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cycle integrator 

Department of Phartnacy, University of Manchester, Oxford Road, Manchester, M I 3  9PL, U.K. 

Instability and non-uniformity of spore preparations and the non-conformity of chemical 
indicators to the temperature coefficients of spore inactivation are problems associated with 
current methods of autoclave cycle monitoring. A prototype micro-electronic instrument, 
which largely overcomes these problems, is described. It monitors autoclave cycles in terms 
of the integral F, and Nabla functions. Its thermometric and integrating accuracy is 
demonstrated. A discussion of the problems associated with the use of sensitive electronic 
instruments in the autoclave room environment reveals the need for independent monitoring 
areas when such devices are used. Inactivation constants were determined for spores 
of the organism Bacill~ts .stearothermopliil~s. NCTC 10 003 and were described using Dl,, 
(12.0 min) and Z (9.0 "C) values and the first order reaction Arrhenius constants A 
min-I) and E, (74.4 kcal ~nol-l, 31 1 kJ mol-I). These have been compared with recently 
publishsd values. The standardization of F, and Nabla is discussed with reference to the 
setting of minimum values related KO product bioburden and maximum values related to an 
acceptable degree of product degradation. 

The official methods of assessing the efficiency of 
steam sterilization cycles rely on the measurement of 
temperature and time (P.C. 1979, B.P. 1973), the 
criteria for successful sterilization being a minimum 
time at a specified temperature. In practice a Master 
Temperature Recording (MTR) (Hospital Technical 
Memorandum 1979) is produced for each product 
and loading pattern at commissioning which is then 
used as a standard against which routine cycles can 
be evaluated. 

Additional monitoring methods include the use of 
Biological Indicators (Biihlmann et al 1973) in the 
form of heat resistant spores, and Chemical Indica- 
tors in the form of chemicals which change colour 
when subjected to certain patterns of heat, time and 
moisture, with post process sterility tests as a final 
'safeguard'. The reliability of these methods is 
debatable. The variability of commercial biological 
indicators in terms of the number of organisms per 
device and their resistance to heat is widely docu- 
mented (Mayernik 1972; Biihlman et al 1973) and 
studies relating to the retention of viability and 
resistance under differing storage conditions have 
demonstrated the instability of such devices (Cook & 
Brown 1965; Smith et al 1976; Reich et al 1979). 

Correspondence. 

A study of the kinetics of the colour changes 
occurring in commercially available chemical 
indicators (Lee et al 1979) has shown that many 
exhibit temperature time profiles which bear no 
relation to the kinetics of death of spore-bearing 
microorganisms subjected to steam sterilization 
cycles. 

Sterility testing is retrospective and its value in 
terms of the statistical significance of the results is 
questionable particularly where the incidence of 
contaminated units in a batch is low (Brown & 
Gilbert 1977). 

With any of the above methods, the results in 
terms of the lethal effectiveness of the process are not 
available until completion of the cycle, and with 
biological indicators and sterility tests may not be- 
come available until several days after completion of 
the autoclaving process. Furthermore, unless the 
monitoring device evaluates and indicates the overall 
lethal effectiveness of the autoclave cycle in terms of 
the inactivation of any potential contaminants, no 
assurance is given as to the probability of post pro- 
cess survival of these organisms. Under the present 
system of cycle validation no account of the lethal 
effects of temperatures above and below that of 
nominal, is taken. Using the Fo (Akers et al 1978; 
Stumbo 1965) or Nabla (V) (Deindcerfer 1957; 
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Deindoerfer & Humphrey 1959) systems this be- 
comes possible, however, the manual integration of 
temperatureltime recordings is difficult and time 
consuming, particularly when high resolution is 
required. This paper describes a micro-processor 
based instrument capable of integrating temperature/ 
time directly from a thermocouple probe placed 
within the autoclave chamber, in terms of the Fo and 
Nabla parameters and discusses the problems 
associated with the calibration of this instrument. 

M A T E R I A L S  A N D  METHODS 

Temperature-time integrator 
The integrator (Hoskins 1979a,b; M. C. Fitzgerald 
personal communication) is based on a Motorola 
6802 microprocessor which is controlled by software 
contained in 2Kbyte of EPROM (Erasable program- 
mable read only memories). During normal opera- 
tion five functions may be indicated on the digital 
displays: 1) the accumulating Nabla (v) value; 2) 
the accumulating Fo value; 3) the probe temperature 
with a resolution of 0.1 or 0.5 "C; 4) the time at 
which the probe has been above 80 "C; 5) the time 
at which the probe has been above 121 "C. 

The e.m.f. produced by a thermocouple probe in 
the autoclave chamber is converted into digital 
format (temperature). Compensation for changes in 
ambient temperature is achieved by a separate cold 
junction compensation unit. The data are then used 
to address a Table stored in the memory containing 
Fo and Nabla values equivalent to temperatures from 
80 to 130 "C in 0.5 "C increments. This value is 
summed into a memory location which is then used 
to update the displays. This cycle is performed every 
second so giving a continuous evaluation of the 
progress of the autoclave cycle. 

T H E R M O C O U P L E  P R O B E  

The instrument's thermocouple was carefully pre- 
pared so as to be sealed against the entry of steam. 
Single stranded copper-constantan (type T) wire 
conforming to B.S. 1828 (Fothergill and Harvey, 
Tygadure Div., Littlebord. Lancs) was used. The 
insulation was stripped and each wire cleaned with 
abrasive paper, then degreased with carbon tetra- 
chloride. The wires were twisted together, tin 
so\dered Qesh flux\, re-washed with carbon tetra- 
chloride and then cut to a length of 0.6 cm. The 
junction was then coated with a thin layer of Araldite 
epoxy resin, which was allowed to harden at  ambient 
temperature overnight. The junction was then en- 
capsulated in a length of thin walled brass tubing 
(2 cm long. 0-3 cm external diameter, 0.05 cm wall 

thickness) sealed at one end with tin solder. The 
thermocouple tip was sealed into position with 
epoxy resin. 

The thermal lag of this thermocouple was esti- 
mated by heating from ambient to 100 "C and was 
found to be about 10 to 15 s. 

Integrator calibration 
Calibration experiments were carried out using an 
electrically heated oil bath. Temperature was regu- 
lated by an electronic control unit (Radio Spares 
Ltd) which powered a heating element, this was found 
to give variations in oil temperature of no more than 
k0.I  "C of nominal. Temperatures were measured 
using a mercury in glass thermometer (BS 593154) 
with a range of 100-130 "C and graduated in 0.1 'C 
increments, this was used as a standard to which the 
integrator was calibrated. In a later experiment the 
accuracy of temperature measurements was checked 
using a precision thermometer bridge with platinum 
resistance probe (Leeds and Northrup, Type 8078, 
Warfdale Rd, Birmingham) which had been cali- 
brated at the National Physics Laboratory. 

The method of calibration was that described by 
the NPL (National Physics Laboratory 1967) for 
mercury in glass thermometers. Briefly, the inte- 
grator was switched to the 0.1 "C resolution mode 
and allowed to equilibrate over 1 h at room tempera- 
ture (ca 20 "C). A thermocouple probe was secured 
to the mercury bulb of the thermometer which was 
then placed in the oil bath to the indicated immersion 
mark. The oil bath was heated to several static 
temperatures, at each, several readings were taken 
simultaneously from the mercury/glass thermometer 
and the integrator display and the means determined. 
The oil bath heater was then switched off and the 
measurements repeated as the oil cooled to ambient 
temperature. 

Integrator validatioti 
(i) Thermometric accuracy. The thermometric accur- 
acy of the integrator was, essentially determined 
during calibration. The integrator was adjusted so as 
to be in exact agreement with the standard ther- 
mometer. The calibration was then carried out at 
various temperatures and differences in indicated 
temperature between the integrator and the standard 
thermometer noted. 

(ii) Integrating accuracy. The thermocouple prob 
was detached from the integrator and a series of lixec 
voltages applied to the input from a precision mill 
volt source (Time Electronics Ltd Model 404 0.05: 
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Grade), so as to produce the required temperatures 
on the digital displays. The temperatures for steam 
sterilization of the PC (1979) were used as models. 
The accumulating integrals were noted at  specific 
times and compared with calculated V and F, values 
for similar temperature-time profiles. 

The stability under working conditions 
Three studies were carried out in order to assess the 
effects of routine use, of changes in ambient tempera- 
ture and of continuous 'power up', on theintegrator's 
calibration. 

The integrator was used to monitor the routine 
sterilization cycles of a Getinge autoclave (Model: 
SAR 450, Getinge AB, Halmstad, Sweden). The 
calibration was periodically checked against the 
standard thermometer. 

The effects of gross changes in ambient tempera- 
ture were determined by maintaining the integrator 
at a series of elevated ambient temperatures whilst 
calibration studies were carried out. The integrator 
plus cold junction compensation were placed in a hot 
air oven, the power and thermocouple cables being 
introduced through the ventilation port. The oven 
was heated to the required temperature then the 
integrator switched on and allowed to equilibrate 
over 1 h. The calibration was then checked against 
the standard thermometer. 

In a second series of experiments the cold com- 
pensation junction remained at room temperature 
whilst the integrator was heated. 

The effect of continuous power up was carried out 
over 288 h the calibration being periodically checked 
against the standard thermometer. 

Inactivation kinetics of Bacillus stearothermophilus 
spores 
A suspension of B. stearothermophilus spores NCTC 
10003 (carbon and magnesium depleted-Brown 
MRW, Microbiology Research Lab, Pharmacy Dept, 
Aston University, Costa Green, Birmingham) in 4 
strength phosphate buffer was used. Before use the 
suspension was diluted with sterile glass distilled 
water to ca 8.5 x lo6 viable spores ml-l. 

Thermal inactivation of B. stearothermophilus spores 
The method of Hambleton & Allwood (1976) was 
used to determine thermal inactivation curves using 
an enumerating medium composed of glucose 
0.5 % w/v (Fisons Ltd,) Tryptone 0.7 % w/v (Oxoid 
L42), agar 1.5 % w/v (Oxoid, L13) (sterilized at 
121 "C for 20 min) and an incubation time of 48 h at 
57 & 1 "C. 

Five replicate plates were prepared at each dilution 
level and the inactivation experiments were carried 
out in triplicate. 

R E S U L T S  

Integrator performance 
The integrator's calibration data are presented as 
plots of the difference between the integrator's 
indicated temperature and that shown by the stan- 
dard thermometer vs the standard thermometer's 
reading (Benedict 1969). Thus an integrator reading 
which is greater than that of the standard thermo- 
meter is shown as a positive difference. 

The initial calibration is shown along with the 
calibration data determined after the integrator had 
been used to monitor autoclave cycles (Fig. I). No 

a 5 -0 25 1 
I- 100 110 120 130 

T h e m e t e r  temp ('C ) 

FIG. 1. The accuracy of the integrators calibration 
originally (0) and after being used to monitor autoclave - .- 
cycles. 

- 

marked changes in calibration occurred after routine 
use, the maximum deviations observed being no 
more than + 0.15 to -0.1 "C. 

A similar result was obtained when the integrator 
was continually used over 288 h. A maximum 
deviation of f 0.2 "C was observed throughout this 
period, no obvious trends in calibration drift 
occurred. 

The effects of ambient temperature changes on the 
integrator's calibration were pronounced (Fig. 2). 
When the cold compensation junction was held at 

Thermorneer tomp ( * C )  

FIG. 2. The effect of ambient temperature on the 
integrators thermometric accuracy, when the cold com- 
pensation junction remained at room temperature, ca 18 
to 20 "C (open symbols), and when the cold compensa- 
tion junction was heated at the same temperature as the 
integrator (closed symbols). Ambient temperatures at 
which calibration was checked was 25 (0 a), 30 ( A  A) 
and 36 "C (0 W). 
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room temperature while the integrator was heated 
(open symbols) no significant calibration drift was 
noticed. However, when the cold compensation 
junction was heated at the same temperature as the 
integrator a marked, negative calibration drift 
resulted which reached as much as -0.35 "C at  
30 "C. No obvious correlation between ambient 
temperature and thermometric accuracy was ob- 
served. 

The accuracy of the integrated function are shown 
in Table 1. Fo and Nabla values were calculated from 
equations 1 and 2. 

NABLA = A e-ElaT.dt (2) 

where T = temperature under consideration at  time 
dt. A = Arrhenius constant (Table 3). E = Energy 
of activation (Table 3). R = Universal gas constant 
1-9858 cal (8.3144J) mol-I K-I for the temperatures 
shown. Two experiments were carried out at  each 
temperature. 

Table 1. The accuracy of the integrated functions, F, and 
Nabla, at the PC sterilization temperatures. Voltages 
required to produce the indicated temperatures were 
4.318 mV (115 "C), 4.615 mV (121 "C) and 4,869 mV 
(126 "C). 

Indicated temp. Time F. Nabla 
'C Min Calc. Indicated Calc. Indicated 

Thermal death curves 
The results from the three replicate thermal inactiva- 
tion experiments were combined and analysed using 
a two variable linear regression model (Model 10 
'STAT PAC' 111-1) programmed into a bench 
calculator (Hewlett Packard 9810A). The means of 
the combined counts at each sample time were 
plotted as log surviving fraction vs time (Fig. 3) and 
the results from the statistical analysis used to 
calculate the inactivation constants for the test 
organism (Table 2). 

FIG. 3. Thermal inactivation curves for spores of 
Bacillus stearothermophilus NCTC 10 003 at 105 (m), 
109 (0). 112 ( A )  and 115 "C (A). 

Table 2. The inactivation constants for Bacillus srearo- 
thermophilus NCTC 10003 spores. 

E 
Temp. D value Z K x lo-' k cal 

"C min "C s-I A mot-' 
105 155 9.0 2.476 103B'3e 74.44 

DISCUSSlON 

The experimental work was carried out in two phases. 
The first involved an appraisal of the integrator's 
performance under bench and working conditions. 
The second involved a study of the inactivation 
kinetics of a 'typical' biological indicator used to 
assess the efficiency of steam sterilization processes. 
with the purpose of comparing the inactivation rate 
constants, derived from these, with those used to 
program the integrator. 

The integrator's calibration was found to deviate 
by no more than ca f 0.1 "C from the standard 
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Table 3. Published inactivation constants for strains of Bacillusstearothermophilussporesinvarious heatingmenstrua. 
Calculated values from authors' original data. 

E a  
Strain Heating medium A k cal mol-' kJ mol-I Source 

1038.0 67.7 285 Deindoerfer 1957 
FS 7954 Phosphate 

buffer, pH 7 1047.2 83.6 350 Wang 1964 
NCIB 8919 Water 1055.8 100.9 428 Briaas 1966* -- 
ATCC 7953 Phosphate 

buffer, pH 7 - 82.1 345 Jonsson 1977 
FS 7954 Phosphate 

buffer, pH 6.9 - 91-2 382 Jonsson 1977 
NCTC 1518 Phosphate 

buffer, pH 7 1037'8 68.7 288 Wallace 1978* 
NCTC 10003 Water 1041.2 74.4 31 1 Present study 

thermometer. During routine monitoring of auto- 
clave cycles this deviation increased slightly (ca 3 
0.2 "C) but no marked calibration drift with time was 
observed (Fig. I). When used over an extended 
period of time the maximum deviation from the 
standard was slightly greater a t  0.25 "C, again n o  
marked drift with time occurred. The integrator is 
designed to have a working tolerance of 0.5 "C 
and this is easily met under controlled environmental 
conditions. 

The integrated functions (F, and Nabla) were 
studied a t  the initial calibration stage and these 
showed excellent agreement with theoretical values 
calculated for similar temperature time intervals 
(Table I), and it was assumed that the integrated 
functions would remain as  accurate as  the thermo- 
metric accuracy. 

The effects of changes in ambient temperature on 
thermometric accuracy and hence integrating 
accuracy were pronounced. Any deviation in ambient 
temperature produced a calibration drift, this be- 
came unacceptable when the temperature deviated 
by more than 5 5 "C of that a t  calibration. When 
the cold compensation junction was maintained a t  
room temperature while the integrator was heated, 
only a slight, acceptable discrepancy in calibration 
resulted. However, when the cold compensation 
junction was heated under the same conditions as  the 
integrator,a marked negativedeviation in calibration 
resulted (Fig. 2). This shows that the actual digital 
circuitry of the instrument is only marginally 
affected by the increasing ambient temperature 
(providing it is within the circuitry's working 
tolerance), whereas the cold compensation junction 
over compensates for high ambient temperatures 
therefore producing a low indicated temperature. 
This effect is of considerable importance if one 
considers the 'seasonal' variations encountered in 

autoclave plant rooms where ambient temperatures 
can range from ca 10" to 60 "C. In practice to over- 
come such problems it would be necessary to provide 
a monitoring instrument area with suitable environ- 
ment conditioning. This is borneout by the fact that 
temperatures greater than 45 to 50 "C caused a total 
shut down of the circuits. 

Several unquantifiable spurious effects occurred 
when the integrator was used to monitor autoclave 
cycles, these presented themselves as  fault state 
indications, the most common was that resulting 
from activation of a high voltage switching relay, this 
was thought to  be due to  electrical noise ar.d Has 
largely overcome by the inclusion of a voltage surge 
suppressor in the mains supply (Radiospares Ltd.) 
Steam entering the thermocouple sheath produced a 
similar effect (Benedict 1969) and several thermo- 
couple designs were tried before this problem was 
eliminated. 

The bench tests successfully demonstrated the 
integrator's thermometric and integrating accuracy 
and stability. When used to monitor autoclaves 
cycles, the integrator proved reliable once an ade- 
quately stable thermal environment u a s  provided. 

The semi-log thermal death rate plots (Fig. 3) 
show a characteristic biphasic responze ~ h i c h  is 
typical of a spore suspension of mixed heat resistance 
(Stumbo 1965). In this case the heat resistances of the 
two populations differed markedly as  is demonstrated 
by the initial steep gradient, followed, after the 
inflexion by the more gradual gradient. With this in 
mind, the initial results were excluded from the 
linear regression and so, derived constants may be 
considered representative of the ~opulat ion of 
greater resistance. 

The inactivation constant for various strains of B. 
stearothermophilus derived by thecited authors (Table 
3) show a good correlation with those calculated 
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here. Deindoerfer's (1957) results, which were used 
as  a basis for the integrator's program, differ con- 
siderably from more recently published work and are  
representative of a spore population of much lower 
heat resistance and it can be argued that these 
constants are a poor model for the inactivation 
constants of the more common strains of B. stearo- 
thermophilus used as  biological indicators. 

Kelsey (1958) introduced the concept of the ideal 
chemical indicator as  one which '. . . should follow a 
temperatureltime curve which runs parallel t o  that of 
pathogenic sporebearing organisms but offset by a 
distance which allows a reasonable margin of safety 
. . .' Only recently has a device meeting these criteria 
been introduced (Thermalog S, Biomedical Sciences 
Inc. Fairfield N.J. 07006, U.S.A.). These have been 
described by Beck (1976) and Witonsky (1977). The 
integrator would appear to provide a n  alternative 
means of meeting these criteria, in that the 'tempera- 
tureltime' kinetics of the ideal indicator could easily 
be incorporated into the instruments program. 

The controlling authorities in England accept the 
measurement of temperature and time as  a n  adequate 
assessment of the efficiency of autoclave sterilization 
cycles, this takes the form of the Master Temperature 
Recording (MTR). Marked variations from MTR 
will lead to  failed batches even though a n  adequate 
'safe' cycle may have been achieved. By integrating 
temperature and time in terms of one fundamental 
variable (F, o r  Nabla) the assessment of autoclave 
cycles becomes much easier and more discerning. 

The lethal effectiveness of the heating and cooling 
portions of the cycle are accounted for and variations 
in temperature o r  time are accounted for in terms of 
the nominal holding temperature. 

Thus upper and lower acceptable limits can be set, 
the lower being representative of a n  acceptable 
reduction in viability of the bioburden, the upper 
being a n  acceptable degree of degradation occurring 
in the product. 

The integrator would provide a versatile means of 
assessing sterilization cycles in terms of the funda- 
mental parameters, F, and Nabla. Because of the 
nature of the programme format it is possible to  re- 
program the device with constants representative of 
any degradation pattern, e.g. the constants represent- 
ing the Kelsey ideal chemical indicator o r  the first 
order inactivation constants of a typical bioburden 
o r  biological indicator organism. 
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