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INTRODUCTION 

The ohjective of the inicrobiological examination of a food or water 
for the purposes of quality inspection must be to obtain reliable information 
upon which, if necessary, corrective action may be taken. The application 
of statistics will be of value in indicating what reliance may be placed on the 
information gained and when action should be taken. For the microbiolo­
gical quality control, or better inspection of a process it is necessary to take 
samples of the population and subject them to test. The test may be to 
determine the value of some variable e.&· the number of microorganisms pre­
sent in unit volume or weight of the materia!; or of some attribute e. &· the 
presence or absence of a particular group of microorganisms. 

SAMPLING 

A sample should resemble 88 c1osely as possible the population from which 
it is drawn i. e. it should be representative of the population. It should be 
taken in such a way that every part of the population should h~ve an equal 
chance of being selected. This will require the proper mixing of a material 
such 88 a liquid, or where the material is presented as a series of separate 
unite, e. 8· cana or bottles, by allocating numbers to the unite and selecting 
from them using random number tables. If a representative sample cannot 
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be obtained then any test result must be suspect b ecause the value obtained 
is unlikely to approximate to tbc true number in the population from which 
the sample has been drawn. 

As the numbcr of samples taken incrcases so the precision of the estimate 
of the population parameter should increase, rcaching a maximum when 
tbc whole population is samplt'd. Clt'arly tht' lattcr is not likely to be pos­
.sible. Much tcsting is destructive in nature and for microbiological estimates 
tbc test procedure is usually time- consuming and expcnsive so that large 
scale sampling becomes prohibitively expensive and greater than the profit 
margin that the process can bear. 

A sampling scheme must be thcn a compromise between the degrce 
of risk which thc users of the schemc are prepared to accept and the econo­
mica of production and testing of the materia! concerned. Generally a sample 
forms only a small fraction of the population (or batch) from which it is 
drawn and the information gained is related to tbe size of the sample rathcr 
than to the batch sizc. 

When the batch of materia! to b e tested is in the form of a largc numher 
of units e. g. cans or b ottles, one type of contro} procedure, which is appli­
eable whcthcr the materia} is homogenous or not, is to grade thc itcms in a 
sample into acceptable or defective. No estimate of a mean value of a varia­
ble is required only whether an item in tbc samplc exceeds or does not cxceed 
some valuc or possesses or docs not possess some characteristic. This is called 
sampling by attribute. Samples of n items are taken from the batrh (of 
size greater than 100 n) and the batch rejected if the number of defective 
items, x is greater than some specified value. 

Fig. l shows the operating characteristics of three such sampling sche­
mcs. Tbc operating charactcristic sbows graphically the risks associated 
with the given sampling schemc. Greater protection is providcd whcn the 
size of the sample is increased. Whcn n is fivc, batches containing 12 % 
{}efective items will b e acceptcd on average of no less than 54 % of the 
occasions of test , w ben n is ten, o n aver age 31 % of the occasiona an d w ben n 

is twenty on average IO % of the time. However the degree of protection 
afforòed to the purchaser or consumer is extremely low in ali threc cases and 
illustrates that little value may be placed on isolated samples taken from 
batches of unknown origin. T o ensure that a batch containing l % defective 
items is rejected with a probability of 0.99, a single sample of 500 items 
would bave to be taken. Clearly the cost of such a scbeme would be probi­
bitive both in terms of time and money if applied to testa for the presence or 
absence of coliforms or of Escherichia coli in bottled minerai waters. However 
the operating cbaracteristic (n = 10, X = O) shows also that although it 
may be small tbere is always a probability that a batch will be rejected if 
i t contains any defective items. Thus if batches from a producer are sampled 
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Fig. l. - Operatiq characteristics !or the sampling achemea 
indicated 

n = number of itema iD the sample; 
x = number of detective itema permitted. 
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continuously ueing a sampling scheme n = 10, x ·= O and the batches con· 
tain 0.5 % defective items, the batcheA would be rejected in one in twenty, 
on average, of the occasione teAted. No mannfacturer conld afford this level 
of rejection and wonld therefore need to eneure that proper hygienic con· 
ditions of prodnction were maintained by suitable means inclnding the 
use of physical check.s and appropriate sanitation regimes. The microbio­
logical examination of a sample of n bottles from a daye' production can 
give no absolute guarantee that the product ie free of a particular organiam 
such as a coliform or an associated pathogen. lndeed an abeolute 888urance 
cannot be given with any practicable scheme and one ia le.d to the conclueion 
that microbiological testing alone is insu:ffi.cient to contro} the hygienic con­
dition of a product such as bottled minerai water. T];le microbiological exa­
mination has valne, however, as a check on the hygienic handling and bottling 
of the water. 
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ANALYTICAL PROCEDURES 

Microbiologists may spend a signifìcant proportion of their time carrying 
out teste in order to determine the numbers of microorganisms present in a 
materia!. Unfortunately only too often much of their effort is wasted be­
cause no checks are made to determine whether the analytical procedure 
is in a state of stat istica! control. Such checks are particularly relevant to 
microbiological quality inspection and are comparatively simple to carry out. 
They are essential if any reliance is to be placed on the test results. 

Two sources of error enter into an analytical procedure, sampling error 
and technical error. The latter may be reduced by careful attention to tech­
nique and close adherence to the protocol for the test. The former is una­
voidable and provides a means of checking on the state of statistica! contro} 
of the procedure. Under ideai conditions because of sampling error in the 
number of organisms selected in replicate aliquots the colony count on re­
plicate plates will be distributed as in a Poisson series [1]. The conditions 
which must obtain are that the particles to be counted are distributed ran­
doinly throughout the materia}; that accurate aliquote are taken and that 
each particle gives rise to a single colony. Further the development of o ne 
colony should not affect that of another. 

Adherence to the Poisson series occurs more generally when pure cui­
tures or mixed cultures on selective media are counted rather than. with com­
plex populations such as those found in soil when plated on non-selective 
media [2]. The use of data which departs from a Poisson series is highly 
questionable and the reasons for abnormal variation should be determined 
and, if possible, eliminated. 

The J..2 test may be used to determine whether the observed colony 
counts differ signifìcantly or not from the expected values assuming that 
colony counts of replicate aliquote conform to a Poisson series. The J..2 value 
may be calculated from the relationship 

Eisenhart and Wilson [2] suggested a control chart procedure to test if 
counts were in statistica} control. They pointed out that the criticai value 
of x2 depends only on the number of replicate counts. If the contro} proce­
dure is to be used then at least duplicate connts must be carried out at each 
dilution level. Cowell and Morisetti [3) applied the test to data of Huhta­
nen [4) for counts on raw milk at 2 oc and 37 oc. Figs. 2 and 3 show the con­
tro} charts using that data. If the procedure is in statistica! contro! then 
the J..2 values obtained should lie above (or below) the dotted line (P = 0.50} 
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Fig. 2. - Contro! chart for plate counta ol bacteria in milk 

Inc:ubation temperature = 20 C 

Numher of platee counted = 2 (from: [3]). 
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on half the occasione. The upper and lower controllim.its are set a t P = 0.025 
and P = 0.975 and therefore reaults should no't fall ouuide these limits more 
often than one occasion in twenty on average. It should be noted that agree· 
ment between results can be too good as well as too bad. The 2 oc count 
appears to be in control, appro:ximately equal numbers of the x.2 values 
lying on either side of thc P = 0.50 line and only one value out of 21 exceed­
ing the limite. On the other band the 37 OC count is clearly out of control, 
no less than nine of the values lying outside the limits, and conclusione baeed 
on these plate counts would be of dubioua value. 

One further point is worthy of consideration. Because replicate counts 
should conform to a Poisaon series it permits the limiting precision of the 
method to be calculated einee the data can never be lese variable than that 
due to random sampling alone. The limiting precision may be calculated by 
making use of the fact that for a Poisson distribution the standard deviation 
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Fig. 3. - Contro! chnrt for plntc counts of bacterio in milk 
l ncubation temperature = 37 °C 
Number of plates counted = 2 (From: [3]). 

is equal to the squarc root of the mean . Table l shows the limiting precision 
for different values of the colony count. When small numbers of colonies 
are counted the limiting precision of the method is low. 

T ABLE l 

The li.miting precl8aon 
(95% confidence levels) 

o( colony counts of various values 

True va lue of l 
Limhin« 

l Limita colon y count preci1ion 
t o neari"lt ~ 

500 9 0/. . o 455-545 
400 IO % 360-440 
300 11 % 285- 355 
200 14% 172- 228 
100 20 % 80- 120 
30 37 % 19- 41 
20 47 % 11- 29 
IO 60 % 4- 16 

5 95% 1- IO 
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Plate counta canied out on natural waten are likely to be low and 
tberefore tbe estimate of bacterial density obtained is almoet inevitably 
imprecise. Tbe error considered bere is due to sampling alone and cannot 
be avoided. In addition technical error may introduce a furtber variation 
into tbe resulte wbicb may be as great or greater tban the sampling error. 
Little reliance tberefore can be placed on single reeulta and care sbould be 
taken in their interpretation particularly if a microbiological standard is 
involved. It is preferable to consider trends in tbe values obtained and tbe 
nex t section considere waye in which tbis may be done. 

PROCESS CONTROL CHARTS 

Moet proceeses bave an inberent variability. If this were not eo tben 
tbere would be no need for more or lese eophisticated control procedure& 
becauee àny variation from tbe expected i.e., an indication of biaa, would 
sbow up immediately and tbe proceea would be in an out-of-control state. 
Tbe function of tbe contro! cbart is to distinguish between tbe inherent 
variability in a prooese and tbe situation wben a significant and eystematie 
biae enters into tbe process, tbe in-contro! and out-of- control statee. 

Fig. 4 ebowe the fono tbat tbe Sbewart cbart may take (5]. Tbere ie a 
target (or population mean) line and upper and lower warning and action 
limita. V aluee, eitber of tbe sample mean or range, are plotted sequentially 
over a period of time. Action is tak~n if any point liee outaide tbe action 
limit or if two succeeaive points lie between tbe warning and action limita. 
Wben tbe distribution of the variable is known to be normal tbe limita may 
be eet so tbat the probability tbat they will be exceeded i• known. lf the 
distance between the mean and tbe action limit is set proportional to three 
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standard deviations then 99.7 % of tbc values obtained may be expccted to 
lie betwecn the action limits and only three observations in a tbousand on 
average to lie outside them. Again if the distance between tbc warning limi t 
and tbe mean or target line is made proportional to two standard deviations 
only one in twenty observations on average would be expected to lic outside 
tbesc limits. Two successive ohservations lying Lctween one pair of warning 
and action limits would be likely to occur, on average only once in eight 
hundred occasiona and is therefore sufficiently improhable to justify action 
being taken. 

The Shewart chart is widely used in industry but is not necessarily 
suitable for microbiological work. Estimates of viable numbers of microor­
ganisms are time-consuming and expensive to carry-out and therefore it is 
very unlikely to be possible to carry out tbc number of tests required when the 
sample contains a numher of items as is usual for the Shewart test. This 
difficulty will be greatest for the small producer for whom microbiological 
testing will be a relatively greatcr expense tban for the large producer. 
Further the distribution of numbers of microorganisms in a pru:ticular food­
stuff of which samples are taken over a period of time, is not likely to be 
known. Consequently it would not be possible to set limits to a Shewart type 
chart for variables other than by arbitrary decision. 

An alternative contro} chart which may be used for variables is based 
on tbc cumulative su m test an d is calle d the «cumulative sum » or « Cusum » 
chart. lt is of particular value when observations arise singly and relatively 
infrequently and when it is not known if tbc process distribution is normal. 
Tbese conditions are likely to apply to counts made on bottled waters; on 
empty bottles immediately after the washing process and other tests which 
may be carried out to check the hygienic standard of plant used in bottling 
tbc water. 

The test uses tbc combined information of any number of observations 
by using the cumulative sum of deviations from the target rathcr than the 
individuai observations. The chart will indicate that the process is in contro} 
as long as th~ sum of the deviations from tbc target value remains with small 
tluctuations, zero. 

Table 2 is of a set of results (slightly modifìed from Bettes [6]) of plat«' 
counts of samples of watcr taken from the cooling section of a continuous 
steriliscr. One sample was taken on each day of production and a plate count 
carried out. 

Fig. 5 shows tbc actual counts plotted scqucntially over a period of 
time and Fig. 6 shows the data plottcd in the form of a Cusum chart. Bias is 
indicated more clearly and earlier in tbc Cusum chart than it would be in a 
Shewart chart. Each change of slope indicates a change in the average value 
of the count. Some of these changes will be due to random variation in tbc 
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TABLE 2 

A cumulative 8UID analy!lis or plate ~ounts 
o( water taken &om the cooling section 

o( a continuoua steriH~;er 

Day aud l Co-.mtJml l CoUDt l Cuoum o! 
oamp14o uulllber - 30 (coaut - 30) 

l 25 - 5 l - 5 
2 8 - 22 - 27 
3 79 49 22 
4 60 30 52 
5 < l - 30 22 
6 32 2 24 
7 5 - 25 - l 
8 36 6 5 
9 18 -12 - 7 

lO 12 -18 - 25 
11 9 -21 - 46 
12 2 - 28 - 74 
13 41 11 - 63 
14 92 62 - l 
15 96 66 66 
16 74 « 109 
17 40 10 119 
18 132 102 221 
19 23 - 7 214 
20 61 31 245 
21 15 -15 230 
22 js 5 235 
23 so 20 255 
24 105 75 330 
25 82 52 382 
26 < l - 30 352 
27 < l - 30 322 
28 l - 29 293 
29 < l -30 263 
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count but others will be significant and will give waming of an out-of-control 
state. Procedures are available for teeting for eignifìcant increaees in elope [7]. 
A graphical method ueing a V - ehaped maek ie eimple to uee [8]. The maek 
is laid on the Cusum chart euch that the marked position on the mask over­
liee the last point plotted on the graph (Fig. 7). lf the line of the graph cute 
acroes either arm of the mask an out-of-control eignal is given. 

V an Dobben de Bruyn [9] summarised some of the advantages of the 
Cueum chart. Cusum charts react more promptly than Shewart charts to 
a email biae. lf an out-of-control eituation ie indicated it can be eeen from 
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Fig. 5. -- Colony counts v. samplc number (Data from Table 2) 
(From: (6]). 
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Fig. 6. -- Cusum chart of data from Tablc 2. 

400 

JOl• 

C'\."Sl't.\ CH 

(CO:.,,. · llt) "J('J( 

100 

- I<Q 

Fig. 7. -- Part of Cusum cbart sbown in figure 6 with 
V-mask in position. 

.ofltn. 111. Super. Sa1tità (1~76) 11, 191-202 



IIORISETI'I 201 

t he graph when the change first occurred an d an estimate of the bias can be 
made by measuring the slope. These plus the fact that the test can be applied 
to results which arise singly and which do not necessarily conform to a normal 
distrihution make the test particularly suitahle for use in monitoring colony 
counts derived from waters. A change in the colony count may give the 
earliest warning of the pollution of a water [IO). 

To summarise; the uncertainty associated with sampling schemes has 
led to the conclusion that microbiological testing alone is insufficient to 
guarantee safety and that such testing should be associàted with a code of 
hygienic practice and used as a check on the efficiency of that practice. The 
low precision of the plate count when it itself is low has been discussed but 
nevertheless such counts can provide information which, when used cumu­
latively, may be used as evidence of undesirable changes in a process such 
as the production of bottled minerai water. 

SUIDIIl8l'Y. - Problema in sampling are considered and the implications 
of various sampling schemes discussed in terms of the risks involved to the 
users of the schemes. It is concluded that microbiological testing alone 
cannot guarantee tbe « safety » of a product. The reliability of analytical 
procedures of use in the microbiological examination of water is examined and 
a method of determining the state of statistical contro} of tbe procedure 
described. Finally contro} charts available for monitoring a manufacturing 
process are discussed with particular emphasis on the cumulative sum test 
and its application to colony counts from water. 

Résumé (Les problèmes relatifs à l'echantillonage et à ' l 'estimation 
statistique de microbes rencontrés dans les eaux minerales). - Les problèmes 
posés par la prise d'echantillons sont ici examinés avec les résultats prove­
nants d'une varieté de procédés d'echantillonage relatifs qui se rapportent 
aux hasards rencontrés au cours de l'exercice. On suppose que des épreuves 
de microbiologie toutes seules ne garantissent pas que le produit à l'étude 
soit salubre. On examine l'exactitude de l'analyse microbiologique de l'eau; 
on propose un procédé qui constate si le règlement represente une vraie eva­
luation statistique. En dernier lieu on offre des graphiques pour controler 
un procédé de fabrication en soulignant l'importance de la somme cumula­
tive et son application à l'énumeration des microbes rencontrés dans l'eau 
minerale. 
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