al., 2014). Rossvoll et
al. also reported that 83% of participants in a food safety survey did not know what the core
temperature in a hamburger should be. This together with the poor compliance of the
recommendation to use a thermometer makes the advice to use a thermometer less effective.
The prescribed cooking time of hamburgers in recipes available on the internet varies from,
for example, two to six minutes on both sides depending on if the hamburgers should be
medium rare or well done. Some recipes mention that the hamburger should be cooked well-
done, but surprisingly many do not. Based on results from this study, these recommendations
are not safe, particularly if minced meat packaged in modified atmosphere that develops PMB
IS used.

In the present study, we used a previously developed colour score (in this study called the
C-score) based on the interior colour of the hamburger to judge doneness (Hunt et al., 1999).
In addition to this, we developed an alternative score (the TCC-score) based on visual
inspection of the interior colour of the hamburger, texture of the meat when cutting the
hamburger in halves and clarity of the meat juice, to investigate if this score would reduce the
effect of PMB. For example, a thread like chewy texture and red meat juice was evaluated as
the hamburger being not well done even if the colour had a well done appearance.

This study showed that the use of the developed TCC-score may reduce the effect of PMB,
which would have positive effects on food safety. However, the TCC score presented in this
study was developed and tested within the present study yielding promising results, but will
need more evaluation and verification in future studies.

Extensive temperature variation within hamburgers observed in this study has also been
reported by Rhee et al. (2003). They suggest that internal temperature differences may explain
prolonged survival of E. coli O157:H7 as parts of the hamburger may not reach temperatures

high enough to inactivate bacteria despite a high central core temperature. This suggestion is
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supported by the variable reduction of E. coli O157:H7gfp+ observed in the present study and
described in Equation 1. In the study of Rhee et al. (2003), it is shown that the temperature
variations could be due to cooking practices, such as cooking on one or two sides and number
of turnings of the patties (the patties were turned at 30 s intervals). It is possible that internal
temperature variations can explain why portions of some control hamburgers in this study
remained slightly pink at central core temperatures exceeding 71C°. This also agrees with
findings showing that the internal colour of a hamburger remained somewhat red even at a
cooking temperature of 79°C (John et al., 2004).

To compare bacterial reduction between MAP and control hamburgers a high inoculation
level (9 log CFU/hamburger, equivalent to 7 log CFU/g) was used, which is according to
recommendations given for inactivation studies (NACMCEF, 2010). Our results showed that
the mean bacterial reduction of E. coli O157:H7gfp+ in MAP hamburger after cooking to
71°C was 5.1 log, which corresponds with other reported results (Juneja et al., 1997; Rhee et
al., 2003; Rossvoll et al., 2014). It is interesting to note that although the experimental set-up
was different from that reported by Cassin et al. (1998), the relationship between temperature
and log reduction was similar. Taking the observed variation in log reductions and
temperature into consideration it is clear that reduction even at a central core temperature of
71 °C (recommended temperature) may not, depending on initial contamination levels, be
enough to ensure safety for hamburger consumers.

The log reduction of E. coli O157:H7gfp+ was lower in MAP hamburgers compared with
control hamburgers for all C-scores, which most likely can be explained by PMB resulting in
shorter cooking times for MAP hamburgers. It was also observed that the same cooking times
resulted in slightly higher core temperatures in the control hamburgers, which may be difficult
to explain. All meat included was minced with the same diameter and had, according to the

manufacturer, the same fat content. However, during the preparation of the hamburgers there
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appeared to be certain differences in texture during manual handling, which may be the reason
for the variation in heat penetration in MAP hamburgers. However, as we used the C-score as
an evaluation of doneness instead of cooking time, this observation is not believed to
invalidate the conclusion on the effect of lower log reduction in MAP hamburgers displaying
PMB. Further the results indicate that advice in terms of cooking times that will achieve
similar log reductions in MAP as in control hamburgers, would under the present conditions
be more than 8 minutes.

The inactivation of E. coli 0157:H7gfp+ in hamburgers observed in the present study was
lower compared to what is indicated by predictions of the inactivation model in ComBase
predictive models (ComBase, 2013). For instance, the time for a one-log reduction (D-value)
at 64.5°C, the maximum temperature of the ComBase model, is 0.26 min. This translates to
3.8 log reductions per minute which is more than observed in our study. The model in
ComBase is based on inactivation studies carried out in liquid broth and it can be suggested
that temperature is more homogenously distributed in broth than within hamburgers. Another
reason could be that E. coli O157:H7 is more heat-resistant in ground beef with a high fat
content (Ahmed et al., 1995; Smith et al., 2001) and a third reason is a combination of both.
van Asselt and Zwietering (2006) estimated D-values and z-values for several bacteria based
on a systematic approach using published thermal inactivation data in different matrixes.
Based on the variable inactivation they reported D-values for E. coli (mean value and upper
95% prediction interval, respectively) which would correspond to 0.7 and 10 minutes at
64.5°C and 0.2 and 3 minutes at 70°C which are more in line with observations in the present
study.

Eating uncooked/very pink hamburgers, either made from meat minced at retail or from
minced meat packaged in modified atmosphere, may constitute safety risks. However, when

comparing MAP and control hamburgers the effect of PMB would be small for uncooked to
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very pink hamburgers (C-scores 1-3) since the additional increase in risk for illness due to
PMB was small (<4) compared with the substantial risk associated with control hamburgers
with this heating regime. However, for hamburgers that were slightly pink (C-score 4) the
relative risk for illness due to PMB was almost 300 times higher for MAP hamburgers than
the control. It should be pointed out that although there was a huge increase in the relative risk
of illness between the C-scores 3 and 4 the absolute risk is greater at C-score of 3 and that the
potential health impact will depend on the initial levels of E. coli O157:H7 contamination. No
risk could be calculated for the well done hamburgers due to complete inactivation in the
control hamburgers.

The magnitude and range, 0.03 to 0.5, of estimated risks for gastrointestinal illness for
MAP hamburgers estimated in the present study was based on a high initial contamination.
These risks are, however, similar to the estimated risk for HUS among children under the age
of 5 assuming contamination levels from a French outbreak Delignette-Muller and Cornu
(2008). Interestingly, the relative increase in HUS risk going from a preference from rare,
medium to well-done (19 times, 0.113/ 0.006) is similar to the estimated gastro-intestinal
illness risk going from a preference from C-score 1 to 5 (17 times, 0.5/0.03).

Stressed induced treatments, such as storage of meat until consume-by date, may have an
effect on subsequent survival of bacteria during cooking (Shen et al., 2014), but was not
evaluated in the present study since bacteria were inoculated into hamburgers just before
cooking. The stability of the GFP plasmid is a crucial factor in this study as the result on
bacterial survival is based on enumeration of gfp-marked E. coli O157:H7gfp+ bacteria. The
strain included has been used regularly at the Swedish University of Agricultural Sciences
since 2009 and there have been no reports of bacteria losing the plasmid (personal
communication, B. Alsanius, SLU, Sweden). In a previous study it has been found that the

GFP plasmid was stable in E. coli O157:H7 and that the plasmid had insignificant effect on
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growth of the bacteria (Ma et al., 2011). It has also been shown that gfp-tagged cells remain
fluorescent following stress, such as starvation, and that they are detectable in all growth
phases (Tombolini et al., 1977; Lowder et al., 2000).

The advantage with minced meat packaged in high oxygen packages is that the colour of
the meat remains red, which is appealing for the consumer, and that it prolongs shelf life.
However, consumers need to be informed about PMB to deal with the increased risk for
exposure of pathogenic bacteria, such as of E. coli 0157:H7, due to risks of insufficient core

temperatures to ensure bacterial inactivation when evaluating doneness of MAP hamburgers.

5. Conclusion

The present results support previous findings that MAP hamburgers appear to be cooked at
a lower temperature compared with fresh minced meat and that this may be associated with
increased risk of illness. Under the present conditions up to a three-hundredfold increased
relative risk was estimated. From a food safety perspective optimal behavior from the
consumers would be a preference for well-done hamburgers and to use thermometers to
control that recommended internal temperatures are reached. However, acknowledging that
most consumers do not use a thermometer, our results indicate that basing decisions on
doneness not only on meat color but also on meat texture and the clarity of meat juices may
improve safety. Further, observed reduction of E. coli O157:H7gfp+ was variable between
hamburgers and results indicate that food safety concerns may remain even when consumers
use a thermometer and cook hamburgers to recommended central core temperatures. Thus,
information directed at consumers of risks associated with cooking of MAP hamburgers is

needed and the present results may help to inform such efforts.
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Table 1

Description of the TCC-score based on meat Texture and Colour as well as meat juice Clarity after cooking

hamburgers. The score is based on the sum of the three sub scores.

Sub scores included in the TCC score

Interior colour of the Texture of the Clarity of the meat Sumof TCC score
hamburger * hamburger juice the sub-
scores!
1=uncooked (dark red to 1=raw (high degree ¢ 1= bright red 3 1= uncooked
purple) chewiness and of
thread like texture)
2=bright red 2= medium degree of 2= pink 4-5 2=rare
chewiness and of
thread like texture
3= very pink 3= no evidence of 3= clear with no 6-8 3= medium rare
chewiness and of evidence of pink
thread like texture.
4= slightly pink - 4=no meat juice ~ 9-10 4= medium
remaining after
cooking
5= tan with no evidence of - - 11-12 5= well done

pink

1Hunt, M.C. et al. 1999. Journal of Food Science, 64, 847-851
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Table 2

Observed C-scores (based on internal colour of the hamburger) and TCC scores (based on texture of the meat,

internal colour of the hamburger and the meat and clarity of the meat juice scores) after cooking hamburgers
made of minced meat packaged in modified atmosphere (MAP hamburger) and hamburgers made of meat

minced at retail (control hamburger).

Cooking time (min)

2 3 4 5 6 7 8 9 10 11 12 13
MAP hamburger
C-score! Triall 1 2 3 3 4 4 5 5 5 5 5 5
Trial2 1 1 2 4 5 5 5 5 5 5 5 5
Trial3 1 2 3 4 5 5 5 5 5 5 5 5
Mean 10 17 27 37 47 4.7 5.0 5.0 5.0 5.0 5.0 5.0
TCC- Triall 1 2 2 3 3 4 4 4 5 5 5 5
score?
Trial2 1 1 2 3 4 4 4 5 5 5 5 5
Trial3 1 2 2 3 4 3 4 4 4 5 5 5
Mean 10 17 20 3.0 37 3.7 4.0 4.3 4.7 5.0 5.0 5.0
control hamburger
C-score Triall 1 2 2 3 3 3 4 4 4 5 5 5
Trial2 1 1 2 2 2 3 4 4 4 4 4 4
Trial3 1 1 2 2 2 3 3 3 4 4 4 4
Mean 10 13 20 23 23 3.0 3.7 3.7 4.0 4.3 4.3 4.3
TCC-score Triall 1 2 2 3 3 3 4 4 4 5 5 5
Trial2 1 2 3 3 3 3 4 4 4 4 4 4
Trial3 1 1 2 2 2 3 3 3 4 4 4 5
Mean 10 17 23 27 27 3.0 3.7 3.7 4.0 4.3 4.3 4.7

1C-score 1= uncooked (dark red to purple), 2= bright red, 3= very pink, 4= slightly pink and 5= tan with no

evidence of pink.

2 TCC-score 1= uncooked, 2= rare, 3= medium rare, 4= medium and 5= well done
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Table 3

Observed log reduction (-log10(N#No)) of E. coli 0157:H7¢gfp+ after cooking per colour score (C-score) for

hamburgers made of minced meat packaged in modified atmosphere (MAP hamburger) and from meat minced at

retail (control hamburger).

Log reduction of E. coli O157:H7gfp+ after

cooking (10010)

C-score’  hamburger median min max
1 MAP 2.2 2.1 2.3
control 3.2 2.2 3.3
2 MAP 2.3 2.3 2.3
control 3.4 2.4 3.7
3 MAP 2.5 2.4 2.9
control 4.0 2.7 5.4
4 MAP 3.1 2.6 3.4
control 5.7 4.6 8.0
5 MAP 4.8 3.1 8.0
control 5.7 5.2 5.9

1C-score 1= uncooked (dark red to purple), 2= bright red, 3= very pink, 4= slightly pink and 5= tan with no

evidence of pink.
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Table 4

Mean risk and mean relative risk of illness per serving of one hamburger following consumption of E. coli
0157:H7gfp+ contaminated hamburgers (5 log CFU/hamburger, equivalent to 3 log CFU/g) made from meat
packaged in modified atmosphere (MAP hamburger) and from meat minced at retail (control hamburger) based

on interior colour of the hamburger ( C-score)

Mean risk of illness Mean relative risk of
illness
C-score!  MAP hamburger control MAP/control
hamburger hamburger
1 0.5 0.3 2.2
2 0.4 0.2 2.6
3 0.3 0.1 35
4 0.1 0.0004 297
5 0.03 0 NA

IC- score 1= uncooked (dark red to purple), 2= bright red, 3= very pink, 4= slightly pink and 5= tan with no
evidence of pink.

NA-= not available
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Table 5

Simulated variable E. coli 0157:H7gfp+ log reduction in hamburgers made from contaminated meat packaged in

modified atmosphere depending on final hamburger core temperature using equation 1.

Log CFU E. Final central internal temperature

coli 70°C 71°C 72°C 73°C 74°C 75°C 76°C
0157:H7gfp+

reduction

Mean 4.9 51 53 55 5.7 6.0 6.2
5%; 95% 3.3;6.6 3.5; 6.8 3.7,7.0 3.9,7.2 41;7.4 43,76 45,78
percentile
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Fig 1. Levels of E. coli O157:H7gfp+ (log CFU/hamburger) in relation to the interior colour (C-score) in
hamburgers made from minced meat packaged in modified atmosphere (MAP hamburger) and from meat

minced at retail (control hamburger). C-score 1: dark red to purple (MAP: N=4, control: N=5), 2: bright red

(MAP: N=3, control: N=8), 3: very pink (MAP: N=3, control: N=7), 4: slightly pink (MAP: N=4, control: N=13)

and 5: tan with no evidence of pink (MAP: N=22, control: N=3).
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670 Fig 2. Maximum central core temperature in relation to interior colour (C-score) in a hamburger made from
671 minced meat packaged in modified atmosphere (MAP hamburger) and from meat that were minced at retail
672 (control hamburger). C-score 1: dark red to purple (MAP: N=4, control: N=5), 2: bright red (MAP: N=3,

673 control: N=8), 3: very pink (MAP: N=3, control: N=7), 4: slightly pink (MAP: N=4, control: N=13) and 5: tan

674  with no evidence of pink (MAP: N=22, control: N=3).
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Fig 3. A) Mean levels of E. coli 0157:H7gfp+ (log CFU) and, B) mean of the highest core temperatures (mean

of three trials) in relation to cooking time in hamburgers made from minced meat packaged in modified

atmosphere (MAP hamburger) and from meat minced at retail (control hamburger). Error bars represent standard

errors.
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710 Fig 4. Relationship between observed central core temperature of MAP hamburgers and log reduction of E. coli
711 0157:H7gfp+. The solid line is the best fit of a linear regression to the data (black circles); log Reduction =
712 0.205 * T — 9.425, R?=0.59. The dotted lines represent the upper and lower prediction intervals, and the striped
713 line is a relationship reported in Cassin et al., (1998) for comparison.
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