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ABSTRACT

This paper deals with the use of the Couiter Counter to count and
size particles whose number average volume is between 0 33p3 and 2, 5p3.
It was our purpose to determine whether particles of this size could
be accuratély counted and sized and to determine whether the existing
theory could be applied directly or modified to apply to suspensions
of such particles, It has been siuown that the implicit assumption
of negligible surface conductance of polystyrene particles 18 acceptable,
The device hcs proved capable of enumerating particles whose volume
g at least as small as 0,.33u3, but accurat. sizing, employing the
volume~threshold relationahip develoged is limited to particles whose
volume lies between ~0.75u3 and 2,5u Establishment of empirical
curves for each combination of controlled variables will probably permit
accurate sizing of particles 0.75u3 or emaller, the volume range of meny
commonly studied bacteria.
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1. INTRODUCTION

Early models of the Coulter Counter were designed to count particles
in the size-range of erythrocytes; an evaluation of ite performance
in counting erythrocytes was published by Mattern, Brackett and Olsen.
The device has been successfully used for this purpose by a number of other
mvesti@_;at:ors.2"4 There is general agreement on the approach to the
interpretation of the data, insofar as determination of size distributiom
and count of particles is concerned. '

There is no such agreement among workers who have uged this counting
device on bacterial populations.s'l‘ The variety of approaches to
interpreting counting and sizing dz:a of these very small particles
leads one to question whether the theoretical foundations of the device
have been sufficientlv developed and whether, in practice, such a device
will function effectively with parvicles smaller than erythrocytes.
Kubitschek'' first modified the Coulter Counter so that ic would respond
to particles whosc diameter is sbout an order of magnitude smaller than
that of erythrocytes. In reporting that work he has shown that an
clectronic counter operating on the principles employed ir the commerciaily
available counter does respond quantitatively tc such particles.

The work described in this paper was done to detert ne what alterations
must be made to the present theory of the Coulter Counter’? in order that
the commercially available device may be successfu'ly used to investigate
suspensions of particles whose individual vo'umes are less than that of an
erythrocyte. All particles used in this work had number average volumes
between 0.33u3 and 2.5u3 (number average diameters 0.859. and 1.68u).

Assumptions made in deriving the equations of this theory must be
examined for their validitv when dealing with these smaller particles.
Two implicit assump:ions, especially, need attention. Coulter’® has
foplicitiy assumed that surface conductance of particles is negligible.
He has also {mplicitly assumed that calibration curves of thresliold
setting as a function of volume pass through the origin.

Mattern, Brackett, and Clsen have applied a2 coincidence count
correction based on the Poisson distribution function, bvt in practice
their method puts greatest weight upon those deta that are statistically
least reliable. Coincidence correction equaticns (also based on the
Potsson distribution) developed by Wales and Wilson*® depend on assumptions
vho . vaifdity for the presently available counters has been questioned.**'?®




Briefly, the Counter continuously monitors the potential required
to maintain a chosen current flow through a minute column of conducting
liquid, usually physiological saline solution, and responds quantitatively
to the increase in potential required to maintain the chosen current flow
when a poorly conducting (or nonconducting) particle passes through this
column fluid, thus increasing the resistance to current flow. The
conducting fiuid, with particles suspended in it, is induced to flow
through an aperture in a mica plate (the column of conducting fluid is that
which fills the aperture) by applying a pressure differential to two
chambers separated by the plate. As each particle passes through the
aperture, a potential increase occurs whose magnitude is proportional
to the volun: of the particle. The device is equipped with a discriminator
that determines the magnitude of the smallest potential difference to which
a built-in recording system will respond. By varyiang the discrimination
level systematically and noting the count at each level, a particle size
distribution is obtained.

1I. THEORY

This section will present extenslons in two areas of the theoretical
background of covnting and sizing particles. It will first present
a discussion of the relationship among certain germane parameters of the
Counter itself, the size parameters of the particles (assumed spherical)
being counted, and the threshold scale of the Counter. There will then
be developed a simple and direct means of correcting the total observed
count in a sample volume for coincident passage through the aperture of
more than one particle.

A, THRESHOLD READING AS A FUNCTION OF VARIOUS PARAMETERS
Coulter'? has derived the relationship
AR = (89,d3/3xD%)(1 - o /p) (1)
in which

MR = change in aperture resistance

d = diameter of sphere whose volume equals that of a nonconducting
particle in the current path

D = aperture diameter




Po = resistivity of the fluid (generelly a solution of an
electiolyte) passing through aperture

p = resistivity of the particle
In deriving Equation (1) the following assumptions were made:

1) There is an electrically effective volume of electrolyte
(critical volume) within which the presence of a particle evokes n
response in the associated clectrical circuitry; this volume surrounds
the ends of the aperture and includes the fluid in the aperture.

2) The magnitude of the critical volume is a simple multiple of
that of the aperture volume.

3) The critical volume may be considered to be a right circular
cylinder whose circular cross-section diameter equals that of the
aperture.

4) Current density through a circular cross section of the critical
volume is uniform.

S) The electrically effective volume of a particle within the
critical volume may be expressed as the volume of a right circular cylinder
whose diameter anc length are multiples of a spherical diameter, d, of the
particle. The spherical diameter d may or may not correspond to the
physical diamete- of the particle, bul 18 an electrically effective diameter.
The resistivity of the equivalent cylinder is the same as that of the
particle and is much greater than that of the suspending fluid.

6) The spherical diameter d is much less than aperture diameter D.

7) Surface conductance of the particle is negligible (implicit
assumption).

The threshold dial settings of the Coulter Counter are in direct
proportion to the magnitude of the voltage change to which the counting
circuit will respond. Therefore we may write

T = kAE = kifAR (2)
where

T = threshold dial reading,

OE = voltage change required to overcome the increase in resist-
ance due to presence of the particle,
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i = current flow through aperture,

k = a propcrtionality constant dependent on :-he electronic cir-
cuitry,

f = current amplificatior factor.

In order to keep AE withii the limi-ed range ~equired by the electronic
circuitry when AR may vary considerably from one app.ication to another
it is necessary to provide a choice coi averture currents and a variety
of amplificatioas.

There are in practice two restrictions or the use ~f Equation (2} to
represent the response of the Coulter Counter to the pa s.ge of marticles
through the aperture. Both of these restrictions urif. in the prrcess of
matching the fiducial zero on the threshold dial with zero pulse amplitude.
First, the matching procedure is carried out with the electrodes shorted
out of the circuit. When the circuit is again arranged to include the path
betweer electrodes, tarough the electrolyte in the aperture, a constant
resistance increment (no particles present) is thrown into the circuit.
Second, with the electrodes shorted out, the process of matching the fiducial
zero on the threshold dial to zerc pulse height requires subjective judgment
on the part of the operator (a pntentiometer within the counter must be
adjusted until the counting rate is judged to be at a minimum). An error
in judging the internal potentiometer setting is equivalent to moving the
threshold dial to some other setting. The effect of these restrictions
is to alter the relationship between threshold setting and resistance
change due to particle passage to read:

T = kif(AR + ORg) + b, (3)
where
My = increment in circuit resistance due to inclusion of the
electrolyt~ that is not present when the electrodes are
shorted,

b = a constant.

Substituting for both AR and AR, fram Equation (1) and, assuming
spherical particles, substituting (6V)/n for d3,

T o (16Pokif/x2D*)(1 - po/P) (V + V_ ) + b, (4

eq




where Voq is the particle-volume equivalent of electrolyte in the
circuit.

The conductivity of polystyrene is negligible.IE Therefore it will
be assumed that (P,/P)<<l and Equation (4) will be rewritten

T = (16pokif/n2D4)(V + Veq) + b, (5)

B. DETERMINATICN OF COINCIDENT PASSAGE CORRECTION

If the passage of a measured volume (sample) of particle-bearing
fluid through the aperture is vieved as the parsage of a ruccession of
critical volumes whose average particle population is small, the frequency
of passage of critical volumes containing zero, one, twe, . . . particles
will follow the Poisson distribution. It is assumed that all pulses
from coincident passage of more than one purticle add so as to produce
a single pulse, without restriction as to relationship betw: .n cumulative
particle voiume in the critical volume and pulse height.

Let m = average number of particles per critical volume. Then
o= True count of samp.e
Ne. of critical volumes in sample
(No. critical volumes, (Py + 2Py + 3P3 + ... + nP, + ...)
| {No. critical volumes)
= FnP, n> 0, and integral (6)
where
r = “he number cf particles in a critical velume,

3
[

= the probavility of finding n particles in any -ritical
volume,

1

H

oe~®/n!, n> u, and integral.
The following ratin mey be introduced:

EL,::; f1+P2 5"‘3?34’...4'?\04' ces =2:.’,Pﬂ. ﬁzpn} o 1

fr . + 2Py 4 3P3 + ... + nP, + .. nPy  m (7)
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in which No is the observed number of recorded pulses produced by a sample
at given threshold setting, taken to be the number of particle passages g
recorded by the counter, and N, 18 the true number of particles exceeding i ={
the given threshold setting size present in the sample. The restriction

on n is necessary because critical volumes containing no particles pass

through the Counter without evoking a response.

e

Tt is possible also to evaluate m in the following terms:

~1ere Vo i3 the critical volume and Vg is the volume passing .arough
the aperture in a counting iaterval. As was assumed in deriving Equation

(1),

V. = aV, (9)
where V5 is the apertur: volume and 2 18 a constant. Hernce :
m = aVaNt/Vs (10) e
Putting Equation (10) in-o Equztion (7) gives
Ny = (1/ky)ZPy, > 1. (11) . |
By substituting the terms of the Pois-oa distribution into Equation (11) :‘:
{(with the applied restriction), and simplifying, one arrives at thc following '
expregsion:
1
No = z T M (12) |
p=1 : .

Equetion (12) demonstrates the importance of the ratio of critical
volume to sample voiume., Since the sample volume will be a constant in =
arv investigation, this is equivalent to demeonsirati: - the importance ,Z
of the aparture velume and the ~onscant & in Equation (9). The .
count that will be obtained on 4 given sample is strongly dependent R
upon these guantities,
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It is hypothetically poesible to obtain for a suspension a particle
count free of coinc'dence errors by diluting the suspension enough to
reduce tc very low value the probability of coincid=nt pagsage. The
count so obtained could then be multiplied by the apprupriate velume
relationship to obtain a true count for any other dilution of the
original suspension. Due regard must, in practice, be given to two
factors: (1) although the lower count c¢htained with the more dilute
solution is subject to little coincidence error, it is subject *to
relatively great statistical variance,and (ii) the reverse situation
exists when counts are made on more populoug suspensions. The serious
objection can be raised against this procedure that the entire structure
depends upon the least accurate point, statistically, to establish
the true count, It 18 much more desirable to estimete the true count
from the statisticallv more reliable data, or from all the data,

Reversion of the series in Equation (12) gives the expression:

k,(n-1)
Ne = Z-——-——-——-—" —— NI (13)

n=l

For each experimental point one may calculate an estimate of the
crue count that gave rige to that observation. In order to carry
out such calculations one must have an estimate of k,, which, since
one can experimentally determine aperture voiume, reduces to assuming
a value for the constant a of Equation (9). The test of the entire
procedure is that a plot of the ratio of calculated total count
to relative particle concentration against relative particle :oncentratcion
be a straight line of zero siope when the value of a ir properiy chosen,
The proper value of th. constant a can be established by .rial and error.
The curve of calculated N, against N, 18 the¢a a coincidence correction
curve useful for all counts maae with the agporture,

The calculated value N, should be corrected by subtracting from it
the observed '‘background" count characteristic of the bateh of diluting
solution used.
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I1I. MATERIALS AND METHODS

The conducting fluid used in these studies was commercial physiological
saline. Before use it was passed twice through cellulose membrane filters,
the first filter having a pore diameter of 0.45 micron, the second having
a pore diameter of 100 millimicrons.

Filter discs were rinsed by passage of about 50 milliliters of the
saline solution, the wash being discarded. With the sole exception of
microliter pipettes, all glassware coming into contact with the saline
or with suspensions made with it were thoroughly rinsed twice with filtered
saline (100 myu filter) before being used.

Monodisperse polystyrene latex suspansions were used for calibrations.*
The number average diameter of these spherical particles4 and {ts standard
deviation, were determined by the method of Kubitachek.!” A small volume
(about one m.cr.'iter) of the supplied suspension was mixed with famereion
o1l and a cov-: #liy applied. Examinaticn under the microscope reveales
monolayer arrays of particles fn hexagonal closest packing. The procedure
required measuring with a calibrated Filar micrometer lengthg of numerous
rows in *uch arrays, counting the number of spheres in each row. Frow
tiiese data were computed the mean diameter and the standard deviation of
this mean.

In this work, as in Kubitschek's, Cargille's immersion nil, refrective
index = 1.5150, was used, Crown brand of immersion oil was imbibed by the
latex spheres in sufficient quantities to increase their voli~e (o ~1467%
of the original. The only evidence available thtat Cargille's oil was not
imbibed to an appreciable extent lies in the observations themselves (see
Section IV, Results) when comparison is8 made with other published data.

Suspensions to be counted or on which size distriburion was to be
determined were prepared in two steps. Initially, 25 microliters of the
Dow product were made up to 100 ml totzl volume in filtered saline. The
requisite volume ~f this suspension was then further diluted to 100 m}
wich filtered sallne.

* OQur thanks to Dr. J.W. Vanderhoff and Mxr. L.J. Lippie of the Dow
Chemical Company, Midland, Michigan, for this material.
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The Coulter Counter used in this investigation was a Model B, not
modified in any way. This model of the counter is equipped with
both discriminator (lower threshold) and veto (upper thraehold) controls.
The discriminator determines the smallest voltage pulse to which the
counting circuit will respond. The vetc prevents the counter from
responding to voltage pulses exceeding a chosen magnitude. When used in
the Model A mode, the veto circuit is disabled and the countiug circuit
responds to all pulses (particle passages) above a chosen magnitude
(partic'e volume). When used in the Model B mode, both lower threshold
and upper threshold are operational, and the Counter records all pulses
falling in a chosen range, i.e., counts the passage of particles whose
volume iies within a chosen range. This range, referred to as a window,
can be arbitrarily established at any convenient width (range of pulse
magnitudes or range oi. particle volumes) by appropriate positioning
of lower and upper threshold dials.

1t i8 easier and more direct *c use th: Counter in the Model B
mode to determine average particle volume and particle volume distributim.
The size range within which pulses were recorded was chosen so that in
cbtalning a frequency distribution of volumes there were at lecast six
intervals over the volume range of the particles being counted.

Determinatiorn of number average particle volume ~f particles in
suspension requires that the threshold scale of the Counter be
calibrated with particles of known number average volume.

The threshold recding corresponding to the number average volume
characteristic of each calibrating polystyrene latex was calculated by
the equation

T = (5"1"—1)/5"1 (14)

where T is the threshold value at the number average volume, t; is the
threshold value of the midpoint of the i{-th interval, and ny {s the number
of vecorded pulses i{n the i-th interval. The number average particle
vo:ume for each monodisperse latex was calculated from the number average
particle dismeter obtained by Kubitschek's method.*

* To make such calculations f{s to assume equality between the cubz of the
f'rast moment of particle dfamcter, {(Edi ng)/N 3; and the thir} m-ment
of narticle dismeter [(Zdi ni)/H] [see G. Berdan, smll Particle
Statistice (Academic Press, Inc., New York, 1960) 2nd ed. p. 32], and
thus assumer perfect uniformity of perticle size. Moments cannot be
obtained from parti:le diamcter determined by Kubitschek's method.
Compariscon -” first moment cubed ané¢ third moment (of particle diameter)
for Dow Run L5-464-E, using data on frequency distributiorn of diameter
kindly supplied by Mr. Lippie, revealed that the differsnce between these
quantities was an order of magnitude less than the experimental error
of volume determication., This should apply to all the polystyrene latex
suspensions used here for each of them shows about the same deviation
from uniforaity as shown by the stated standard devistion.
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There 1s a different calibratfion curve {or each combination of variailes
in Equation (5).

Experimental evaluation of V,, and b will require two caulibraifon curves,
at different (1 x f) combinations. These curves will require at leas‘ two
experimental points each. For the purpose of making calculations from
Equation (5) and the calibration plots, it was convenient to cc bine
the constant terms k, P,, and £ of this equation into ore ccnstant; k',
for each f. Values of k' were determined experimentally for £ = 2 and
f = 4, The average of these was used for k' at f = 8,

Total particle counts vere made using the instrument in che Model A mcile,

Aperture dimensions were measured with a microscope. The thick.e2s of
the mica plate was determined by focusing a phase contrast microscope
successively on scratcles on the two surfaces of the mica plate ard reading
the difference on the fine-focus control of the micrcscope. By focusing
on scratches near the aperture ends we attempted to circumvent any distortions
of the plate caused by the perforatfion process. Aperture “Aiam.ters were
determined with a Filar micrometer that had been compared witl. z stage
micrometer under the same magnification. Vertical 1{lluwinati~n was empl'oyed
when measuring diameters.

IV. RESULTS

A count (£ particles of all gizes present in commercial saline petcre
it is filtered is of the order of tens of thousands when onec uses z 30-u
aoerture, i.e., when one sets out to count or medsure particies wiose
volume coxceeds about 0.ié g3. The filtration proces: used reduced the
sount to between 500 and 2500 particles (of volumes 0.14 p3 or larger)
per 0.05 ml of sample,

The number of points at which calibration can be conc {5 limited by
the available number cf monodisperse polystycene latexes whuse meac voliume
is below about 3 u3. Number average diameters of particles in four
monodispuvrse polystyrene latexes are given in Table 1. A representative
exsmple of the differential distribution of counts obtained in the
calibration procedure 1s shown in Figure 1. The count observed {n any
wirdow (s the number of particics (in a 0.05-ml sample) whose individual
volumes 'ie within the boundaries set by the threshold levels.
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Messurements of aperture dimensions ere shown in Tsble 2, which also
includes calculited circular cross-sectional areas end aperture volumes.

Figure 2 shows experimentally determined thres'-ld readings
corresponding to the average volume of monodisperse polystyrene latex
particles. Two of these curves, labeled A and B, were used to
de*=rmine the slope of Equation (5) at £ = 2 and £ = 4, and provide
the basis, along with experimentelly determined aperture currents
(Tsble 3), for calculacing k', Voo, and b of Equation (5). All other
curves in Figure 2 vere calculeted by Equation (5), using these values
of k' and experimental values for aperture current and for aperture
dismeter.

Coincidence correction curves for selected values of the constant
a in Equation (9) are shown in Figure 3. These curves are plots of
Equation (13), using aperture volume data from Tsble 2 and convenient
values f.- observed counts.

Figure 4 showe the olots of (N,/relative particle concentration)
against relative particle concentrations for d._ution series prepared
from three sizes of Dovw polystyrene latex suspensions, assuming in each
case three values for &, the constant term in Equation (9).

TABLE 2, MEASURED DIMENSIONS AND CALCULATED QUANTITIES
THAT CHARACTERIZE NOMINALLY IDENTICAL APERTURES (30u)

Dimensionsd/ of Indicated Aperture Number

5110 6170 6162
Dismeter, y 13.21(0.36)  36.75(0.52) 37.09(0.13)
Length, u 28.63(1.30)  24.92(1.27) 26.25(0.30)
Ares circular cross-section, u2 866.2(13.3) 1060.7(21.2) 1080.4(5.3)
Volume, 104 43 2.480(0.166) 2.643(0.210)  2.836(0.052)

a. All averages are based on six or more replicate determinations.
Numbers in parentheses are standard deviations.

i
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Threshold Scale Reading
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2.0
Number Average Particle Volume, u3

w

{ mparison of Experimental and Calculated Threshold Scale Settings
Co ‘responding to Known Average Volume of Particles. All pointe
show > are experimental. Curves marked A and B were drawn through
expers "ental points using aperture 5110 and provide data for calcu-
lating &'l other lin2s shown. Curves caiculsted using Equation (5):
solid line, sperture 5110; dashed line, sperture 6170.
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Figure 4. Test of the Procedure for Correcting Chserved Count for the Coincident

Passa

ge of Two or More Particles. The quantity a is the ratio

between critical vol me and aperture volume. There exists a value

of &

that produces a straight line of zero slope in this plot.




TABLE 3. COULTER COUNTER APERTURE CURRENT AT SELECTED SETITINGS OF
(RECIPROCAL OF APERTURE CURRENT) SWITCH

Switch Settings 1/i

1 0.707 1/2

Fominal current flow,d/ pa 500 707 1000

Observed current flow, pa 517 738 1040
iy

a. Data sheet supplied with Counter.

.__DISCUSSION

The operating procedure for this inscrument is one of extreme
simplicity, but the accurate assessment of the information it provides
requires more att.ntion to certain details than has been given. It
is clear from the Jerivation of Equaticn (5) that ii2 calibration of
this instrument requivres more work than the recommended determination
of thrushold peak corresponding to a siagle known particle volume.?
The procedure used here for determining k' may be extended to determine
k. To do so would :eigire that £ be determined experimentally and
thal P, be calculated’® from the electrolyte concentration.

In Fig re 1, the distribution of particle number as a function of
particle volume is skewed toward larger diameters. This is a
consequence of twc factors. First, the number distribution of particle
diametevs is Gaussian.’® It then folluws that the number distribution
of particle volures will be skewed toward greeter voiume (diameter),
prodvcing ¢ volume distribution curve similar to those in this figure,
The gecoad factor operating hevre is the inadequa.e integration of the
voltage pulse produced as a consequence of the short residence time of
particles in the apertum.“’15 This factor results n a falsely high
traction of smull pulses, thus tending to skew the volume Jdistribution
towerd greater vol.mee,

Figure 2 demonstrateg that Equation (5) is capable of represrnting,
within expeiimental error of measurements, the threshold dependence
upon particle volume. This equation also suff’ces for calculation of
responae curves of other apertures whose diameter has been determined,
once an aperture of measured diameter has been calibrated.
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In deriving Equation (5) the assumption numbered 7 (Section II, p. 7)
is acceptable if the surface conductance of polystyrene gpheres of the size
used in this work is of negligible magnitude relative to the conductance . .
of the electvolyte solution displaced. Schwan et al.'® have stated that S
the surface layer condnctivity of small spheres of polystyrene latex

greatly exceeds their specific conductiy ity, the suxface conductance of such
particles is usually found to be between 10°° and 107® mho. The conductance
of the displaced physiological saline equivalent-cylinder whose volume
equals that of a l.l4p diameter sphere, being a function of the cylinder's —
dzm;uslons, can vary from ~2. 6 x 10°° mho (cylinder diameter ten times T

cylir’er length) to ~5.5 x 10°° mho (cylinder diameter cne-tenth cylinder
length).

If the latter model applies, surface conductance is non-negligible; in
terms of our equations this would be equivateat to dealing with particles
of suca low effective resistivity that the quantity (p,/f) cannot be
neglected and Equation (4) musrt be applied, rather than Equation (5)

The two experimental points determined using Dow Latex LS-424-E
(average volume, 0.33u3) are evidence that there may be limitations .
on the applicability of Eonation (5). This discrepancy cannot be e

attributed to a surface conductance zontribution. If this were the '

source of difficulty these points would be above the curves drawn using
Equation (5), since Equation (4) indicates a numerically smaller slope
if the quantity (P,/P) must be taken into account. It is concluded that

the assumption of negligible surface conductance of the particles is
vurraect,

.- ge ¢

At present Equation (5) must be considered adequate only whe applied
tc suspensions cof particles whouse irdividual volumes lie between ~0. 5u3
and ~2,50u3. The shape of the function relating threshold t > particle

volume for particles small-r than ~0.75p3 must be considered aa open
quest’ a at the moment.

It is necessary to distinguish between the ability of the Coulter
Counter to respond to the passage through its aperture of particles smailer
than ~0.75u3 in volume and the ability of the Counter to provide, without
further investigation of its properties, an estimate of the volume diatribution
>f cuch particles. The Couniter may be used to determine for a given

suspersion the number-concentration of particles whose volumes exceed a

fi<¢d (but not necessarily known) value at least Jdown to purticle volumes of
0.33.3. If the range of particle-volumes present lies within the range

~0,75.3 t> ~2.50u3 1t 18 possible to obtain reliable size-distribution data

with a Counte. calidrated s described in this paper. Accurate sizing of

pire icles whose volume is less than ~0.75u3 requires experimental calibration

of vach aperture with particles of known volume. This 18 equally true when

ore uses the Counter to produce a cumslative distribution curve (recording
passages of all particles exceeding & fixed size and raising the lower threshold
in & scries of steps) or to procduce a differential dietribution curve (recording
psssage of particles whose volume lies between limits set by lower and upper
threshelds. and covering a series of impinging windows).




23

Table 4 shows volume ranges for several frequently studied bacteria,
calculated from dimensions given in Bergey's Manual of Determinative
Bacteriologycao It is clear that one must proceed with caution in
attempting to determine volumes of bacteria by this technique, although
counts of poj lations arc more often feasible.

Apart from the greater convenience of the electronic counting of
bacteria compared with using the Petroff-Haus¢y Counting Chamber under
a microscope, the statistical variation obtained by counting large
numberi: is much smaller than that obtained by conventional methods,
Coulter'? states that if coincidence correction is held to ~15%, the
over-all accuracy of population estimation 1s better than 1%. Several
workera® 2*® have gilven different specific counts per unit time . per
sample r..at they state, should nct he exceeded if coincidence error is
to be kept w«t .t helow a specified percentage. The theoretical development
presented in this paper shows that there is greater latitude in population
density range than was Iormerlv believed. The coincidence error is a
function of m, the average number of particles in a critical volume. The
error, thet 1is dependent on aperture volume, sample volume, total count
rresent [Equation (8)], nd on the constaat a (Equation (9)j. Mattern,
Brackett, and Olson,1 counting eryturocytes with an aperture 100y in
diameter and 75u .oug, found 157 coincidence error (i.e., observed count
was 85% of estirated true count) when the recorded count in a 0.5-ml
sample was 60,000. Using Equations (7) and (8) of this paper, and the
data from Mattern e¢. al.,” one may calculate a true count at which a
15% coincidence error will be observed when counting particles with
another aperture. The resulting figure for aperture #5110 {Table 2) is
142,500 particles in 0.05 ml. =From Figure 3, such a true count will
give an observed count of 124,000, The estimated observed count is
87% of the true count.

Such a counting rate {8 well within the limitations of the electronic
circuitry., In the bank of decade counter tubes two types of counter  _
tubes are used. The first in the series is capable of responding 1o 10
pulses per second.®’ The second tube, and all othere, are capable of
responding to 4 x 10° pulses per second.®* The limit of capability of
the bank of counters is established by the second tube in the series
at 4 x 10 pulses per second at the aperture. Under the pressure
differential established across the mica plate of the counter, approximately
15 seconds are required for passage of a 0.05-ml ssmple. The
electronics of the counter thus establish an upper iimit of about 6 x 1¢°
particles per sample. :

iy
i
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A The observation is here reported that unfiltered commercial phvsio-
- logical (injecticn) saline solution containe many thousands of particles
o per 0.05 ml in the volume range of latex particles used in this study.
Although passage of liguids through 2 cellulose filter (0.45u pore
dtameter) 1s conzidered sufficient to remove zlmost all varieties of
nonviral living organisll,a3 it was observed that tuis was nct sufficient
to remove particles that interfered with the work reported here, hence
the procedure adopted. Toennies et al.” also found it necessary to pass
diluent fluid through a cellulose filter with a 100-mu pore diameter.
Beczuse it was necesssary to dilute stock suspensions of polystycrene latex
by a factor of at least 40,000 with filtered salin~ before making counts
on it, any non-polystyrene particles preasnt as contaminants were diluted
to a point where they vwere completely imnocuous.

These observations indicate th necessity for extreme caution in
attempting to uee che Coulter Cocuiuier to examine fluids such as uiine
for bactertn;lo the technique is probably useliess for such purposes
uniess it is susnecticl ihat the bacterizl count is sufficiently high
that one mey dilute the urine to a degree that reduces to relatively
low levels the population density of naturally occurring crystalloids
and cell debris. The bacterial cell volume of the species wihose presence
is suspected must also be taken into consideration.
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