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Temperature histories were recorded from the surfaces of chilled steaks in a 
commercial retail case. Steaks were placed at the rear, centre or front of the 
case, and at 17 or 13 cm below, or 4 cm above the load line. The coldest aver- 
age temperatures (1.7-4.5OC) were recorded at the rear, and the warmest 
(6.1-10°C) at the centre of the case. Average temperatures increased with up- 
ward location of the steaks, from between 1.7 and 6.1”C at 17 cm below to be- 
tween 4.5 and 10°C at 4 cm above the load line. The meat surface temperatures 
did not correlate with the air temperatures at the rack level. The average tem- 
peratures for steak surfaces and case air in the vicinity of steaks differed by up 
to l”C, but the surface and deep temperatures of steaks were similar. 

Calculated values for the proliferations of psychrotrophic pseudomonads and 
Escherichia coli correlated well with the average surface temperatures of the 
steaks. Apparently, E. coli growth would be negligible with average surface 
temperatures of 14’C. However, a survey of air temperatures in four com- 
mercial retail cases indicated that temperatures of 14°C cannot be maintained 
throughout existing retail cabinets. To assure food safety, some means of iden- 
tifying the maximum average temperature experienced by a product in indi- 
vidual display cases is required, with a specification of the maximum residence 
time that can be tolerated at any maximum temperature. 
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INTRODUCTION 

Retail display is possibly the weakest link in the 
commercial cold chain (James & Bailey, 1990). As 
the contamination of raw meat with human 
pathogens is inevitable, there must be concern that 
they may proliferate to hazardous numbers during 
periods of temperature abuse in display cases 
(Luiten et al., 1982; Grau, 1987). Moreover, the 
temperatures experienced during display will affect 
the product storage life (Greer, 1981). The eco- 
nomic significance of inadequate display tempera- 
ture is substantial, as 55% of the total spoilage 
losses sustained by the meat industry apparently 
occur at the retail level (Breidenstein, 1986). 

The need for good control of temperatures 
during the display of meat has been recognized in 
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recommendations, by various regulatory and trade 
organizations, that the temperatures of displayed 
products be maintained at or below a specified 
maximum (Anon., 1978; James & Evans, 1990; 
Olsson, 1990). Unfortunately, such apparently 
simple recommendations are rendered ambiguous 
by a general failure to define which temperatures 
should be measured. The uncertainty is evident in 
the available published data on display case tem- 
peratures which variously report air or product 
temperatures, and variously consider instantane- 
ous and/or average values for those temperatures 
(Pivnick et al., 1976; Sumner et al., 1981; Powell 
& Cain, 1987; Gormley, 1990). 

For raw meat that has not been comminuted or 
rolled, bacteria are located only on the product 
surface (Gill, 1986). The temperatures of relevance 
to the safety and storage life of such product are, 
therefore, those at the product surface, rather 
than those of the sterile deep tissues (Greer & 
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Jeremiah, 1980). Any recommended maximum 
temperature for displayed raw meat should, there- 
fore, refer to the product surface temperatures, or 
to temperatures that correlate in a known fashion 
with the surface temperatures. Moreover, case air 
temperatures will inevitably fluctuate to relatively 
high values during defrosting cycles (Brolls, 1986), 
and air temperature fluctuations are likely to 
affect the surface temperatures of the products. In- 
stantaneous surface temperatures obtained during 
defrosting will then be uncharacteristically high, 
and so misleading as to the hygienic adequacy of 
the case temperatures. Consequently, any recom- 
mendation of practical utility must likely refer to 
average rather than instantaneous surface tem- 
peratures. 

With those requirements in mind, a study was 
undertaken to identify the relationships between 
the surface and deep temperatures of steaks and 
air temperatures in a chilled commercial display 
cabinet; to ascertain the bacteriological conse- 
quences of the temperatures experienced by steak 
surfaces; and to apply those findings to assess the 
hygienic adequacy of temperature control in other 
commercial meat display cases. 

MATERIALS AND METHODS 

Temperature measurements 

Retail case and product temperatures were mea- 
sured using MIRINZ-Delphi temperature data 
loggers (Tru-Test, Auckland, New Zealand). The 
loggers were set to record temperatures at 15-min 
intervals, with an accuracy of f0.25”C and a reso- 
lution of Oe25”C (Gill & Jones, 1992). Retail case 
air temperature histories were obtained using data 
loggers fitted with internal temperature sensors. 
Entering air, meat surface and deep tissue tem- 
peratures were recorded using loggers fitted with 
an external thermistor probe encased in a teflon 
sheath. Temperatures were recorded for periods of 
48 or 72 h. Such intervals were representative of 
the maximum times that raw meat is resident in 
chilled, commercial display cases. 

Meat and retail case air temperatures 

The relationships between meat surface tempera- 
tures, deep tissue temperatures and case air tem- 
peratures were determined for a commercial meat 
display case. 

The cabinet was of the single deck (81 cm W X 
365 cm L), fan-assisted type where air is drawn 
over an evaporator coil and then blown from the 
rear of the cabinet across the displayed meat 
(Malton, 1976). Beef rib-eye steaks, 4 cm thick, 
were placed on Styrofoam meat trays and wrapped 
in a polyvinyl chloride film that is used commer- 
cially for overwrapping meat (Vitafilm Choice 
Wrap, Goodyear Canada Inc., Toronto, ON). The 
steaks were placed at three locations on the 
support rack of the case, or at positions directly 
above those locations. The three locations were at 
the (1) rear, (2) centre, or (3) front, of the left side 
of the case. Thus, the steaks were located at 
distances of 8, 40 and 75 cm from the outlet for 
refrigerated air at the rear of the case, with their 
surfaces 17 or 13 cm below, 4 cm above, or at the 
load line limit specified by the manufacturer. On 
each occasion that temperatures were monitored, 
a steak was placed at each of the three locations, 
or at the same level above each location. The sur- 
faces of the steaks were not covered by other 
products during the periods of monitoring. 

For the recording of steak surface temperatures, 
a teflon probe was inserted through the polyvinyl 
wrapping and into each steak, so that the tip lay 
at the approximate centre and 1 mm below the 
meat surface. Deep tissue temperatures were simi- 
larly recorded from the approximate geometric 
centre of each steak. 

Display case air temperature histories were col- 
lected from data loggers placed on the supporting 
rack and at locations immediately adjacent to the 
surface of each steak. All temperature histories 
were collected over a period of 48 h. 

Integration of temperature history data with 
respect to bacterial growth 

Each surface temperature history was integrated 
with respect to a model describing the dependency on 
temperature of the aerobic growth of Escherichiu 
coli, and with respect to a second model describ- 
ing the dependency on temperature of the growth 
of psychrotrophic pseudomonads. 

The model for the aerobic growth of E. cob has 
previously been used for assessing the hygienic 
adequacy of various meat cooling processes (Gill 
& Jones, 1992). The triphasic model has the form: 

y = (0.0513~ - O.71)2 when x is between 7 and 30; 
y = (0.027x + O.55)2 when x is between 30 and 40; 
y = 2.66 when x is between 40 and 47; and 
y = 0 when x is < 7 or >47; 
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where y is the growth rate expressed as genera- 
tions h-l and x is the temperature in “C. 

The model for growth of pseudomonads was 
derived from published data describing the depen- 
dency on temperature of the growth rates of vari- 
ous Pseudomonas species proliferating on meat, in 
milk or in rich synthetic media (Gill & Newton, 
1977, 1980; Ahmed, 1979; Pooni & Mead, 1984; 
Chandler & McMeekin, 1985; Fu et al., 1991). 
The model describes the regression line fitting 
those combined data, for temperatures between 0 
and 25”C, when they are plotted as the square 
root of the growth rate against temperature 
(Ratkowsky et al., 1982). The regression line is 
extrapolated to -2°C. That extrapolation is sup- 
ported by data on the relative rates of flesh 
spoilage at sub-zero temperatures (McMeekin et 
al., 1988). The model is terminated at -2°C on the 
assumption that growth at lower temperatures 
would be prevented by the freezing of the meat 
surfaces. The varied deviations from the simple 
square root model of the growth of different 
strains of psychrotrophic pseudomonads at tem- 
peratures above 25°C (Ratkowsky et al., 1983) is 
accommodated by assuming a uniform rate of 
growth for temperatures between 25 and 35°C. 
The biphasic model has the form: 

y = (0.033~ + 0.27)2 when x is between -2 and 
25; 

y = 1 when x is between 25 and 35; and 
y = 0 when x c-2 or >35; 

where y is the growth rate expressed as genera- 
tions h-l and x is the temperature in “C. 

The models were applied in a computer pro- 
gram that interrogates a logger, requests definition 
of the times that the product temperature history 
record began and ended, calculates from each 
model the respective proliferations of E. cob and 
pseudomonads during each record interval, and 
derives the total proliferations by the summation 
of each series of incremental proliferations (Gill et 
al., 1988). 

Rack-level air temperatures in retail cabinets 

Air temperatures were recorded in the retail dis- 
play case used in the measurement of meat tem- 
peratures (Case A) and in each of three other cases, 
each at a retail outlet operated by a different com- 
pany. Temperatures were recorded for periods of 
72 h. Each data logger was placed on a Styrofoam 
meat tray and overwrapped with the polyvinyl 

chloride film. Wrapped loggers were secured to 
the support rack of each case at five locations. 
Those locations were at the three used when 
recording meat temperatures, and at (4) the cen- 
tre, and (5) the centre right side of the case. Thus, 
temperature histories were obtained from loca- 
tions distributed from the rear to the front, and 
along the length, of each case. During residence in 
a case, each temperature logger was exposed or 
covered with meat in an unpredictable sequence 
determined by commercial activities. The tempera- 
tures of the refrigerated air entering each case 
from the ducting at the case rear, and the tempera- 
tures of the ambient air in the vicinity of each case 
were also recorded. 

RESULTS 

Meat and retail case air temperatures 

The surface temperatures were influenced by both 
the horizontal and vertical location of each item 
within the retail case (Table 1). The coldest aver- 
age meat surface temperatures (1.7-4.5”C) were 
recorded at the rear of the case, while the warmest 
average surface temperatures (6. l-l O.O’C) oc- 
curred in the mid-section of the case. Irrespective 
of location within the retail case, the meat surface 
temperatures progressively increased as the vertical 

Table 1. The effect of position in a retail display case on the 
surface temperatures of steaks” 

Location in Distance from 
case b 

Steak surface temperature 
load line (cm)c (Vd 

Max. Min. Mean 

1 -17 5.3 0 1.7 
-13 7.5 1.0 2.7 

0 8.0 1.3 3.3 
+4 8.3 2.8 4.5 

2 -17 8.0 4.3 6.1 
-13 10.0 4.3 6.9 

0 10.0 4.0 6.7 
+4 11.8 7.5 10.0 

3 -17 7.3 4.0 5.6 
-13 9.0 1.3 6.8 

0 9.5 5.8 7.2 
+4 10.3 6.0 8.3 

‘Temperatures were recorded over a 48-h period. 
bRib-eye steaks were located at distances of (1) 8 cm, 
(2) 40 cm, and (3) 75 cm from the rear of the case. 
‘Distances (cm) below (-) or above (+) the load line to the 
surface of each steak. 
dThermistor inserted 1 mm below meat surface. 
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Table 2. Air temperatures at the load liae of retail case A, aml the surface and deep tissue temperatures of steaks placed ia tbe case 
witb their upper sarfaces at the load he. The data are from records of temperatures at lS-mia intervals for 72 b 

Location in 
case” 

Max. 

case aiP 

Min. Mean 

Temperature (“C) 

Steak surface’ Deep tissued 

Max. Min. Mean Ma.X. Min. Mean 

1 10.8 2.0 4.1 7.3 2.3 4.2 7.0 2.3 4.1 
2 11.3 3.5 5.7 9.3 4.8 6.8 8.8 4.3 6.4 
3 11.8 4.3 6.6 8.0 4.0 6.0 7.8 3.5 5.7 

“Rib-eye steaks were located at distances of (1) 8 cm, (2) 40 cm, and (3) 75 cm from the rear of the case. 
bRetail case air temperatures were those at the load line at locations immediately adjacent to those of each steak. 
cThermistor inserted 1 mm below meat surface. 
“Thermistor inserted into the geometric centre of the steak, i.e. 2 cm below the steak surface. Both surface and deep tissue 
temperatures were measured for each steak. 

placement of the meat increased from well be- 
low (- 17 cm) the load line (1.7-6el”C) to above 
(+4 cm) the load line (4.510.0°C). 

The average meat surface temperature, for all 
locations, was about 6°C. Simple linear regression 
analysis showed that meat surface temperature 
was only poorly correlated with retail case air 
temperature at the rack level (r2 = 0.18, P > 0.1). 

The data in Table 2 show retail case air, steak 
surface. and deep tissue temperatures for steaks at 
the load line limit. The retail case air temperature 
was found to increase with distance from the 
entering air and to fluctuate from minima as low 
as 2°C to maxima as high as 12°C. The corre- 
sponding variation in steak temperatures was 
slightly smaller (2-9°C). Temperatures measured 
at the steaks’ surface and within the deep tissue 
were similar. 

*O 1 
18 - 

%16- 5 Pseudomonads 

F4 
g 12 - 

&lo- 

s8 
“6 
e 

2 

f4 

g 2- 

0- -1 I I I I 1 
1 2 3 4 5 6 7 8 9 10 

Meat surface average temperature ( OC) 
Fig. 1. The relationships between average temperatures and 
the proliferations of pseudomonads and E. coli estimated 
from the temperature histories of steak surfaces recorded 

over a period of 48 h. 

Estimation of bacterial growth at meat surfaces 

Integration of steak surface temperature histories 
with respect to models relating bacterial growth 
rate to temperature indicated that pseudomonads 
would grow on all the steaks, while E. coli would 
grow only on steaks experiencing average surface 
temperatures >3”C. The estimated proliferations of 
pseudomonads correlated very closely (r2 = 0.99, P 
I 0.001) with the average surface temperatures. 
There was good correlation (r2 = 0.88, P I O*OOl) 
between average surface temperatures and the esti- 
mated proliferations of E. coli (Fig. 1). 

Rack-level air temperatures in retail cases 

The average temperatures of the refrigerated air 
entering the four retail cases ranged from -3.3- 
1.8°C (Table 3). However, the temperatures fluctu- 
ated by about 30°C (e.g. -4.3-28°C) during each 
12-h defrosting cycle. In contrast, the ambient air 
temperatures, which averaged between 20 and 
24’C, varied by no more than &3”C. 

The average air temperatures at the rack level in 
all four cases varied from -0.67.5”C at the vari- 
ous locations within the retail cases. The lowest 
average temperatures and temperature fluctuations 
(-8-15’C) were recorded from case A, while the 
highest temperatures and largest fluctuations oc- 
curred in case C (Table 3). In each case, the cold- 
est area was at the rear (position l), and 
the warmest average temperature was recorded for 
a position along the long axis of the case in the 
midsection (positions 2, 4 and 5). Temperatures 
varied throughout the length of the retail cases in 
no consistent pattern (positions 2, 4 and 5) and 
differences between locations could be as much as 
4°C. 
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Table 3. Rack-level air temperatures in four commercial retail cabinets“ 

Locationb Temperature (“C) 

Case A Case B Case C Case D 

Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean 

Entering air 28.0 -4.3 -2.3 16.8 -9.3 -1.6 27.8 -1.3 1.8 16.8 -6.0 -3.3 
1 4.8 -2.3 -0.2 11.0 0.5 4.0 14.8 -2.0 2.8 7.0 -7.8 -0.6 
2 9.0 -1.0 1.4 10.5 1.3 4.2 15.0 -2.3 4.6 9.3 -8.0 3.2 
3 50 -0.5 1.1 8.8 1.3 3.7 12.3 -1.0 3.8 6.8 -6.5 2.1 
4 7.8 0.3 2.2 8.5 -3.8 0.8 15.3 1.3 5.7 10.3 1.0 3.5 
5 8.5 0.8 2.6 13.5 -1.3 1.9 14.5 -0.3 4.5 13.0 2.5 7.5 

n All cabinets were single tier forced air types. Case air temperatures were measured at the rack level and entering air temperatures 
at the rear of the case where the refrigerated air left the ducting. 
bTemperature loggers were placed at 5 positions within each case. The positions were left hand side, (1) 8 cm, (2) 40 cm, 
or (3) 75 cm from the rear: (4) case centre: and (5) 40 cm from the rear on the right hand side. Records were collected at 15-min 
intervals over a period of 72 h. 

\ , 

DISCUSSION 

The results from a single retail case indicate that 
with an average entering air temperature of -2”C, 
the average temperature of the rack level air and 
the steak surfaces were 2 and 6”C, respectively. A 
similar relationship was discerned by Powell & 
Cain (1987) who found that with supply air tem- 
peratures ranging from -8 to -2”C, retail case air 
temperatures ranged from 2-7°C and product 
temperatures from 5-8°C. James & Evans (1990) 
also concluded that air must enter a cabinet at 
-2°C to maintain maximum meat temperatures of 
5°C. 

The present study did not demonstrate any sub- 
stantial differences between steak surface tempera- 
ture and deep tissue temperature, at least at the 
level of the load line. Although it would be ex- 
pected that deep tissue average temperatures 
would be less variable and perhaps somewhat 
lower than those of the surface (Malton, 1980), 
such an effect was not evident with retail steaks. It 
might occur, however, with larger pieces of meat. 

Previous studies have shown that actual in- 
creases in the numbers of specified bacteria on 
meat can be accurately calculated by temperature 
function integration techniques (Pooni & Mead, 
1984; Reichel et al., 1991). From such calculations 
it appears that the growth of pseudomonads cor- 
relates closely and directly with the average sur- 
face temperature of steaks during retail display, 
within the range 2-10°C. Under experimental con- 
ditions similar close relationships have been ob- 
served between the average temperature of the 
entering air and the measured growth of psy- 
chrotrophic bacteria or the time to spoilage of dis- 

played steaks (Greer, 198 1; Greer & Jeremiah, 
1981). 

Similarly, good correlations between the aver- 
age steak surface temperature and the growth of 
E. coli appear to exist for temperatures between 4 
and 8”C, although for higher and lower average 
temperatures a direct correlation is probably not 
maintained. 

It has been common practice to define storage 
temperatures for chilled meat from consideration 
of the temperatures required to control the growth 
of E. coli, as that organism is widely regarded as 
an appropriate indicator of the risk to consumers 
from mesophilic pathogens (Gill & Phillips, 1990). 
It appears that the growth of E. coli on displayed 
meat is likely to be negligible when the average 
surface temperature is 14°C. Thus, that guideline 
temperature, which is recommended in Canada, 
would seem to be appropriate with respect to pub- 
lic health concerns when it refers to the average 
surface temperature of product. If a one genera- 
tion increase in E. coli numbers were considered 
tolerable, then the guideline temperature could be 
raised to 5°C which is recommended in the UK 
(James & Evans, 1990). It becomes more difficult, 
however, to justify the proposed official Swedish 
temperature limit of 6°C let alone that country’s 
current limit of 8°C (Olsson, 1990). Further study 
will be necessary to properly confirm a general, 
simple relationship between the average surface 
temperatures of displayed meat and the growth of 
bacteria of public health concern. 

Unfortunately, routine determination of average 
product temperatures, whether surface or deep, 
would be difficult in commercial circumstances. It 
would then be of great practical convenience if 
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recommended temperatures could refer to the aver- 
age temperature of the entering, rack-level or 
other case air. 

The four commercial display cases monitored in 
the present survey were operated with entering air 
average temperatures that ranged from about -3- 
2°C. The simple expectation would be that the av- 
erage air temperatures within cases, at least at the 
level of the support rack, would generally corre- 
late with the temperatures of the incoming air. 
However, that will not be so if there is unequal 
distribution of air within the case (James & Evans, 
1990). Air temperatures at two of the five loca- 
tions at which temperatures were monitored were 
highest in retail cases with low incoming air tem- 
peratures. Indeed, the highest rack level air tem- 
perature was recorded from the front of the case 
with the lowest temperature entering air. Similar, 
if less pronounced, unequal distributions of air 
were also evident in two of the other cases. Thus, 
the refrigerative performances of the commercial 
cases could not be predicted from the temperature 
of the entering refrigerated air. However, the re- 
sults indicate that even equally distributed enter- 
ing air must be at a sub-zero average temperature 
if average air temperatures at the rack level are 
not to exceed 4°C at some locations. 

Average steak temperatures at the rack and 
load line levels differed by up to 1 .5"C, or up to 
4°C for product above the load line, and the aver- 
age surface temperatures of steaks could exceed 
those of the surrounding air by as much as 1°C. 
Consequently, in-case air temperatures could be 
used for defining adequate control of product 
temperatures only if highly conservative assump- 
tions are made about the relationships between 
measured air temperatures and the temperatures 
of the product. 

The findings of this study indicate that, in the 
15 years since the last major survey in Canada, 
and recommendation of a 4°C maximum tempera- 
ture for the product (Anon., 1978), there has been 
no improvement in the control of the temperature 
of displayed meat. It is also apparent that prod- 
ucts cannot in practice be reliably held at or below 
the recommended maximum temperature in exist- 
ing display cases. The continued advocation of an 
appropriate, but practically unattainable maximum 
average temperature for displayed meat cannot 
then be expected to enhance food safety. Instead, 
means for the routine monitoring of display cases 
that will allow identification of the maximum 
average temperature experienced by any product 

item are required. The safety of food could then 
be sought by specifying the maximum residence 
time that can be tolerated in a case by reference to 
the maximum average product temperature that is 
consistently achieved. 
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