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[57] ABSTRACT 
A system for differentiating among white blood cells 
by ?owing the latter in a supporting liquid through an 
elongated sheathed-?uid ?owcell in which various cell 
parameters vare determined by‘ illuminating the cells 
with radiation incident from at least three directions 
eachbeing substantially more than 60° from one an 

‘ other, typically as a cone of radiation having a solid 
angle of much greater than 90°. Such illumination 
serves to minimize variations, due to orientation, in 
the subsequent radiation emitted by the cell. 

7'Claims', 6 Drawing Figures 
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BLOOD CELL'ANALYZVER' 

This invention relates. to pattern recognition and 
more particularly to apparatus for and methods of de 
termining the classi?cation of blood cells. ' 
The classi?cation by a pathologist of a population of 

' blood cells is usually based upon ?ve'visual parameters 
determined microscopically;-the color, size and shape 
of the cell nucleus after appropriate staining, and the 
color and size‘of stained cytoplasm. While the tech 
nique provides quite good classi?cation, it is usually 
limited to a population of a few hundred'cells. Despite 
its high degree of redundancy in cell identi?cation, the 
technique can nevertheless be in serious error, because 
the limited populations may not provide a statistically 
reliable sampling. 1 ' 

Considerable efforts have been made to provide ap 
paratus that will automatically recognize the same pa 
rametersemployed by the pathologists‘. For example, a 
number of systems employ electronic image tubes'with 
computers ,to achieveip'attem ‘recognition. However, 
such'systems invariably require a very large number of 
resolution 'elernent's’with a co‘mmensurately sized com 
puter memory, andare therefore usually very expen 
sive and often bulky and complex. . I ' 

' A number of automatic blood classi?cation systems 
use non-imaging techniques in which the classi?cation 
methods are based typically on size only or on color 
only. However, in such devices, the random orientation 
of cells leads'tov severe. difficulties in measurement by 
radiometry, and thus tends to introduce serious inaccu 
racies in cell ‘classi?cation. 
Because the transmission of light through optically 

‘thin particles illuminated by a beam wider than'the 
maximum cross-section of the particle is independent 
of particle orientation, it has been a practice to limit 
photometry of stained cells to optically thin cases ob 
tained by appropriate selection of dye, dye concentra 
tion, or wavelength. However, such an approach leads 
to serious signal-to-noise problems, as it requires mea 
suring a small diminution of a bright background signal. 
In effect, such an approach trades one source of error 
(orientation dependence of transmission of optically 
thick particles) for another (measurement of a small 
signal in the presence of noise). . - 
To overcome this latter problem, fluorescent dyes 

have been commonly used. If the dye is‘applied such 
. that the dyed particle is optically thin in the dye’s ab 
sorption band and the particle is illuminated such that 
the detector only sees ?uorescent emission from the 
.particle, both the background and the orientation prob 
lems are surmounted. Such techniques, however, give 
rise to a number of other problems. First, only a small 
percentage of dyes are ?uorescennand of the more im 
portant dyes used in cell classi?cation many are not ?u 
orescent. Secondly, there appears to be little or no‘ 
chemical or clinical information regarding the biologi 
cal properties of the vast majority of ?uorescent. dyes. 
To determine such properties and their diagnostic effi 
cacy would require a research program of major magni 
tude. Such research must also concern ' itself with 
quenching of ?uorescence and energy transfer as well. 
Finally, the nature of dyes is such thattheir absorption 
bands (and, in the case, of ?uorescent dyes,.their"?'uo-, 
rescent bands as well) are both broad (on the order of 
500 A) and restricted to a limited region of the ‘spec 
trum (on the order of 10,000 A'wide). If dyes are to be 
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used in combination, their spectra must be well sepa 
rated — a condition which is vastly more dif?cult in the 
case of ?uorescent dyes, since both absorption and ?u 
orescent bands of any dye used in combination must 
not interfere with the absorption and ?uorescent bands 
of any of the other dyes in that combination. 
‘A principal object of the present invention is there 

fore to provide a novel system for classifying a number 
of blood cells. Another object of the invention is to pro 
vide a non-imaging measurement of cell parameters, 
compatible with standard hematological practice. Yet 
another object of the present invention is to provide 
such a non-imaging measurement of blood cell parame 
ters wherein data is preprocessed so that the use of 
large computers is avoided. 
Yet another objects of the present invention are to 

provide such a measurement system which can be em 
ployed with blood cells moving in a flow stream; to pro 
vide such a systemwherein measurements are made 
with minimized orientation-caused error; to provide 
such a system wherein a shape ‘factor of a cell or cell 
nucleus is determined from simultaneous measurement 
of the magnitudes of two different ‘functions of shape; 
to provide such a system wherein the shape factor is de 
termined from simultaneous measurement of magni 
tudes related respectively to the volume of the nucleus 
and the surface area of the nucleus; and to provide such 
a system wherein the shape factor is determined from 
simultaneous measurement of magnitudes related re 
spectively to the effective thickness and the volume of 
the cell nucleus. ' e ' . i ' _ 

- Yet another important object of the present inven 
tion is to provide a novel measurement system wherein 
measurements are made that minimizes variation 
caused by orientation whereby measurements of pa 
rameters of optically thick, dyed particles may be re 
producibly ‘ made. 
Yet other objects of the invention will in part be obvi 

ous and will in part appear hereinafter. The invention 
accordingly comprises the apparatus possessing the 
construction, combination of elements and arrange 
ment of parts, and the method comprising the several 
steps and relation of one or more of such steps with re 
spect to each of the others, all .of which are exempli?ed 
in the following detailed disclosure, and the scope of 
the application of which will be indicated in the claims. 

For a fuller understanding of the nature and objects 
of the present invention, reference should be had to the 
following detailed description taken in connection with 
the accompanying drawings wherein like numerals de 
note like parts, and wherein; 
FIG. 1 is a schematic block diagram illustrating appli 

cation of the invention to a system for obtaining a dif 
ferential count among selected types of blood cells; 
FIG. 2 is a schematic diagram showing an exemplary 

optical system useful in part of the system'of FIG. 1; 
FIG. 3 is a schematic diagram showing another exem 

plary optical system useful in connection with the sys 
tem of FIG. 1', - 
FIG. 4 is a schematic diagram of an electrical circuit 

which is a modi?cation of a portion of the system of 
FIG. 1 for alternative structure; 
FIG. 5 .is a schematic diagram of a vibration on the 

optical system employed to minimize orientation prob 
lems; and 
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FIG. 6 is a schematic elevational diagram, partly in 
cross-section, showing a fragment of a preferred optical 
system for an orientation insensitive measuring system. 
The system of the invention herein disclosed is com- 

patible with standard hematology laboratory practice, 
and does not require cell fractionation or selective lysis 
and requires few solutions. The sample is not destroyed 
and is available for subsequent microscopic examina 
tion or other diagnostic tests. Most importantly, the 
present invention permits the direct assignment of cells 
to the major cell fractions. This reduces error, since no 
counts are derived as a remainder when two other 
counts are differenced, as for example, in a scheme 
which characterizes monocytes as being non 
granulocytes which are also non-lymphocytes. ‘ 
The term “function" as used herein is intended to be 

interpreted in the mathematical sense to mean a vari 
able, the value or magnitude of which is determined by 
a second variable. The term “different functions” is in 
tended then to mean a plurality of functions wherein 
the laws of dependence on the second variables are dif 
ferent. 
The present invention generally is a system compris 

ing means for substantially simultaneously measuring 
the magnitudes of two different shape-dependent func 
tions of the cell or its nucleus and means for determin 
ing a relationship between the magnitudes. For exam 
ple, the property of sphericity can be considered to be 
the desired shape factor. For a perfect sphere, there are 
a number of different shape dependent functions, typi 
cally the surface area (A), the volume (V), the mean 
cross-sectional area (X) and the mean thickness (T). 
These latter can be de?ned respectively as 

A =7rd2 

(1) 

V =1rlP/6 

(2) 

X='rr(d/2)2 
(3) 

T = 1r(2/3)d 

(4) 

where d is the spherical diameter. 
The relationship between any two of these shape de 

pendent functions can be expressed by a ratio 

[f(d)]"/l¢(d)]"' = 7 

where n and m are exponents selected so that d, which 
is size dependent primarily, vanishes. Thus, for exam 
ple, iff(d) is V, ¢(d) is S, m= ] and n=%, the shape 
factor y for a cellular nucleus having a perfectly 
spherical shape will be a readily computed limit 
quite independent of the value of d. Any departures 
measured from such limit are measures of variation 
of the shape of the nucleus from sphericity and 
hence a determination of an aspect of shape. It 
will readily be seen that, for example, where f(d) 
is V and (Md) is T, by selecting m = l and n = 1/3, 
the shape factor y will again have a readily com 
putcd limit representing a sphere. and will vary ac 
cording to departures from sphericity. 

In one embodiment of the present invention means 
are provided for deriving a magnitude which is propor 
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4 
tional to the volume of a cell nucleus, preferably by 
measuring fluorescent re-emission of light absorbed by 
the nuclear DNA, and simultaneously deriving a magni 
tude related to the nuclear surface area, preferably by 
measuring the light scattering from the nucleus. Means 
are ‘also provided for then determining a shape factor 
which is proportional to a ratio of the volumetrically , 
related magnitude to the surface related magnitude. ' 

In another embodiment of the invention, the two 
magnitudes derived are respectively related to other 
shape-dependent factors, particularly the apparent 
thickness and the volume of a cell nucleus, and a shape 
factor is obtained from a ratio of these two functions. 
Measurement here can be achieved from light absorp 
tion or by ?uorescent re-emission. The effective thick 
ness is measured by examining the self-shadowing re 
duction in the measured volume-at wavelengths where 
the particle is optically thick. Such reduction arises 
from the non-linearity of the transmission-thickness re 
lationship. ' ’ 

Referring-now to the drawing, the system of FIG. 1 
includes source 20 of a sample of blood cells. Source 
20 is connectable through conduit 22 and valve 24 to 
a mixing chamber 26. The latter also is connectable 
through conduit 28 and valve 30 to supply 32 of a dye 
or stain bath. The output of chamber 26 is coupled to 
an input of dialyzer 34, another input of the latter being 
connectable through conduit 36 and valve 38 to a res 
ervoir or supply 40 of dialysis solution. One output of 
dialyzer is for discharge of dialyzed stain, the other out 
put of the dialyzer being connected as one input to dilu 
tion chamber 42. Another input to chamber 42 is con 
nectable through conduit 44 and valve 46 to supply 48 
of diluent ?uid. . 
The diluent from supply 48 is preferably selected 

(and metered by valve 46) to‘ provide a number of basic 
qualities for purposes of this invention. The diluent 
should, when added in metered proportion to the 
stained cell suspension from dialyzer 34, provide 
matching of the indices of refraction of the cell cyto 
plasm and the mixed ?uids; because it is highly desir 
able to maintain substantially laminar ?ow through the 
?owcell at a high rate of ?ow, the diluent should also 
be selected so that, when added in metered proportion 
to the cell suspension, it will adjust the ?uid viscosity 
to permit high speed laminar ?ow. The diluent also 
should be selected so that, when added to the cell sus 
pension it will attain an optimum osmotic pressure with 
respect to the cells to maintain their stability. In some 
instances, pumps may be provided to yield the high rate 
of ?ow through the ?ow cell. In such case, the diluent 
may also serve to adjust osmotic pressure and thereby 
compensate for the high static pressure caused by the 
pumps. ' 

The fluid output from dilution chamber 42 is con 
nected to pump 50, and the output of the latter in turn 
is connected preferably to a central injector nozzle 51 
of a sheathed-stream ?ow cell 52. The latter typically 
can be of the design disclosed in Advances in Automated 
Analysis, Technicon International Congress 1970, Vol~ 
ume l — Clinical (1971) on pages 454-455 of the arti 
cle by Alex M. Saunders et al, entitled “A Rapid Auto 
mated System for Differentiating and Counting White 
Blood Cells." The annular space 53 around central in 
jector 51 is connected to the output of second pump 
54. The inputs to the latter is connected to a supply 56 
of sheath ?uid. Injector 51 and space 53 are disposed 
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at one end of ?ow cell 52, the remainder of the latter 
being essentially a tube or other elongated'enclosed 
?ow channel having an optically transparent portion. 

In operation, in the ?uid ?ow portion of the system 
thus described, the sample of blood cells suspended in 
a fluid is ?rst mixed in chamber 26 ‘with a concentrated 
dye solution‘ (typically'a mixture of ‘stabilized quina 
crine mustard and .Wright’s stain) from supply 32. Ex 
cess dye istthen eliminated by dialysis with ?uid from 
reservoir 40 in dialyzer 34 until concentration'of dye in 
the ?uid carrier becomes many times smaller than the ' 
dye concentration on a typical cell. The sample is then 
diluted in chamber 62 with diluent-from supply 48 to 
provide adequate separation between blood cells in 
flow cell 52. It is possible that thedilution alone may 
be adequate to reduce the solution concentration of 
dye, in which case the dialyzer may be eliminated. It is 
desirable to eliminate the dialyzer, asit accoiints for a 
major portion of, the total‘time required for measuring 
the parameters of a sample (the time between samples 
can, of course, be much smaller than thejtime required 

persample). ‘I 3 I‘ j = j . '- . ‘The diluted sample ’ is next pumped by pump 50 

through injector 51 into the measuring ?owcell 52. The 
sample stream is con?ned by a ?uid sheath provided by 
pump 54 of liquid from supply 56in order to obtain a 
narrow, rapidly ?owing sample stream. - 
1 ‘As noted, ?ow cell 52 is constructed so that ?uid is 
introduced in one stream through'injectornozzle 51 
and in an ‘annular stream,surrounding the'?rst stream, 
by pump '54 into annular space 53. The velocities of the 
central sample stream and the annular or sheath stream 
are controlled such that laminar flow conditions are es 
tablished at the junction of the two streams, hencethe 
two streams will move-together with the ‘sheath stream 
effectively constricting the‘ sample stream. The sheath 
?uid provided from source of supply 56 preferably is 
selected to provide the requisite viscosity which will 
permit laminar flow underthe head pressure provided 
by pump 54. It should also be selected so that there is 
close matching of refractive indices between'the sheath 
and sample ?uidls. , 1 3 V I , 

The'diluent from supply 48 and the sheath, ?uid 56 
may be the same‘ if desired although‘ the requirements 
for the two need not be identical. For example, it is de 
sirable to control carefully the refractive index and/or 

6 
vinyl, pyrrolidone and the like.0bviously the salt addi 
tive is usually and preferably simply NaCl. 
The ?ow cell preferably has circular cross section 

and has the largest diameter adjacent the tip of injector 
nozzle 51, being tapered down stream from that point. 
To obtain a desirable center sample stream of 20 mi 
crons in diameter, typically, the ?ow cell will be ta- - 
pered down to an internal diameter of about 200 mi 
crons. By ‘using such a ?ow cell the blood cells are 
transmitted along the central stream in single ?le, at 
high speeds. I _ . I 

The flow cell thus described then essentially con?nes 
the blood cells to a narrow stream wherein the blood 
cells move each through a particular point substantially 
one at a time and therefore each can be examined in 

: sequence. Further because the center-stream con?nes 
the blood cells'to a substantially axial-?ow, the latter 
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motion of the blood cells is sharply limited and hence 
the cells will remain well within focus of an optical sys 
tem. Thus the system of the invention includes an elec 
tro-optical subsystem which is shown'schemati'cally in 
FIG. 1‘. The subsystem preferably includes one or more 
optical devices 60 such'as lenses, mirrors and the like 
for illuminating separate portions of ?ow cell 52 with 
radiation from one or more sources; shown generically 
as spectral source 62. Typically‘ associated with each 
optical device 60 is a detection device '64 for ‘convert 
ing selected ‘parameters of radiation from a corre 
sponding device 60 into an electrical signal. . 

> Forsimplicity in exposition only one detection device 
64 is shown in FIG. 1 as electrically connected to other 
equipment. A typical detection device as shown in FIG. 
2‘ includes radiation source 62A andan optical system, 
essentially an inverted microscope having “eyepiece” 
lens 66 disposed adjacent sourcev 62A and objective 
lens 68 disposed adjacent one side of ?ow cell 52. Posi 
tioned intermediate lenses 66 and 68 is a mask 70 hav 
ing a plurality of apertures such as slots 72 therein. The 
microscope formed of lenses 66 and 68 is so positioned 
that radiation from source 62A, formed into a plurality 

V of discrete apparent sources by lens 66 and mask 70 is 

45 

viscosity of both of the ?uids, as well as the osmotic ' 
pressure produced across the surface of sample cells 
which may be suspended in or associated with the ?u 
ids. To these ends, the ?uids are preferably aqueous so 
lutionsjilntaining both additives which are polymeric 
and ad i lves which'are salts. The control of refractive 
index is established by adjusting the concentration of 
the polymer in the solution. For a given concentration 

_ of polymer, the viscosity of the ?uid can be adjusted by 
selectirlg an appropriate degree of polymerization (i.e. 
the average molecular weight of the polymer) which 
parameter has relatively little effect on refractive in 
dex. Lastly, the polymer will have little effect on os 
motic pressure, so the ?uid may include a complemen 
tary dissolved salt, the concentration of which will 
serve to ‘adjust the osmotic pressure to some desired 
value. v ' ‘ ‘ ‘v > ‘ 

Thus typical polymeric additives for 
ent and sheath ?uids are polyethylene glycol and'the 
like, and blood plasma extenders such as dextran, poly; 

use in the dilu-. 
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focused by objective lens 68 at a like plurality of spots 
distributed axially substantially along the center of the 
center stream in ?ow cell 52. " . 

Disposed on the opposite side of ?ow cell 52 and typ 
ically on the common optic axis of lenses 66 and 68 ia 
another lens 74, typically a microscope type objective 
which has an equal orhigher numerical aperture than 
lens 68, and therefore is capable of accepting all of the 
radiation transmitted through lens 68 from source 62A. - 
Disposed between lens 74 and its focal planeis aper 
tured diaphragm 76. Apertu'res 78 in the latter are dis 
posed such that light originating from each aperture 72 
in mask 70 is substantially focused through a corre 
sponding aperture 78 in diaphragm 76. Disposed on the 
opposite side of each aperture 78 from lens 74 are opti- . 
cal de?ectors, such as mirrors or prisms 79, for divert 
ing the light from each aperture 78 at a corresponding 
different angle or direction to the common optical axis 
of lenses 66, 68 and 74. The system of FIG. 2 may also 
include a plurality of ?lters 80 each positioned in the 
path of light diverted by ‘a respective one of prisms 79. 
'Filters 80 may be selected, for example, to view only 
particular wavelengths as desired. Positioned to detect ' 
the radiation transmitted by each of ?lters 80 are corre 
sponding ones of detectors 82. The lattertypically can 
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be photodiodes with extremely fast rise times, or photo 
cells of other known types. ' 

In the optical system as described, typically the 
source can be means for providing a speci?ed spec 
trum, such as a xenon high intensity lamp, with or with 
out a selected output ?lter. It is quite important to set 
up a number of images (corresponding to the number 
of apertures 72 in mask 70) and that these images be 
rather close to one another axially along the center of 
?ow cell 52. This structure serves to minimize the time 
for a single cell to go from one image or lightspot to the 
next and to activate corresponding detectors 82, 
thereby serving to minimize consequences of the errors 
in the velocity of the cells traversing ?ow cell 52. This 
minimization of velocity error is particularly important 
in instances where it is desired to correlate successive 
readings of the same cell so as to characterize the cell 
according to several different measurements. 

It will also be appreciated that the structure de 
scribed in FIG. 2 is particularly useful in determining 
either absorption or transmission characteristics of a 
blood cell.‘ To measure scattering, a typical system is 
shown in FIG. 3 as including source 623, apertured 
mask 71 and lens 68. These elements are positioned to 
focus the radiation from the aperture in mask 71 as a 
spot centered within flow cell 52. The system of FIG. 
3 also includes lens 74, screen 75 and detector 82. 
Screen 75 is simply an opaque screen with an annular 
opening 77 therein. Opening 77 of course surrounds an 
opaque , center. As well known in the art, lens 74, 
screen 75 and detector 82 are so positioned with re 
spect to one another and to ?ow cell 52, that light scat 
tered from a particle in ?ow cell 52 over some given 
range of angles will be detected by detector 82. 
Referring again to FIG. 1, it will be seen that typi 

cally, there are at least two output lines 84 and 85 from 
respective detectors 82 in a detection device 64. The 
signal transmitted on line 84 is designated as X. Simi 
larly the signal being transmitted on line 85 is desig 
nated as Y. It can be assumed that the signals X and Y 
each represent a different shape-dependent function of 
a particular cell occasioned by an appropriate selection 
of input radiation to the cell, the selected output radia 
tion from the cell, the position of the input radiation to 
the cell and the position of the detector and detector 
optics with respect to the output radiation from the 
cell. Line 84 is coupled to provide the signal X to the 
input of function element 86 which is capable of gener 
ating from signal X an output signal which is an expo 
nential in the form X"’"‘ where n and m are values se 
lected according to the type of shape-dependent func 
tions that X and Y may respectively be. Function ele 
ment 86 may be any of a number of known types of 
electronic elements. For example, such an element may 
be a diode function generator the output current of 
which is an arbitrary function of an input voltage. Such 
diode function generators are commercially available 
as Model SPFX-N/P circuits currently sold by Teledyne 
Philbrick/Nexus, Dedham, Massachusetts and de 
scribed in Teledyne Philbrick/Nexus Bulletin EEM, 
File No. 1100. 
The output of function element 86 is connected to 

one input of a ratiometric device 88, another input of 
device 88 being connected to line 85. Obviously, if line 
85 provides a voltage and the output of element 86 is 
a current, appropriate voltage/current conversion 
equipment should be introduced in at least one of the 
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8 
lines so that the two inputs to ratiometric device 88 are 
similar parameters. Ratiometric device 88 is a well 
known device capable of accepting a pair of different 
inputs and for providing an output which is a ratio of 
those inputs. The output of ratiometer 88 is typically in 
a form?X’)/f(Y) where X’ is X""". It will be appreci 
ated that the output of the ratiometer is therefore some 
shape factor for the particle. Obviously, and strictly 
speaking, the two inputs to ratiometer 88 will often not 
be simultaneous if the corresponding detectors are trig 
gered in sequence. Hence, the two inputs should be 
time correlated, as by introducing a delay line into line 
84 or by employing known sample-and-hold tech 
niques. Such re?nements have been omitted from the 
drawings for the sake of simplicity in exposition and be 
cause such expedients are so well known in the art. 

In order to employ the shape- factor or output signal 
from ratiometric device 88 for classifying blood cells, 
a typical circuit is shown in FIG. 1 wherein the output 
from ratiometric device 88 is connected in parallel to 
respective ?rst inputs of a group of comparators 90, 92 
and 94. Each such comparator includes a second input 
which is connected to a respective corresponding 
source, 96, 97 and 98 of reference signals. The output 
of comparators 90, 92 and 94 are respectively con 
nected to counters 100, 101 and 102. Comparators 90, 
92 and 94 are of the type known as threshholding com 
parators for providing an output pulse only when the 
input signal is greater than (or less than as the case may 
be) the amplitude of the reference signal provided from 
a corresponding reference source. Such comparators 
are also well known in the art and need not further be 
described here. , 

In operation of the electro-optical system as hereto 
fore described, the shape factor y is derived as the ratio 
of any two of a number of different shape dependent 
functions. I-Ience, as a blood cell traverses ?ow cell 52, 
at least two shape dependent functions of that cell are 
then measured. 
For example, one can select as the two desired shape 

dependent functions, the mean effective thickness of 
the nucleus of the cell and the nuclear volume. To de 
termine the value of these functions, one then need 
simply measure light absorption by nucleic acid in two 
selected wavelength regions. For one of these regions 
(ca. 2 80m p. for DNA) the nuclei of white blood cells 
are usually optically dense, while for some other wave 
lengths, the nuclei are optically thin. These wavelength 
regions can be selected by corresponding choices of ?l 
ters 80and the spectral output of source 62A of FIG. 
2. Self-shadowing will therefore make the ratio of these 
two measurements a non-linear, thickness-dependent 
value. This ratio of measurement provides a measure of 
optical depth and therefore of the mean effective thick 
ness of the nucleus. In such case, the circuit of FIG. 1 
should be modi?ed as shown in FIG. 4 to provide rati 
ometric circuit 104 connected to lines 84 and 85 for 
determining the ratio of X/Y. The output of ratiometric 
circuit 104 is then connected as the input to function 
element 86. The output of element 86 can be consid 
ered as ?Z) or Z"""; the output of ratiometric circuit 
can be considered as the term ?X)/f(Y). Hence the 
output of ratiometric device 88 will be f (Z')/f(Y) 
where Z’ = Z"'”'. The measurement done in the wave 
length region where the nucleus is optically thin pro 
vides the signal Y which is proportional to the nuclear 
volume. This latter measurement is correlated in device 
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88 ashe'retofore described with the thickness data from 
function element 86 to give a shape describing factor. 

' Measurements for an optically thick absorber are 
usually orientation dependent, i.e. even if the radiation 
incident on the cell is of constant amplitude, theextent 
of absorption noted by the detector‘ depends markedly 
on the spatial orientation of the nuclear components 
unless for example the latter are grouped symmetrically 
as a sphere. ' I 

In order to minimize orientation effects, the cell 
should be illuminated by a system from a number of dif 
ferent directions (referred to the cell itself or as seen 
by the cell) the system being arranged so that the sum 
of the signals corresponding to the observed cellular or 
nuclear cross-section is substantially independent of 
orientation, i.e. is substantially invariant. Ideally there 
are at least three such directions, ideally mutually'or 
thogonal and at least 60° mutually separated from one 
another. Thus, for example, in the simplest form as 
shown generally in FIG. 5', three individual sources 
162A, 1628 and 162C are provided ‘and disposed to di 

‘y rect three corresponding light beams along mutually 
orthogonal paths to intersect at a common point 163 
preferably disposed on the longitudinal axis of ?owcell 
52._Similarly, three detection devices 164A, 1648 and 
164C are disposed to detect radiation emitted by, for 
example, the nucleus of a cell located at point 163 re 
sponsivelyyrespectively toirradiation bymeans from 
sources 162A, 162B, and 162C. The detection devices, 
being adapted to provide electrical output signals re 
sponsively to radiation incident thereon, all have their 
output terminals connected ‘to summing device 166. 
The signal fromdevice 166, the sum of all the inputs, 
will be substantially invariant for a particular aggregate 
of particles of given shape and size located at point 163 
regardless of the orientation of the particle of aggre 
gate. . 

It will be apparent that the beams from sources 
162A, 1623 and 162C need not intersect but can illu 
minate successively a blood cell traversing flowcell52 
assuming that the orientation of that blood cell with re 
spect to the sources does not materially change. In such 
case, the output signals from detection devices 164A, 
ll64B and l6dC can be suitably delayed or stored so as 
to be summed later. 

Alternatively, one can provide means, such as a spi 
ralled input channel. to ?owcell 52, for introducing a 
known rotation about one or more axes to blood cells 
traveling down the axis of the ?owcell. In such case, if 
only one light source is used and is focussed to a suffi 
ciently large spot the blood cell can at successive inter 
vals see the light beam from at least two, and preferably 
three, mutually orthogonal directions. In such case a 
simple detector, responsive to correspondingly succes 
sive levels of radiation outputs from the blood cell will 
suffice to feed a device which ultimately will sum the 
successive signals. 

It will be apparent that the systems just described 
eliminate variations due to random orientation only in 
the case of objects of simple geometry such as ellip 
soids, cylinders, and the like. The less symmetric an ob 
ject is, the more directions of illumination and of obser 
vation will be required ‘to eliminate orientation effects 
substantially. In the limit, hemispheric illumination of 
the object, together with hemispheric collection of the 
radiation output, completely eliminates variations of 
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10 
the output due to orientation for even the most com 
plex shape. A system intended to approach this ideal 
performance is shown in FIG. 6 wherein the illumina 
tion provided by lens 68 should be at a very high aper 
ture (e.g. > 90°), ideally an illuminating cone ap 
proaching a 180° aperture. This can be achieved as 
shown by using immersion techniques whereby the in 
terspace between the objective lens and the wall of the 
?owcell is ?lled with ?uid 69 having a high index of re 
fraction (e.g., > 1), preferably matched to the index of 
refraction of the carrier ?uid in ?owcell 52. Cones in 
excess of 160° can be formedin this manner. For a wide 
angle illuminating cone of uniform radiance, the inter 
action between an absorber of arbitrary shape and the 
incoming radiation approaches orientation invariancy. 
This occurs vbecause regardless of the absorber‘s posi 
tion, the amount of light coming at it from a given rela 
tive angle of approach is always the same. Should the 
absorber rotate, a given angle of incidence contains dif 
ferent rays,-'but the total intensity of the bundle of rays 
should be constant. . 

‘A shape factor can also be obtained by instead mea 
suring the nuclear volume and the nuclear surface and 
correlating these measurements to obtain ‘a shape fac 
tor. The nuclear volume, asnoted, is best determined 
photometrically through- measurements of its DNA 
content. In addition to measuring by direct absorption 
of radiation in a region where the ‘nucleus is optically 
thin, the nuclear volume may also be determined by 
measuring the fluorescent reemissionof the absorbed 
light. This may be preferablev in some cases because to 
obtain good signal-to-noise ratio in absorption mea 
surements a substantial fraction of the light must be ab 
sorbed. For fluroescent measurements, on the other 
hand, the same signal-to-noise ratio can be obtained 
with much smaller signals. Given a good conversion ef 
ficiency between absorption ans subsequent ?uores 
cent ernission, substantially less absorption is needed in 
fluorescence measurements. Low absorption is desir 
able since it reduces the effect of self-shadowing of one 
portion of the nucleus by another, which tends to dis 
tort the relationship between measurements and the 
total DNA content. Fluorescent measurements also 
tend to be less orientation sensitive with respect to non 
spherical nuclei. 
The surface related magnitude can be measured in 

terms of light scattering from the molecular structure 
of the nucleus where the particles are in the order of a 
few wavelengths in size. Because the extent of scatter 
ing produced per unit particle volume increases as the 
particle becomes smaller an assemblage of small parti 
cles will scatter more light than a single particle of the 
same body. However, in such case spurious scattering 
must be eliminated; Such spurious scattering usually 
arises from three sources: (1 ) scattering from the blood 
cell cytoplasm which may be eliminated by matching 
the index of refraction of the fluid carrying the blood 
cell to the cytoplasm by the techniques heretofore de 
scribed; (2) scattering from the blood cell membrane 
which is particularly strong for fairly thick membranes 
such as are found in erythrocytes; and (3) colloid scat 
tering from the whole cell and surrounding solvent. 
Scattering from erythrocytes can be eliminated by pro 
viding a detector 64 which will detect hemoglobin, and 
by using the output of such detector to gate out any sig 
nals arising from erythrocytes. Colloid scattering is 
very strongly concentrated in the forward direction and 
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thus the provision of detector optics of the type to 
avoid detecting wholly forward scattered light will 
serve to minimize the effect of colloid scattering. 

It is appreciated that the scattering behavior of small 
particles of arbitrary shape and size in the order of a 
few wavelengths is exceedingly complex. However, the 
shape dependent factor sought has no particular linear 
or accuracy requirement, so that as long as scattering 
efficiency grows for smaller particles, one can differen 
tiate between a large particle of given volume and an 
assemblage of smaller particles having the same total 
volume. Therefore, the only requirement for the size 
dependent function based on scattering is that it have 
a slope which does not change in sign. Particularly 
when using scattering techniques for establishing a 
shape dependent factor, it is important to employ a 
broadband source, ie a source which provides radia 
tion covering at least one octave of wavelengths at am 
plitudes above some minimum level. Of course the de 
tector employed should be also responsive substantially 
across the bandwidth of the source.’ By employing such 
a broadband source and broadband detector one 
achieves smoothing of the scattering function'prefera 
bly a curve with substantially invariant sign of its slope. 

Once the two functions, X and Y, (or Z and Y as the 
case may be) are obtained, normalized by function ele 
ment 86 and ratioed by 88, a nuclear shape factor can 
be determined for each white blood cell traversing ?ow 
cell 52. By comparing the magnitude'(in comparators 
90, 92 and 94) of each such factor against a corre 
sponding different reference magnitude from a corre 
sponding reference source, one then can arbitrarily 
count those shape factors which for example represent 
“very spherical,” “very unspherical” and “medium 
sphericity" as an example of an arbitrary classi?cation 
scheme. Such classi?cation is of course not limited nec 
essarily to any number of classes. Indeed, the outputs 
of the comparators need not be directly counted but 
can be gated to counters according to correlation with 
yet other aspects of the blood cells as may be deter 
mined for example by yet another detector devices 64. 

Since certain changes may be made in the foregoing 
method and apparatus withough departing from the 
scope of the invention therein involved, it is intended 
that all matter contained in the above description and 
shown in the accompanying drawings be construed in 
an illustrative and not in a limiting sense. 
What is claimed is: 
1. In apparatus for determining parameters of a blood 

cell suspended in an axially moving ?ow stream, the im 
provement comprising in combination: 
a ?rst optical system for illuminating said cell with 

radiation; 
a second optical system, having a numerical aperture 
equal to or greater than said ?rst system, for gath 
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12 
ering radiation emitted from said cell due to radia 
tion incident thereon from said ?rstoptical system; 
and 

detection means for producing a signal correspond 
ing to the total radiation gathered by said second 
optical system, said ?rst optical system being ar 
ranged for providing illumination to said cell from 
a plurality of different directions as seen by said 
cell so that said signal is substantially independent 
of the orientation of said cell. ' 

2. The improvement as de?ned in claim 1 wherein 
said ?rst optical system is formed to provide at least 
three independent beams of said radiation disposed 
substantially mutually orthogonally. 

3. The improvement as de?ned in claim 2 wherein 
said second optical system comprises a plurality of opti 
cal light gathering devices corresponding in number to 
said light beams and each disposed to gather radiation 
from said cell due to the incidence on the latter of a re 
spective one of said beams. 

4. The improvement as de?ned in claim 3 including 
means for summing the total radiation gathered by said 
light gathering devices, and wherein said detection 
means comprises a detector substantially sensitive to 
said total radiation. 

5. The improvement as de?ned in claim 3 wherein 
said detection means comprises a like plurality of de 
tectors each being substantially sensitive to radiation 
gathered by a respective one of said light gathering de 
vices so as to provide a corresponding signal, said im 
provement including means for summing all signals 
from said detectors. 

6. The improvement as de?ned in claim 1 wherein 
said ?rst optical system comprises means for directing 
radiation of a predetermined wavelength band in at 
least one cone of greater than 90° to at least one focal 
spot disposed substantially on the axis of said ?ow 
stream, 

said detection means being substantially sensitive to 
radiation across said band for providing a signal 
corresponding to detected radiation. 

7. The improvement as de?ned in claim 6 wherein 
said means for directing radiation comprises a single 
refractor for directing a plurality of said cones of radia 
tion to a corresponding plurality of focal spots disposed 
adjacent but separated from one another along the axis 
of said ?owcell, 

said detection means comprises a plurality of corre 
sponding detectors substantially sensitive to radia 
tion arising at respective ones of said focal spots, 
and 

said second optical system comprises means for gath 
ering radiation from each said focal spot and di 
recting the gathered radiation from each spot to a 
respective one of said detectors. 

* * * * * 


