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Problems in Standardization of Turbidity
Determinations on Bacterial Suspensions

J. SPAUN, M.D.1

The concentration of bacterial suspensions can be rapidly and conveniently determined
by measuring the turbidity. Although turbidimetry offers advantages over the more laborious
methods of weighing or counting, it is necessary to be aware of the possible sources oferror.
It is therefore advisable for every type of instrument used to specify, in terms of the Inter-
national Opacity Reference Preparation, the turbidities ofknown suspensions of the organ-
isms under study. Only bacterial suspensions having the same extinction coefficient can be
adjusted to the same content of bacteria by means of the International Opacity Reference
Preparation.

For more than fifty years turbidimetry has been
used as an indirect method for estimating the number
or the weight of cells in a suspension of bacteria.
Counting and weighing are the direct methods for
that purpose. Determination of the weight of
bacteria is as useful as counting the number of
bacterial cells, as long as the organisms are intact.
However, for determinations on extracts of bacteria
the turbidimetry method is no longer useful, and
it is necessary to resort to weighing or chemical
determinations. The weighing of minute quantities
is tedious and difficult to perform, and turbidimetry
of suspensions is a useful substitute for weighing
when the limitations of this tool are kept in mind.

In 1907, MacFarlane introduced the first standard
turbidimetry preparation for use in bacteriology.
It was a plain suspension of barium sulfate prepared
by mixing solutions of baripm chloride with sulfuric
acid. The number of typhoid bacilli present in a
suspension with an optical density equal to that of
the standard preparation was counted, and the
standard given a reference value indicating the num-
ber of bacilli in a suspension of that particular
organism.
Brown extended the system by indicating the

number of bacilli contained in suspensions of
different species of bacteria with a certain optical
density (Brown, 1913-14, 1919-20; Brown & Kirwan,
1914-15). Both MacFarlane (1907) and Brown
referred the results of the opacity determinations
to the number of bacilli measured by use of counting
chambers. Their turbidimetric observations were
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performed with the naked eye. At the time when
these methods were introduced into routine use in
bacteriology, physical laws were formulated describ-
ing the behaviour of the light passing through
suspensions. Mie in 1908 worked out his theory
for the scattering of light by particles. Readers
interested in these theoretical considerations are
referred to an excellent review by Powell. As long as
each laboratory determined the reference value of
its opacity standard empirically by preliminary count-
ing of cells in a bacterial suspension having a similar
optical density, as judged by the naked eye, it was
not necessary to take these physical laws into account.

In 1953, the WHO Expert Committee on Biolo-
gical Standardization established the International
Opacity Reference Preparation. Although it was
recommended (Maal0e, 1955) that this reference
preparation should only be used for estimating the
opacity of bacterial suspensions by the aid of the
naked eye, many laboratories replaced the naked
eye with various types of photoelectric instruments.
Several problems arise when a refinement in tech-
nique is introduced in connexion with the use of
such a crude tool as the International Opacity
Reference Preparation, and this necessitates a dis-
cussion of the sources of error involved at the pre-
sent time in opacity determinations.

Certain points should be emphasized. When
light is transmitted through a suspension its intensity
is reduced in proportion to the thickness of the
layer of the suspension and to the concentration of
the material suspended (Lambert-Beer Law). The
extinction of the light on its way through a suspen-
sion is caused mainly by scattering of the light by
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the particles, and only to a small extent by true
absorption.
The extinction coefficient (k) may be derived from

the following formula:
logT0 logT=kcd (1)

where
To = the intensity of the light entering the sus-

pension medium;

T = the intensity of the light transmitted through
the suspension;

c = the concentration of particles in the suspension
in mg/ml;

d = the thickness of the layer of the suspension
in cm.

The difference between log To and log T is called
the extinction.

PRACTICAL METHODS

The first experiment illustrates the determination
of the apparent extinctions of a variety of dilutions
of the same Staphylococcus vaccine (Fig. 1). It is
obvious that the Lambert-Beer Law is valid only

Organisms/ml (x 109)

for concentrations below about 1-2 x 10 organisms
per ml; marked deviations are observed at higher
concentrations. These deviations have practical
consequences as the use of high values might lead to
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underestimation of the bacterial concentrations. The
difficulty is overcome by avoiding turbidity measure-
ments on highly concentrated suspensions.
The range of concentrations for which the Lam-

bert-Beer Law is valid is dependent on the construc-
tion of the instrument used and must be checked
before making turbidimetry studies.
The deviations from the Lambert-Beer Law are

somewhat smaller for long than for short wave-
lengths (see Fig. 1) and vary according to the
bacterial species and the instrument. Rose (1952)
examined these problems experimentally using sus-
pensions of fine mineral powders and varying the
diameter of the light beam striking the photocell.

Fig. 2 shows a growth curve of a broth culture
of Escherichia coli (strain U4/41, 0 group 4). The
abscissa indicates the time in hours, the ordinate

FIG. 2
GROWTH AND OPACITY CURVES OF AN ESCHERICHIA

COLI BROTH CULTURE

FIG. 3
OPACITY CHANGES IN AN ESCHERICHIA COLI BROTH

CULTURE PLOTTED AGAINST VIABLE COUNTS

the logarithm to base 2 of the viable counts de-
termined by colony counting. The ordinate also
indicates, on the same scale, the extinction of the
culture measured in a Zeiss PMQ II spectrophoto-
meter at a wave-length of 530 m,u, using the broth
as a blank. The solid line in Fig. 2 represents the
growth measured by the viable counts. It will be
seen that the logarithmic phase begins about 1 hour
after inoculation and lasts about 3 hours. The
broken line shows the increase in turbidity of the
culture with time.

In Fig. 3 the extinction of the growing culture is
plotted against the viable counts. Only the logarith-
mic part of the growth curve has been used, in
order to include only the range in which the viable
counts represent the total numbers of bacteria. It is
obvious that the observations do not fall on a
straight line, as would be expected from the Lambert-
Beer Law. The marked deviations from a straight
line in this experiment can be attributed mainly to
the decrease in size of the bacteria during the initial
phase of logarithmic growth.
The third experiment demonstrates the optical

densities of dilutions of two different types,,of
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typhoid vaccines. The vaccines were prepared from
the same batch of living culture, but submitted to
different treatments afterwards. In Fig. 4 the line
marked "heat-treated " is plotted from data
obtained with a heat-killed vaccine; the line marked
" formalin-treated " shows the results with a washed
formalin-killed vaccine. The abscissa values are
given in mg of dried bacteria per ml of suspension,
so that the comparison is based on equal masses of
the two vaccines.

It is clear that the two lines have different slopes,
which indicates that suspensions of the two vaccines
having the same optical density have widely differing
contents of dried material. An error would be
introduced if the extinction of the formalin-treated
vaccine were adjusted to equal that of the heat-
treated vaccine.
The experiments were performed in a 1-cm thick

layer and the extinction coefficients (formula 1) at

a concentration of 1 mg/ml were 0.24 = 2.46 for
0.74

the heat-treated vaccine and == 3.52 for the
0.21

formalin-killed vaccine.

The heavy solid line in Fig. 4 shows the extinc-
tions of the International Opacity Reference Pre-
paration for various dilutions. The opacity unit
scale used to plot this graph was chosen quite
arbitrarily and the slope is therefore arbitrary too.
If the formalin-killed vaccine is adjusted to a
turbidity of 10 opacity units by means of the Inter-
national Reference Preparation it contains 0.21 mg
of dried bacteria per ml, whereas the heat-killed
vaccine adjusted to the same turbidity contains
0.30 mg of dried bacteria per ml. The difference in
bacterial mass amounts to about 40% for the same
optical density of the two vaccines.

It is clear that only bacterial suspensions having
the same extinction coefficient (same slope in Fig. 4).
can be adjusted to the same content of dried bacteria
by means of the International Opacity Reference
Preparation.

Table 1 gives the extinction coefficients for a
variety of bacterial vaccines. There is a wide
variation in these figures ranging from 2.48 to 5.06.
Attention is called to the variation observed between
vaccines of the same bacterial species, either pre-
pared in the same way from different strains (viz.,

FIG. 4
OPACITY CHANGES IN A FORMALIN-TREATED AND A HEAT-TREATED TYPHOID VACCINE PLOTTED AGAINST

CONCENTRATION OF BACTERIA (EXTINCTIONS DETERMINED WITH A ZEISS PMQ 11 SPECTROPHOTOMETER AT 530 mp)
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TABLE I
EXTINCTION COEFFICIENTS FOR A VARIETY OF BACTERIAL VACCINES DETERMINED

WITH A ZEISS PMQ II SPECTROPHOTOMETER

Concentration Extinction at Extinction
Vaccine Identification of dried 53 mA coefficientVaccine | mark bacteria (1-cm layer) (at I mgml

~~~~(mg/ml) and,530 MA)

Typhoid L 0.240 0.650 2.71 a

Typhoid K 0.159 0.448 2.82

Typhoid 60 V 0.165 0.652 3.95

Typhoid 54 IV H 0.239 0.592 2.48 a

Typhoid 54 IV F 0.217 0.736 3.39

Paratyphoid A 60 V 0.179 0.678 3.79

Paratyphoid B 60 V 0.190 0.683 3.59

Paratyphoid C 60 V 0.167 0.523 3.13

Dysentery 59 Xl Aarhus 0.133 0.669 5.03 b

Dysentery 59 Xl gi. St. 0.143 0.559 3.91

Cholera Inaba 60 V 0.083 0.274 3.30

Cholera Ogawa 60 V 0.085 0.272 3.20

Brucella abortus Bang 60 IV 0.107 0.355 3.32

Pertussis 53 IX 0.0497 0.223 4.49

Pertussis 135 (new method) 0.0428 0.140 3.27

Escherichia coli 60 IX 0.203 0.782 3.85

Staphylococcus aureus 60 VI 0.136 0.688 5.06

a Vaccines prepared from the same batch of live culture by different treatments.
b Vaccines prepared by the same method from different strains.
c Vaccines prepared by different methods and from different strains.

dysentery) or prepared by different methods from
the same strain (viz., typhoid).

It is therefore clear that the International Opacity
Reference Preparation can serve to determine the
relative amount of bacteria in different batches of
vaccines only if these vaccines have been prepared
from the same organisms by the same method. If
vaccines made from a different strain or by a differ-
ent method are to be evaluated, a preliminary study
must first be made to determine the concentration
of bacteria corresponding to each degree of opacity
for that particular system.

It remains to be investigated whether the Inter-
national Opacity Reference Preparation is useful
for determinations on the same kind of bacterial
vaccines in different photometers. Table 2 shows
a comparison of the results obtained with two

different instruments, the Zeiss PMQ II and the
Coleman Junior Spectrophotometer. The table
should be read across only. The potency of
each vaccine expressed in opacity units is stated
for several vaccines measured in the two instru-
ments.
The general impression is that, for any given

vaccine, the potency estimated with the Zeiss
photometer is 10-20% higher than that estimated
with the Coleman Junior instrument. This could
be allowed for by applying a suitable correction,
but in several cases the potencies estimated with
the two instruments are almost equal in magnitude
(e.g., typhoid F, paratyphoid C, cholera, Brucella
abortus Bang, and pertussis), and in one case the
opacity estimated in the Coleman photometer was
the higher of the two (typhoid H).
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TABLE 2

TURBIDITIES OF SOME BACTERIAL VACCINES EXPRESSED IN OPACITY UNITS
DETERMINED WITH TWO DIFFERENT PHOTOMETERS

Coleman Junior
Zeiss PMQ II spectrophotometer spectrophotometer

Potency Potency
Vaccine Idniiainagainst againstIdentification Extinction Int. Ref. Extinction Int. Ref.

mark at 530 miu Prep. at 530 mju Prep.
(Opacity (Opacity
Units) Units)

Typhoid 60 V 0.63 8.8 0.21 7.0

Typhoid 54 IV H 0.60 8.3 0.29 9.7

Typhoid 54 IV F 0.72 10.0 0.29 9.7

Paratyphold A 60 V 0.68 9.4 0.25 8.3

Paratyphoid B 60 V 0.67 9.3 0.25 8.3

Paratyphoid C 60 V 0.51 7.1 0.21 7.0

Dysentery 59 Xi Aarhus 0.67 9.3 0.21 7.0

Dysentery 59 XI gl. st. 0.55 7.6 0.17 5.7

Cholera Inaba 60 V 0.27 3.8 0.11 3.7

Cholera Ogawa 60 V 0.27 3.8 0.11 3.7

Brucella abortus Bang 60 IV 0.34 4.7 0.14 4.7

Pertussis 53 IX 0.19 2.6 0.06 2.0

Pertussis 135 (new method) 0.11 1.5 0.05 1.7

Escherichia coli 60 IX 0.78 10.8 0.26 8.7

Staphylococcus aureus 60 VI 0.59 8.2 0.21 7.0

International Opacity
Reference Preparation 1953 0.72 10.0 0.30 10.0

These discrepancies are readily explained by differ-
ences in the construction of the two instruments, and
show that theresults obtained in one instrument arenot
directly comparable with those obtained in another.

It should be emphasized that both these instru-
ments are absorptiometers; they are not specially
constructed for turbidimetry although often used
for that purpose.

RItSUMIt

L'evaluation par opacim6trie de la teneur en germes des
suspensions de micro-organismes a ete appliquee depuis
une cinquantaine d'anne'es dans des laboratoires oui l'on
comparait a l'oeil nu l'opacite de suspensions, dont la
teneur en germes (intacts) etait precisee, par ailleurs, au
moyen de methodes absolues, telles que la pes6e et la
numeration.
Lorsque fut etablie la Premiere Preparation interna-

tionale de reference d'OpacitO, en 1953, et bien qu'il ait
et6 recommand6 d'evaluer l'opacit6 des suspensions a
l'aeil nu, certains laboratoires utiliserent des photometres
electriques. Ces methodes raffin6es appliquees a un objet

qui ne l'est pas ont entraine des erreurs, dont l'auteur
expose les causes. Il est recommande d'eviter de deter-
miner par opacimetrie la teneur de n'importe quelle
suspension, car il a ete demontre que la loi de Lambert-
Beer, qui etablit un rapport rectiligne entre l'opacite et
la concentration du materiel en suspension, n'est valable
que pour certaines concentrations. Il a e d6montr6
d'autre part que l'opacite d'une suspension bact6rienne
d'un poids donne varie selon la phase de croissance dans
laquelle se trouvent les organismes. Les densites optiques
de divers types de vaccins prepares a partir de la meme
souche par des methodes diverses peuvent etre tres
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differentes. I1 est donc necessaire d'effectuer, parallele-
ment, des mesures par les methodes absolues.
La determination du coefficient d'extinction d'un

grand nombre d'especes de vaccins bacteriens a conduit
a des valeurs tres differentes. I1 n'est donc pas possible de
conclure que des suspensions ayant la meme opacite
contiennent la meme masse de bacteries.
La determination opacimetrique de la teneur en germes

d'un vaccin bacterien, par rapport a la Preparation
intemationale de reference d'Opacite, donne des resultats
qui varient de fa9on non systematique d'un appareil

photom6trique 'a l'autre, et qui dependent vraisembla-
blement de la taille des micro-organismes.

L'auteur cite l'exemple de deux types de vaccins anti-
typholdiques, provenant d'un meme lot de culture, mais
soumis l'un a l'action de la chaleur, l'autre a celle de la
formaline. Bien qu'ayant la meme densite optique, ces
deux vaccins ont une teneur tres differente en matiere
seche. On introduirait donc une erreur en ajustant le
coefficient d'extinction du vaccin formole 'a celui du
vaccin chauffe, en cherchant A preparer deux vaccins de
teneur equivalente.
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