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ABSTRACT

This paper deals with the use of the Coulter Counter to count and
size particles whose number average volume is between 0.33ýi and 2.5p 3 .
It was our purpose to determine whether particles of this size could
be accurately counted and sized and to determine whether the existing
theory could be applied directly or modified to apply to suspensions
of such particles, It ha,3 been sitown that the implicit assumption
of negligible surface conductance of polystyrene particles is acceptable.
The device h-s proved capable of enumerating particles whose volume
is at least as small as 0.33p3, but accurat,. sizing, employing the
volume-threshold relationship developed, is limited to particles whose
volume lies between -0.75p 3 and 2.5p3. Establishment of empirical
curves for each combination of controlled variables will probably permft
accurate sizing of particles 0.75V3 or emaller, the volume range of many
commonly studied bacteria.
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I. INTRODUCTION

Early models of the Coulter Counter were desigDed to count particles
in the size-range of erythrocytes; an evaluation of its 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
investigators.-4 There is general agreement on the approach to the
interpretation of the data, insofar as determination of size distribution
and count of particles is concerned.

There is no such agreement among workers who have ueed this counting
device on bacterial populations.6-f 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 sufficiently developed and whether, in practice, such a device
will function effectively with pFa7icles smaller than e:ythrocytes.
Kubitschek"1 first modified the Coulter Counter so that iL would respond
to particles whosc diameter is about an order of magnitude smaller than
that of erythrocytes. In reporting that work he has shown that an
cle-;Cronic counter operating on the principles en.ployed ir the commercziall
available counter does respond quantitatively to such particles.

The work described in this paper was done to deterr ne what alterations
must be made to the present theory of the Coulter Counter 1 2 in order that
the commercially available device may be successfully 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 0.33p3 and 2.5W3 (number average diameters 0.859V and 1.68p),

Assumptions made in deriving the equations of this theory must be
examined for their validity when dealing with these smaller particles.
Two implicit assump;lons, especially, need attention. Coulter12 has
iaplicitly assumed that surface conductance of particles is negligib!e.
He has also implicitly assumed that calibration curves of threshold
setting as a function of volume pass through the origin.

Mattern, Brackett, and Olsen have applied a coincidence count
correction based on the Poisson distribution function, hilt in practice
their method puts greatest weight upon those data that are statistically
least reliable. Coincidence correction equaticns (also based on the
Poi•son distribution) developed by Wales and Wilson13 depend on assumptions
Vi•c:.-validity for the presently available counters has been questioned. 14'.1
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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 respondb 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 fluid, 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 voluw. 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 varying the discrimination
level systematically and noting the count at each level, a particle size
distribution is obtained.

II. THEORY

This section will present extensions in two areas of the theoretical
background of co'i•ting 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 totbl observed
count in a sample volume for coincident passage through the aperture of
more thaa one particle.

A. THRESHOLD READING .4 A FUNCTION OF VARIOUS PARAMETERS

Coulter12 has derived the relationship

AR - (8Pod 31/3iD 4 )(l - Po /P) (1)

in which

A = change in aperture tesistance

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

D - aperture d1ameter
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po w resistivity of the fluid (generally a solution of an
electLolyte) passing through aperture

P - rerýstivity 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 a
response in the associated electrical 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.

5) The electrically effective volume of a particle within the
critical volume may be expresced as the volume of a right circular cylinder
whose diameter and length are mult'ples of a spherical diameter, d, of the
particle. The spherical diameter d mway or may not correspond to the
physical diameter of the particle, bul. is 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) SurfacL 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 Vhich the counting
circuit will respond. Therefore we may write

T - k&E - kif4 (2)

where

T m threshold dial reading,

AE - voltage change required to overcome the increase in resist-
ance due to presence of the particle7
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i =current fluw through aperture,

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

f - current amplificatior factor.

In order to keep U•E within the limiLed range -equired by the electronic
circuitry when 6R may vary considerably from one appAcation to another
it is necessary to provide a choice oi aperture currents and a variety
of amplifications.

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 particles
through the aperture. Both of these restrictionb a ±cip in the pr-cess 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
between electrodes, tnrough 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 zero pulse height requires subjective judgment
on the part of the operator (a potentioimeter 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 resihtance
change due to particle passage to read:

T kif (AR 4-. Re) + b, (3)

where

/ýRe •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 6Re frm Equation (I) and, assuming
sphe.-ical particles, substituting (6V)/v for d3 ,

T = (16Pokif/12D4 )(l - Po/P) (V + Veq) + b, (4)

/
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where Veq is the particle-volume equivalent of electrolyte in the

circuit.

The conductivi.ty of polystyrene is negligible. 1 Therefore it will
be assumed that (Po/P)<<l and Equation (4) will, be rewritten

T = (l6Pokif/it 2 D4 )(V + Veq) + b, (5)

B. DETERMINATION OF COINCIDENT PALSSAGE CORRECTION

If the passage of a measured '.olume (sample) of particle-bearing
fluid through the aperture is vie-4ed as the parage of a succession of
critical volumes whose average particle population is small, the frequency
of passage of critical volumes containing zero, one, two, . . . particles
will Follow the Poisson distribution. It is asaumed that all pulseb

from coincident passage of more than one pýrticle add so as to produce
a single pdlse, without restriction as to relationship betw, n cumulati,'e
particle volume in the critical volume and pulso height.

Let m = average number of particles per critical volume. Then

True count of samp..e
No. of critical volumes iu sample

(No. critica! volumes' (PI + 2P2 + 3P 3 + o- + nPn + *'-)

(No. critical volumes)

=ZnPn n> 0, and integral (6)

where

, : hic h r••mber of particles in a critical volume,

P' =the probability of finding n particle, in any 'ritical
volume,

rune- n,, n> 0, ar-d in',2gral.

The following iatiro wy bE introvr..ed:

N F�F + P2 + P-A + ""+ 1 '-_7

= = - n(7)
ý:t PI + 2P 2 + 3P3 + .. + PPn + E iP M I
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in which No is the observed number of recorded pulse0 produced by a sample
at given threshold setting, taken to be the number of particle passages
recorded by the counter, and Nt is the true number of particles exceeding
the given threshold setting size present in the sample. The restriction
on n i. necessary because critical volumes containing no particles pass
through the Counter without evoking a response.

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

S= NtVc/Vs (8)

h iere Vc is the critical volume and V. is the volume passing Jhrough
the aperture in a counting interval. As wtas assumed in deriving Equation

(I),

Vc = aVa (9)

where Va is the aperture. volume and a is a constant. Helr;e

m = avaNt/Vs (10)

= kvNt

Putting Equation (10) into Equation (7) gives

No = (Iikv)yPn, nL_ I.(i

By substituting the terms of thE Pois-o• distribution into Equation (11)
(with the applied restriction), ani simplifying, one arrives at thi f.llowing
express ion:

No Nt (12)
p=l

Equation (12) demonstrates the importance of the ratio of critical
vc:Iwme C" sample volumie. Since the -ample volume will be a constant in
anv investigation, this is equivalent to demonstratle: ., the importance
of the aprture vohlme -ind the ,onscant i in Equation i9). The
,cunt that will be obtained on a given sample is strorigly dependent
upce n t1hesk: quint-ties.
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It is hypothetically pomsible to obtain for a suspension a particle
count free of coin-'.dence errors by diluting the suspension enough to
reduce to very low value the probability of coincie&rt passage. The
count so obtained could then be multiplied by the appr-Lpriate volume
relationship to obtain a true count for any other dilution of tie
original suspension. Due regard must, in practice, be given to two
factors: (i) although the lower count CA-pined with the :are dilute
solution is subject to little coincidence error, it is subjecL to
relatively great statistical varianceand (ii) the reverse situation
exists when counts are made on more populous 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 is much more desirable to estimate the true count
from the statisticall- more reliable data, or from all the data.

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

kv(n-i)
Nt n Nn (13)

fl 0n=l

For each experimental point one may calculate an estimate of the
&rue count that gave rise to that observation. In order to carry
out such calculations one must have an estimate of kv, which, since
one can experimentally determine aperture volume, 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 foncentration
be a straight line of zero slope when the value of a is properiy chosen,
The proper value of thy cc:..itant a can be established by .,riai and error.
The curve of calculated N. against N. is tOc:i a ci :!cidence correction
curve useful for all counts maot with the af:•rtuce.

Thc' calculated value Nt should be corrected by subtracting from it
the observed "background" count characteristic of the batc of diltting
solution used.
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III. .ATERIALS AND) MTODS

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 glassvare coming into contact with the saline
or with suspensions made with it were thoroughly rinsed twice with filtered
saline (100 W. filter) before being used.

Monodisperse polystyrene latex suspensions were used foz calibrations.*
Tle number average diameter of these spherical particles and its standard
deviaciou, were determined by the method of Kubitschek. A small volume
(about one m~cr iLtr) of the supplied suspension was mtxcd with 1mmereion
oil and a cox- sly applied. Examination under the microscope revealt1
monrlayer arrays of particles i n hexagonal closest packing. The p-ocedure
required measuring with a calibrated Filar micrometer lengths of numero:ýus
rows in luch arrays, countitg the number of spheres in each row. Frm
these data wLre computed the mean diameter and the standard deviation of
this mean.

In this work, as in Kubitschek' , Cargiile's imwersion oil, refrective
index - 1.5150, was used. Crown brand of immersion oil was imbibed by the
latex spheres in sufficient quantities to increase their vole "e •o -1467
of the original. The only evidence available t.:at Cargille's oil was not
imbibed to an appreciable extent lies in the observations themselves (see
Section IV, Results) when comparison is made with other published data.

Suspensions to be counted or on which size distribution was to be
determined were prepared in two steps. Initially, 25 microliters of the
Dow product were made up to 100 ml total volume in filtered saline. The
requisite volume -f this suBpension was then further diluted to 100 ml
wich filtered saline.

* Our thanks to Dr. J.W. Vanderhoff aZnd M. 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. Ahis model of the counter Js equipped with
both discriminator (lower threshold) and veto (upper threshold).zontrols.
The discriminator determines the smallest voltage pulse to which the
counting circuit will respond. The vetv 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 circuft
responds to all pulses (particle passages) above a chosen magnitude
(particle 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 lies 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.

It is easier and more direct *c use thz Counter in the Model B
mode to determine average particle volume and particle volume distributix.
The size range within which pulses were recorded was chosen so that in
obtaining a frequency distribution of volumes there were at least six
intervals over the volume range of the particles being counted.

Determination of number average particle volume cf particles in
siuspension requires that the threshold scale of the Counter be
calibrated with particles of known number average volume.

The threshold rt,•ding corresponding to the number average volume
characteristic of each calibrating polystyrene latex was calculated by
the equation

I - (Zniti)/Fni (4

where T is the threshold value at the number average volume, ti is the
threshold value of the midpoint of the i-th interval, and ni is the number
of recorded pulses in the i-th interval. The number average particle
voitume for each monodisperse latex was calculated from the number average
part 4 cle diameter obtained by Kubitschek's method.*

*To make such calculations is to assume equality between the cubc of the
f'rst moment of particle diawter, L(TFdi n )/NT 3. and the thir4I wn",nt
of 7art1cle diameter [N(di nl)/N) [see G. herdan, Small Particle
Statistics (Academic Press, Inc., New York, 1960) 2nd ed, p. 32], and
thu• assamee perfect uniformity of particle size. ?oments cannot be
obtained from parti.le diameter determined by iubitschek's method.
Cosparison ' first moment cubed ane, third moment (of p4rticle diameter)
for Dow Run LL-464-E, using data on frequency distribution of diameter
kindly supplied by Mr. Lippie, revealed that the difference between these
quantitle3 was an order of magnitude lers than the experimental error
of volume determiLation. This should apply to all the polystyrene latex
suspensions used he.re for each of them shows about the same deviation
frow uniformity as shomn by the stated standard deviation.



14

There is a different calibration curve for each combination of variailes
in Equation (5).

Experimental evaluation of Veq and b will require two calibra• 4 on curveb,
at different (i x f) combinations. These curves will require at leap' two
experimental points each. For the purpose of making calcu.ations frm
Equation (5) and the calibration plots, it was convenient to cc bine
the constant terms k, Po, and f of this equation into one co~stant kV,
for each f. Values of k' were determined experimentally for f - 2 and
f a 4. The average of these was used for k' at f = 8.

Total particle counts were made using the instrument in the Model A mc4 e,

Aperture dimensions were measured with a microscope. The thick,.e:s of
the mica plate was determined by focusing a phase contrast microscope
successively on scratches on the two surfaces of the mica plate and reading
the difference on the fine-focus control of the microscope. By rfcsing
on scratches near the aperture ends we attempteýd to circumvent any distortions
of the plate caused by the perforation process. Aperture 41,ankters were
determined with a Filar micrometer that had been compared wit:. a stage
micrometer under the same magnification. Vertical illuutnatinn wie employed
when measuring diameters.

IV. RESULTS

A count cf particles of all sizes present in commercial saljne before
it is filtered is of the order of tens of thousands when one ises a 30-i
- oerture, i.e., when one sets out to count or measure particies w.,ose
volume txceedV about 0.L4 t±3. The filtration procesz used reduced the
:ount to between 500 and 2500 particles (of volumes 0.14 V3 or larger)
per 0.05 ml of sample.

The number of points at which calibratiorv can be ",onc i limited by
the available number cf monodisperse polystycene Latexes whuse mea volume
iiý oelo" about 3 i.L3 . Number average diameters of particles in four
monodisperse polystyrene latexes ate given in Table 1. A representative
example of the differential distribution of counts obtained it, the
&1ibrat.ion procedure is shown in Figure 1. The count observed in any
wird:)w is the number of particies (in a 0.05-ml sample) whose individual
volumes tif within the boundaries set by the threshold levels.



15

Iq "

~1 0

* 0

0 ~ 0

-T "4 j

-to

A-4 z.n 0

"0 644.

54M0 
0~ $

0

go add t4

04 0-

0 0Jt*4  
*j I0 V-

"44~ f.)

00

1* 61

54x
Li : 1

ii4 IVIV I -4 64ý
AC cn 0~ ;66 cn 0

0 1 -.
+fi +1 > 4-IX 41
L,- 4



16N

00

dA

"-4

o J,
%4 AJ~

0 4

.0 1

00 __ _

x _ _ _ Id

0i 04

0

mopuM uisuno) poosq



17

Measurements of aperture dimensions are shown in Table 2, which also
includes calculated circular cross-sectional areas and 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*.raine the slope of Equation (5) at f a 2 and f w 4, and provide
the basis, along with experimentally determined aperture currents
(Table 3), for calculauing k', Veq, and b of Equation (5). All other
curves in Figure 2 were calculated by Equation (5), using these values
of k' and experimental values for aperture current and for aperture
diameter.

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 Table 2 and convenient
values Ur observed counts.

Figure 4 shows the olots of (Nt/relative particle concentration)
against relative particle concentrations for d-_ution series prepared
from three sizes of Dow polystyrene latex suspensions, assuming in each
case three values for a, the constant term in Equation (9).

TABLE 2. * EASURED DIMENSIONS AND CALCULATED QUANTITIES
THAT CHARACTERIZE NOMINALLY IDENTICAL APERTURES (30 0)

Dimens Lons:67 of Indicated Aperture Number

5110 6170 6162

Diameter, ji 33.21(0.36) 36.75(0.52) 3/.09(0.13)

Length, j. 28.63(1.30) 24.92(1.27) 26.25(0.30)

Area circular cross-section, V2 866.2(13.3) 1060.7(21.2) 1060.4(5.3)

Volume, 0 t3 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.
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TABLE 3. COULTER COUNTER APERTRE CURRENT AT SELECTED SETTINGS OF
(RECIPROCAL OF APERTURE CIJRET) SWITCH

3witch Setin./
1 0.707 1/2

,outinal current flowa/ pa 500 707 1000

Observed current flow, pa 517 738 1040

a. Data sheet supplied with Counter.

. DISCUSSION

The operating procedure for this insirument is one of extreme
simplicity, but the accurate assessment of the information it provides
requires more attention to certain details than has been given. It
is clear from the ,.erivation of Equation (5) that "LL calibration of
this instrument requires more work than the recommended determination
of thrhold peak corresponding to a single known particle volume. 1 2

The procedure used here for determining k' may be extended to determine
k. To do so wouli zemire that f be determined experimentally and
tha.: Po be calculated1 from the electrolyte concentration.

In Fig re 1, the distribution cf particle number as a function of
particle volume is skewed toward larger diameters. This is a
cornsequen'e of twc factors. First, the number distribution of particle
diameters is Gaussian,19 It theen follows that the number distribution
of Farticle volures will be skewed toward greater volume (diameter),
producing r volume distribution c:urve similar to those in this figure.
The second factor operating here is the inadequa.e integration of the
voltage pulse produced as a consequence of the short residence time of
particles in the aperture. 4h15  This factor results .n a falsely high
traction of small Pulses, thuis tendins to skew the volume distribution
tcmard greater voiames.

Figure 2 demonstrates that Equation (5) is capable of representing,
within expei imental error of measurements, the threshold dependence
upon p&rticle volume. This equation also suffices for calculation of
response curves of other apertures whose diameter has been determined,
once an aperture of measured diameter has been calibrated.
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In Ideriving Equation (5) the assumption numbered 7 (Section II) p. 7)
is acceptable if the surface conductance of polystyrene spheres of the size
used in this work is of negligible magnitude relative to the conductance
of the electrolyte solution displaced. Schwan et al.'s have stated that
the surface layer cond,,ctivity of small spheres of polystyrenie latex
greatly exceeds their specific conductiity; the surface conductance of such
particles is usually found to be between 10-9 and IT-a mho. The conductance
of the displaced physiological saline equivalent-cylinder whose volume
equals that of a 1.14p diameter sphere, being a function of the cylinder's
dimt.isions, can vary from -2.6 x I0- mho (cylinder diameter ten times
cylii.'er length) to --. 5 x 10-8 mho (cylinder diameter one-tenth cylinder
length).

if the latter model applies, surface conductance is non-negligible; id
terms of our equations this would be equivateat to dealing with particles
of suca low effective resistivity that the quantity (Po/P) cannot be
neglected and Equation (4) must be applied, rather than Equation (5).

f.he two expeýrimental points determined using Dow Latex LS-424-E
(average volume 0.33ýi 3 ) are evidence that there may be limitations
on the applicability of Ecotation (5). This discrepancy cannot be
attributed to a surface conductance contribution. If this were the
source of difficulty these points would be above the curves drawn using
Equation (5), zince Equation (4) indicates a numerically smaller slope
if the quantity (Po/P) must be taken into account. It is concluded that
the assumption of negligible surface conductance of the particles is
.. rrect.

At present Equation (5) must be considered adequate only whe applied
to suspensions of particles whose individual volumes lie between -O. 5P3

and --2,503. The shape of the function relating threshold tL particle
volume for particles smallhr than --0.75p 3 must be considered aa open
quest- .I 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 smaller
than -O.75p3 in volume and the ability of the Counter to proviPe, without
further investigation of its properties, an estrmate of the volume diatribution

-feh particle3. The Counter may be used to determine for a given
susp,.noion the number-concentration of particles whose volumes exceed a

.•i-< (bt not necessarily known) value at least down to particle volumes of
0.3.3,,3. If the range of particle-volumes present lies within the range

t. .• - '2.50A3 it is possible to obtain reliable size-distribution data
witi. * Counte. calibrated s described in this paper. Accurate sizing of
pr" ic.Vcs whose volume is less than -4.7543 requires experimental calibration
oi ,,ach aper-ture w~th particles of known volume. Th'is is equally true when
Dr,( .•ses the Counter to produce a cumulative distribution curve (recording
paszages of all particles exceeding a fixed size and raising the lower threshold
in P s-ries of steps) or to produce a differential dirtribution curvt.- (recording
massage of particles whose volume lies between limits set by lower and tipper
thresholds, and covering a series of impinging windows).
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Table 4 shows volume ranges for seve:al frequently studied bacteria,
calculated from dimensions given in Bergey's M4nual of Determinative!
Bacteriology, ° It is clear that one must proceed with caution in
attempting to determine volumes of bacteria by this technique, although
counts of pol latlons ari more often feasible.

Apart from the greater convenience of the electronic counting of
bacteria compared with using the Petroff-Hauser Counting Chamber under
a microscope, the statistical variation obtained by counting large
numberi is much smaller than that obtained by conventional methods.
Coulter 12 states that if coincidence correction is held to -15%, the
over-all accuracy of population estimation is better than 1%. Several
workers 1, 2# have given different specific counts per unit time (, per
sample rat they state, should n-t be exceeded if coincidence error is
to be kept Lt •r below a specified percentage. The theoretical development
presented in this paper -hows that there is greater latitude in population
density range than was 2:rmerly believed. The coincidence error is a
function of w, the average number of particlPQ 4.n a critical volume. The
error, thet is dependent on aperture volume, sample volume total count
Fresent [Equation (8)], ind on the constant a [Equation (9)1. Mlattern,
Brackett, and Olson,1 counting eryt:trocytes with an aperture lOOi in
diameter and 75g towg, found 15% coincidence error (i.e., observed count
was 85% of estiLated 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 av observed count cf 124,000. The estimated observed count ;
87% of the true count.

Such a counting rate is 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 Lo WC:
pulses per second.2 1  The second tube, and all others, are capable of
responding to 4 x lOP pulses per second.2 1  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 sample. The
electronics of the counter thus establish an upper iimit of about .6 x I0•
particles per sample.

Io
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The observation is here reported that unfiltered commrcial physio-
logical (injection) saline solution contaiaa many thousands of particles
per 0.05 ml in the volume range of latex particles used in this study.
Although passage of liquids through a cellulose filter (0.45p pore
d!a=,er) is imsida"a-d iufficleat to remove almost all varietiee tif
nonviral living organisms,32 it was observed that t4hs was not sufficient
to remove particles that interfered with the work reported here, hence
the vrocedure adopted. Toennies et al.9 also found it necessary to pass
diluent fluid through a cellulose filter 9ith a 100-Wq pore diameter.
Because it was necessary to dilute stock suspensions of polystyrene latex
by a factor of at least 40,000 with filtered salB±_2 before making counts
on it, any non-polystyrene particles pregent as contaminants were diluted
to a point where they were completely Pmocuous.

These observatiotts indicate th- necessity for extreme caution in
attempting to upe Lhe Coulter CcuaLer to examine fluids such as uilne
for bMcteria;'° the technique is probably useless for such purposes
unless it is suspec:t~c Lhat the bacterial count is sufficiently high
that one may 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 whose presence
is suspected must also be taken into consideration.
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