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Statistical derivation of a standardised procedure for
counting expectorated alveolar macrophages as

indicators of occupational air pollution
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ABSTRACr A biological test in which counts of expectorated alveolar macrophages are used to
evaluate lung irritation attributable to occupational air pollution has been applied to workers
exposed to dust and gas pollution. To determine the optimum allocation of resources when
performing the test, the sampling and counting procedures have been evaluated statistically.
Alveolar macrophages (AM) were recovered from workers at an iron works, an aluminium plant
(one large and one small group), and from a small group of non-exposed smokers; the number of
subjects was 213. Sampling was repeated with the small group at the aluminium plant (27
subjects) on three consecutive days and the small group of non-exposed smokers on five (3
subjects). AM were counted from smear slides using a light microscope. A standard random effects
model was used as the basis for estimating the expectation of the log-transformed overall means (,u)
and the variances (var(,u)) of the two categories at the aluminium plant and of the non-exposed
smokers. The costs connected with finding ,u consist of the financial expenses and the working
efforts and time used to perform the test. The precision and reproducibility of the test are closely
related to the variability in the results, var (,u). To optimise the costs but still obtain reproducible
results, AM should be counted in four drops of expectorate from each of three samples from at
least 10 to 20 subjects.

The analysis of air filter samples has been used
routinely to describe the degree of dust exposure in
polluted industries, although many factors make it
difficult to express human exposure on such a basis.
Our aim has been to investigate alveolar mac-
rophages (AM) from samples of expectorate in
order to evaluate the degree of lung irritation in
workers exposed to occupational air pollution' 2
(AM Nilsen et al, unpublished data).
The alveolar macrophage is the resident mono-

nuclear phagocyte of the lung and functions as the
primary defence against inhaled particulate mat-
ter.3-' The number of AM in the respiratory tract
varies with the quantity and the quality of the
inhaled dust.67 Specific sampling and counting pro-
cedures have been examined in order to design a
routine test system in which the number of AM is
the main parameter determined. The rationale
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behind the biological test has been described in
other papers covering investigations of different
industries. During these studies we discovered the
need for a statistically based standardised procedure
for counting AM. On the basis of a standard random
effects analysis of a variance model and a cost func-
tion, we have been able to determine the counting
procedure that minimises the cost for a given preci-
sion in the estimates. The solution requires that the
variances of the random components are known.
Estimates of these variances are given.
We also suggest a counting procedure for the less

than optimal cases when the number of available
subjects is 10 to 20. A standardised procedure for
counting AM in such small groups according to the
underlying statistical model is presented.

Materials and methods

Samples of expectorate were obtained from 49
workers at an iron works, two groups with 134 and
27 workers at an aluminium plant, and three non-
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exposed smokers. Sampling was repeated with the
small group at the aluminium plant on three con-
secutive days and the non-exposed smokers on five.
Smear slides were made from drops of expecto-

rate according to the method earlier suggested by
Mylius and GullvAg.' Two slides were made from
each drop. AM from workers at the iron works were
counted using a light microscope in parallel lines of
field of vision in the central region across each slide.
Counting of AM from workers at the aluminium
plant and the non-exposed smokers was made in
only one field of vision across each slide. The objec-
tive lens magnification was 40 times and the total
magnification 500 times. The method is shown
schematically in fig 1.

Results and discussion

The results of the counts are presented and discus-
sed elsewhere.28 Briefly summarised they show an
increasing number ofAM in the expectorate in par-
allel with an increase in the sum of inhaled pollu-
tants. Both smoking and air pollution at the work-
place add to the AM response.

THE MODEL
Our work shows that the standard deviations of
repeated samples (expectorate samples and drops)
are roughly proportional to the mean. Hence a log
transformation is suitable for stabilising the var-
iances. Let Xijk denote the count for subject i, sam-
ple j, and drop k, and write YiJk = ln(Xijk + 1). We

Subject

Field for
1cm marking

= 30 lines of
field of vision

(i)\ Smear slide

Fig 1 Diagram to show method for count
samples of expectorate.

Nilsen and Engen

then consider a standard random effects model (see
for example Scheffe9 and Snedecor and Cochran'").

(1)Yijk = p + ai + flij + Yijk'

i = 1, 2, .. ., 1, j = 1, 2, ..., m,k= 1, 2, ... , n,
where ,u is a constant, Ea, = Ef3. = Eyijk = 0,
var(ai) = oa, var(I8ij) = cd and var&ik) = q2. Our
aim is to esimate the expectation A = E(Yijk) with
maximum precision. In the' model the ai represent
the variation in counts among subjects, ,38j the varia-
tion among samples from a given subject, and Yijk
the variation in drops.

ESTIMATION
The overall mean ,u is estimated by

(2)
II m n

p=lmn E E E yijk =Y...
i=l j=llc=i

the variance of which is

1v 2 1 2 1 2var(ji) =Tacx + ±-a lmnUY (3)

Estimates of the variances are obtained by standard
mean square methods.'0 Confidence limits can be
derived for c,, and cr,o/ by standard application of
the X2-and the F-distributions. Intervals for ob and
cr cannot be derived by standard methods. We have
checked by rough calculations that the conclusions
of the paper are not affected by the uncertainty of
the estimators.
The table shows n, m, 1,l,(J and r,, for the

three categories investigated. Hence var(,u) may be
estimated for any choice of (1, m, n) by replacing the
variances in equation (3) by their estimates.

MINIMISATION OF VARIANCES
Let us first discuss the number of lines of field of

Samples of vision on each slide. In the counts from the iron
expectorate work samples a high positive correlation was found

between the results from the individual lines of field
Drops of vision on the same slide (fig 2). The mean correla-

tion coefficient was 0-89, and even between every
Smear slides 25th line the coefficient was 0-88. There is, there-

fore, no need to count AM in more than one line of
field of vision across each slide.

Now let us define cost as
cl: the cost of getting one subject to take part in

the investigation,
c2: the cost of taking one sample from one subject,

and
ingAM from C3: the cost of making a drop and AM count by the

above method.
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Statistical derivation of a standardised procedure for counting expectorated alveolar macrophages
Number ofdrops (n), repeated samples (m), group representatives (1) and &a,,, and 6yfor the three investigated categories
with n > I

Categories n m 1 &13

Aluminium plant
Large group 4 1 134 1-48 0 1-79
Small group 4 3 27 0-39 1-24 1-35
Three smokers 4 5 3 0-85 1-02 1-35

Then the total cost in the procedure of finding ,u is
c = cl1 + c21m + c31mn (4)

The cost is minimised for values

m* = C5 (5)

n* =5 (6)

and with 1* chosen to give the required total cost (4)
(see Snedecor & Cochran pp 531-49). Then the sol-
ution to the optimisation problem is positive inte-
gers in the neighbourhood of (1*, m*, n*). Note that
only the ratios c,/c2 and C2C3 are required to find m*
and n*.

In our investigation of different types of industry
we usually find, however, that c, is small compared
with c2 and c3. From experience with this type of
work we will estimate the ratios c,: C2: C3 to be
roughly of the order 1:5:50. Hence the optimal pro-
cedure is n* = m* = 1 according to (5) and (6).
Since, however, 1* in practice is limited, 1* l0, and
lo is of the order of 10 to 20 subjects. Because the
workers are divided into groups according to work-
sites, smoking habits, and use of personal protection
equipment, n and m must be chosen to be larger
than 1 to obtain the precision required. The value of
n should be chosen to be equal to 1 by (6) and m
large enough to make var(,u) (equation 3) small
enough. But because the workers are not available
more than three to four consecutive days owing to
workshifts, m cannot be chosen to be larger than 3
to 4. In these cases a sufficient precision is obtained

.o c 0 _______

-0., * *
0

0 ~0.6-
I_ I I 6 -...

2 4 6 8 10 12
Distance between line

by choosing n = 4 (fig 3). The term "sufficient preci-
sion" must be considered in relation to the max-
imum obtainable precision with b subjects, which is
a2allo. We can see from figs 3 and 4 that a further
increase in either m or n will be rather inefficient
since var(,d) approaches cr2/l0. very slowly.

COMPOSITE SAMPLING: AN ALTERNATIVE
METHOD?
Composite sampling" I may be used as an alternative
to our method if a description of the mean response
to an environment alone is needed. The advantage
of such a method is that the information about the
mean response is increased and the total costs of the
investigation are reduced by decreasing the total
number of drugs of expectorate while increasing the
number of subjects. Mixing the samples from sub-
jects with uniform exposure and picking out drops

5-
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D >aU > 1-I

0 0.. @1I
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Fig 3 var(ut) (3) for the categories shown in table; m and I
are as in table, and n varies (indicating that sufficient
precision is obtained with four drops).
*-* Large group at the aluminium plant.
O O Small group at the aluminium plant.

-A Three smokers.

0- \

* ~~~~~~4]
2] ----------------- 2

14 16 18 20 2224A > -0-0° -o o 1
s of field of vision ,.

Fig 2 Correlation coefficient between number ofAM in
two by two lines offield of vision on smear slides.
Regression line shows there is no need to counting AM in
more than one line across each slide. Neighbouring lines
have distance 1. Samples from workers at iron works.

1 2 34 5 6 7 8910
(m)

15 20

-8c

-6 t

46
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Fig 4 var(jI) (3) for categories shown in table with m > 1
indicates that an acceptable level ofprecision is obtained
with three repeated samples. I and n are as in table whereas
m varies.
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from the bulk sample, however, means that all the
detailed information about the individuals is lost.
Therefore, if the variance is not known in advance, a
total mixing of samples may be disadvantageous, as,
for example, when the results of workers from dif-
ferent working environments need to be compared
with each other or with a control group. Moreover,
the possibility is lost of finding individuals whose
AM values indicate extra sensitivity. The purpose of
the study will determine which method is best
suited.
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