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Real-Time Fourler Transform Spectrometry for Fluorescence Imaging and Flow Cytometry

Tudor N. Buican
Life Sciences Division
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

We present a Fourier transform (FT) spectromeler that is suilable for real-time spectral analysis in fluorescence
imaging and flow cytometry. The instrument consists of (i) a novel type of inierferometer that can be modulated at
frequencies of up 0 100 kHz and has a high light throughput; and (ii) a dedicated, parallel array processor for the real-
time computation of spectral parameters. The dala acquisition array processor can be programmed by a host compater
to perform any desired linear transform on the inlerferogram and can thus separale contributions from multiple fluoro-
chromes with overlapping emission spectra. We describe oplics configurations for use in both flow cytometry and fluo-
rescence microscopy. The integration of a flow cytometer and a spectral imaging fluorescence microscope is discussed,
and the concepts of direct and reversed “virtual sorting” are introduced.

L _INTRODUCTION

The spectral analysis of the fluorescence emitted by cells and cell organelles is fundamental o0 analysis in both flu-
orescence flow cywometry and fluorescence microscopy. Indeed, most fluorescence analysis applications require that
the woial fluorescence emined by a particle in flow or by a pixel in the microscopy specimen be resolved into contribu-
tions from several cmission spectra, which can be either the characteristic spectra of several simultancous flucro-
chromes, or the modified spectra of a metachromatic fluorochrome. Although conventional systems used in biological
applications perform a coarse spectral analysis by dividing the spectrum into a few spectral channels, performing a fin-
er spectral analysis by means of monochromators or polychromators has been atlempted, with moderate success, even
on flow instruments !- 2 We show in this article that Fourier transform spectrometry, which was originally intro-
duced as a solution to the deteclor noise problem in far infrared spectrometers and is currently being applied w spec-
tral analysis in many spectral regions > 4, offers the light throughput, spectral resolution, speed of analysis, and flex-
ibility, required for fluorescence analysis in both flow and imaging instruments

An FT specurometer consists of an interferometer that encodes the spectral information into an intensity distribu-
tion that varies as a function of time or position and a computer that extracts the spectral information from this distri-
bution. Although the use of FT spectrometers in flow or imaging instruments is desirable because of their high light
throughput, the speed at which they usually acquire and analyze spectral data makes them unsuitable for such applica-
tions. In orde: (o bring the speed of acquisition of multiple spectral parameters 1o levels compatible with flow cyto-
metric analysis and image acquisition, we approached the speed limitations of FT spectromelers in new ways 5: (i) we
developed a novel interferometer ¢ that has no moving parts and can thus be modulated at high frequencies; ana (ii) we
developed a dawa acquisition array processor 7 that can process in real time¢ the high-frequency interferograms produced
by the inlerferometer. As will be shown in what follows, the use of real-tine digital signal processing is particularly
usefu! in flow and imaging applications in which multple fluorochromes with overlapping emission specura are being
used and in which the contributions of the individual fluorochromes, rather than the total emission spectra, are of in-
terest, Furthermore, by virwe of the numerical, rather thun the optical, spectral analysis they perform, FT flow and
imaging instruments can be integrated from th: point of view of data analysis and instrument setup. By sharing data
and configuration information, iniegrated FT flow cytometers and fluorescence microscopes can use morphological in-
formation in the interprewation of population data ("virtual soring™) and population-level information in the quantita-
tion of morphologies within populations ("reversed virta! sorting”).

2. THE BIREFRINGENT INTERFEROMETER

The birefringent interferometer (Fig. 1) consisis of a birefringent modulator placed between two polarizers. The
polarizers can be either parallel or perpendicular (see below), and the principal axes of the modulator are at 45° rela-
tive 10 the polarizers. This optical system, previously used as an intensity modulator for monochromatic light, can be
shown © be an interferometer, the stroke length of which depends on the maximum birefringence attained by the bire-

fringent modulator. A multiple window photoelastic modulator was fourd to achieve birefringence levels that lead o
uscrul spectral resolution when used in an FT spectrometer.

If I is the thickness of the birefringent modulator and w is the angular frequency of the incident light, the phase
difference, A¢, inuoduced by the modulator between the x and y coinponents of the electric vector is A = wi/c W,

where c is the vacuum speed of light, and 4 = n, - n,. If we define light intensity as 1 = < IER >, where the angular



brackets denote the iime a4verage, then it
can be shown that, for optical elements ori-
ented as in Fig. 1, and for unpolarized inci-
dent light of intensity 1, the output inten-
sity is given by I, = 1/4 [1 + cos(//c wy)].
If polarizer P, is a polarizing beam split-
ter, then output intensities corresponding
1o both parallel and crossed polarizers can
be measured simultaneously (sec below).
As the intensity in the output that corre-
sponds 10 crossed polarizers is I, = 1/4
(1 - cos(lc wy)), the difference signal, | =

I, - 1;. which can be oblained by using two  Eigyre 1. Diagram of the birefringent interferometer. E,, E,, -
deteclors and a differential amplifier, is 1 = input and output electric vectors; n,, n, - refractive indices of the
1o/2 cos (I wy). It is this difference sig- birefringent modulator along its axes X, y; Ey, 4, Ey 5 - X ¥

msm will be considered in what fol- components of the electric vector at two intermediate locations;

M - birefringent modulator; P,. P, - polarizers; { - thickness of
the modulator, M.

For polychromatic incident light with
intensity spectrum IL(w) , the output intensity becomes

s mf Io(w) cos (ifc wy) dw (1a)
0

One can casily sec that the outpul intensily, expressed as a function of W, is the (cosine) Fourier transform of the in-
tensity spectrum of the incident light, Io(w). The transform in (la) can be inveried as a cosine transform and this
will give

I'w) = 4lhtcf 1) cos (I/c uw) du (1b)
0

For photoelastic modulators, the birefringence is a harmonic function of time, W = msin @y, where wy is the angu-

lar frequency at which the modulalors are driven, and m is the maximum value of u. Therefore, the transforms (la,
1b) can be rewritien as

)= lﬂf 1(w) cos(yw sin W) dw () {w)
0

To/4
I'(w) = 8y/ TJ 1(t) cos (Yw sin W) X
0
X cos wx dt (2b)
where v = im/k, and Ty = 28/, The response to
monochromatic light of frequency t«, of an FT 0
specrometer based on the birefringent interfer-

ometer and the transform (2b) can be shown (0
be

I'(w) = ¥x [ sinc (Y(0 + 0,)) + Figure 2. Spectral response function [Eq. (3)) of the FT spec-
: _ tometer based on a birefringent interferometer and the trans-
+sinc (Y (@ - w))) ] G form (2b). The two peaks are at 1w,



which, due 10 the truncation of the interferogram, gives, essentially, a sinc function spectral response. The spectral re-
sponse function is shown in Fig.2. Both sinc functions in (3) have . separation between zeros of dw = m/y. Thus, inde-
pendently sampled values of the light-frequency spectrum, I'(w), can be obtained by sampling at light frequencies w,
= nx/y. The sampling interval, 8w, is thus a measure of the spectral resolution of the instrument. If the modulation
amplitude 1s expressed in numbers of "waves”, N, at a cenain frequency, , then the maximum phase difference intro-
duced by the interferometer is A¢,,, = 21N, which carresponds to 3 light-frequency sampling interval 8w = w/2N.
Thus, for a modulation amplitude of N waves, the relative spectral resolution at that light frequency is dw/w = 1/2N.
The minimum interferogram sampling frequency, ,, can be defined as twice the matimum frequency component of the

interferogram, and is thus given by , = 2y ©; @,,,, where ©_,, is the highest light frequency. While ensuri.g that

the highest frequencies in the interferogram are properly sampled, uniform sampling at the sampling frequency ©, re-
sults in oversampling of the interferogram toward the end of the stroke of the bircfringent interferometer.

Most commercial birefringent modulators are designed to be used for modulating the intensity of monochromatic
light As such, the retardation amplitude they achieve is typically of the order of A/2 at some operating light frequen-
¢y, ©. Under these conditions, the resulting relative spectral resolution is only 8ww = 1, which is not useful for spec-
tral analysis. Although photoelastic modulators can be driven to higher retardation amplitudes, useful spectral resolu-
tions can only be achieved by using modulators with multiple windows. An FT spectrometer employing three such
windows is shown in Fig.3. The three-window photoelastic modulator, which runs at 85 kHz, was budt by Hinds In-
ternational, Portland, OR. The use of polarizing beam splitter 7 allows a wavelength calibration beam from a low-
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Figure 3, Diagram of a birefringent interferometer for FT spectral analysis in flow cytometry. 1, 2 - cylindrical
lenses for focusing the fluorescence excitation laser beam; 3 - flow chamber; 4, 5 - fluorescence collection oplics;
6 - long pass optical filier; 7, 9 - polarizing beam spliuers; 8 - birefringent modulators; 10, 11 - focusing lenses;
12, 13 - pinholes; 14, 15 - photomultipliers.

power HeNe laser 10 be inroduced into the interferometcr. A polarizing beam splitter, 9, in the output of the inter-
ferometer sllows two signals to be measured. These correspond, respectively, to parallel and crossed orientations of



the interferometer polarizers. As the two
signals have ac components of opposite sign
while having the same dc component, the Phase
difference between the two signals obtained Ref.
by means of a differenual amplifier (not
shown in Fig. 3) doubles the amplitude of
the interferogram and eliminates the dc com-
ponent. The difference signal is further pro-
cessed by digital signal processing electron-
ics discussed in the next section,

3. DICITAL SIGNAL PROCESSING AND
SIGNAL FROCESSING ELECTRONICS

The transform in (2b) can be writden in
discrete form as

r, = IB,L @)

where I', is the computed (sampled) spec-
tum, I is the sampled interferogram,
and B, is the transform matrix derived
from the continuous transform (2b). Each
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sampled value of the computed spectrum is | ] |
a sum of products between successive sam- | | i
ples of the interferogram and the coeffi-

cients in the comesponding row of B_. Dﬂ? Index %ELH:

Thus, all sampled values I', can be comput- . _ —
ed simultaneously by the deta acquisition ar- Figurec 4. Block diagram of the data acquisition array processor,

X . . showing (wo signal processing channels. ADC-analog-to-digital
ray processor whose diagrain is shown in - . . ) )
Fig4. Each processing chamnel of the y converw.r; M-A - multiplier-adder; RAM - random access memory.

processor corresponds (o one sampled value

of the spectrum. The incoming interferogram is converted into a data stream by & free-running analog-to-digital con-
verter (ADC - TDC1007, TRW), and the data are broadcast on the "Data In" bus. The ADC is strobed by a clock,
which is phase locked to the photoelastic modulator driver, and which mulliplies the driving frequency, w, by a num-
ber that delermines the number of interferogram samples per modulator period (typically 100-fold frequency multipli-
cation, for a strobe frequency 8.5 MHz). The same strobe signal drives 8 counter (address generator) that indexes the
interferogram samples. The counter is reset by the phase reference signal, and thus the sample index rewmns to zero
during each period of the modulator. The indices are broadcast on the "Index" bus.

Each processing channel consists of a multuiplier-adder (TDC1008, TRW) and random access memory (RAM). The
coefficients for each sampled valuc of the computed spectrum (the corvesponding row of B_) are siored in RAM.
Each channel of the armay processor receives 8 sequence of sampled values of the interferogram and the corresponding
sample indices. The index is used W address the RAM, which presents a coefficient B_, 0 one input of the multiplier-
adder, while the other input receives the corresponding interferogram sample. For each period of the clock, the interfer-
ogram sample iz multiplied by & tansform coefficient, and the product is added to an internal register. Thus, each chan-
nel computes one sampled value, I',, as the interferogram is being acquired. It should be pointed out that the trans-
form matrix, B_. which is programmed into the array processor memory, Is not limited to the discrete version of the

tansform kemel in (2b). As discussed in Section 4, other transform matrices may be used for the real-time computa-
tion of different sets of specual parameters.

The array processor is controlied by a host computer (not shown in Fig. 4), which downloads the transform coeffl-
cients 10 the processor channels and reads, over the "Data Out” bus, the computed values of the spectrum. The results
of ths compulatons can aiso be read from the "Data Out™ bus by other devices, such as dawa-storage and son-control
devices in flow cytomeiers and frame buffers in imaging instruments. This local data transfer can wake place without
the intervention of the host computer, thus ensuring a very high data throughput.



4. MODES OF ANALYSIS

We have already described the spectral
analysis mode, in which tie array processor
channels compute, in parallel, a discretely
sampled light spectrum. In this mode, the pro-
cessor channels are programmdd 1o have adja-
cent bandpass spectral characieristics. This
mode of analysis is illustrated in Fig.5, where
interferograms and the corresponding spectra Y 12 800 450
are shown for monochromatic light and for
the fluorescence of cells swained with propidi-
um iodide. However, in most biological appli-
cations, it is not the fluorescence spectrum
that is of interest, but rather the contribu-
tions of a given set of fluorochromes ic the
woal fluorescence %, Given a set of N simulia-
neous fluorochromes with normalized, sam-

pled emission spectra, 8, = (S,,), and with 0] 12 800 450
emission intensities o, the total fluorescence
spectrum, & =(s_), is

Time, ps Wavelength, nm

Figure 5. Interferograms and computed spectra for 488 nm mono-
N . chromatic light (a, b) and for the fluorescence of cells stained
by = ):1 Smal, Mul.. M (53) with propidium iodide (c, d).
n=

where M is the number of sampled values of the spectra. Equation (5a) can be rewritten in vector form as
sm=Sa (5b)

where s and a are the column vectors representing the total spectrum and the individual fluorochrome iniensities, and
S is the M by N matrix containing the fluorochrome spectra as its columns. Because, in general, the fluorochrome spec-
tra, S, are known, and the total emission spectrum, s, can be determined by the FT spectirometer, the individual fluoro-
chrome intensities, a, can be obtained by solving Eq. (5b). The solution can be shown Lo be

a=S's (5¢)

where §’ = (STS)! ST, with ST being the transposed of the matrix S. The same problem can be similarly formulated in
the inerferogram, rather thar the spectrum, domain. In the interferogram domain, the equations equivalent to Egs.
(5b. 5c) are

wesWa (6a)
a=Ww (6b)

where w is the interferogram for the total fluorescence, W is the matrix containing the normalized interferograms for
the individual fluorochromes as its columns, and W' = (WTW)'! W7, The matrix, W, is M by N, where M is the num-
ber of sampled values of the interferogram. As the spectrum and interferogram are relaied by s = Bw [from Eq. (4)),
the matrices S and W are relaied by S = BW. Thus, one can easily move between the interferogram and spectrum do-
mains,

In precuical terms, the base spectra used for resolving the total fluorescence can be acquired by the specuomeler or
can be read from a data base, following which the host computer forms the spectral matrix, S, and compules its inter-
ferogram domain equivalent, W. Altematively, the instrument can acquire base interferograms (for example, interfero-
grams for individual fluorochromes) and form the matrix W directly. The host computer then computes the matrix
W*, following which the N rows of W' are stored in N channels of the anay processor. This ensures thal, during the

acquisition of the interferogram, each channel will compute one coefficient @,. Such 8 mode of analysis is illustrated

in Fig.6. The emission spectra of polystyrene microspheres stained with either fluorescein or propidium lodide were ac-
quired by the FT flow cytomeier. The two emission spectra are shown in Fig. 6a, together with the optimal spectral
characieristics computed by the host computer, These spectral characieristics are shown both in the spectrum and the in-



terferogram  domain, the lat-
ter form being the one that
is downloaded t0 the array

. SPECTRUM CHARACTERISTIC TRANSFORM
processor for real-iime pro- _ .
cessing. Figure 6b shows a 8 /\ ~
scattergram of the outputs [
. v - .
of the two processing chan- — f N |
5

nels, programmed with the ~ v
spectral  characteristics  in g / \
Fig. 6a, for a mixture of the
two types of microspheres. . \/
One can clearly see the sepa-
ration of the events accord-
ing to their spectral proper- . b
ties.
Figure 6. Separation of contributions from fluarescein and propidium iodide:
be 12;‘%;’:“ wsp%cemmceanmael:no ﬂusorochrome lTspectra and_ optimum spectral c)mraclcristics l;‘(a)l.) and scatter-
specira of cell or pixel sub-  8FaM for a mixture of mngrpsphefes stained with the two fluorochromes (b).
populations, in which case FITC-fluorescein; PI-propidium iodide.

the computed spectral param-
eters, provide a measure of
the similarity of each parti- ‘
cle or pxxel to the "base” sub- SPECTRUM CHARACTERISTIC TRANSFORM

populations. When using this g [
mode of analysis, the instru- N \

ment may not require¢ a prio-
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ri information about the spec-
imen, as a statistical analysis

performed by the host com- E Z \
puter on & set of spectra ac- \/Av
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quired by the instrument
may reveal the existence of N\
spectrally distinct subpopula-
tions (clusters). Following b
the cluster analysis, the s

mean spectra of the subpopu- ] .
laions can be computed and  Figure 7. .\nalysis in terms of mean spectra of spectral clusters: mean spectra
subsequently used as base  and optimum spectral characteristics (a), and scattergram for the same micro-
spectra. This is an "sdaptive”  sphere mixture used in the cluster analysis (b).

mode of operation, in which

the instrument programs itself automatically to enhance the differences in the spectral properties of the subpopula-
tions in a given sample. Such a mode of analysis is illustrated in Fig.7. The same fluorescein and propidium iodide
sined microspheres were used in this experiment. However, instead of analyzing each type of microsphere to ob-
tain fluorochrome base spectra, the instrument analyzed a mixture of microsphere and then performed a cluster
analysis on the spectra of 1OV} particles. The mean spectra of the two largest clusiers were taken as base spectra
(Fig. 7a), and the array processor was programmed accordingly. The scattergram in Fig. 7b was obtained by analyz-
ing the same mixture of microspheres. It can be cluarly seen that the two spectrally distinct types of micro-
spher:s appeared indeed as well separsied clusters in the scaitergram.

Finally, the base spectra (or interferograms) used in the spectral analysis of flucrescence need not be the emis-
tion spectra of individuai fluorochromes. For example, when using metachromatic fluorochromes, one can use a
set of characteristic emission spectra for each such fluorochrome as base spectra 9. Consequently, the spectral pa-
rameters computed by the array processor will provide a "meaningful” description of the state of the metachromat-
fc fluorochromes in each cell or in each pixel, while also possibly reducing the amount of spectral data to be
stored and analyzed.

,-128

28 0 127
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3, SPECTRAL FLUQRESCENCE IMAGING

The real-time FT spectrometer can be used both in flow cytomelers and imaging sysiems. Although the large use-
ful apertures of photoelastic modulators allow them to be used in conventional imaging systems, such an approach to
spectral imaging requirss a fast response, position-sensitive detector, such as an image dissector. Furthermore, the
phase difference introduced by the interferometer would depend o the direction of the light rays passing through the
modulator, and, thus, the coeificients of the wansform would depend on the position of the pixe! being analyzed. A
more praclical approach is to incorporate the spectrometer into a laser-scanned fluorescence imaging sysiem, where a
photomultiplier can be used far detection, and where light rays follow the same path through the modulator, regard-
less of the position of the sample volume being analyzed. A block diagram of an imaging system incorporating a real-
time FT spectrometer is shown in Fig. 8, which also includes, for comparison purposes, the block diagram of the corre-
sponding flow instrument (Fig. 8a). One can see that the interferometer, including the detector, replaces the photomul-
tiplier normally present in a laser-scan microscope. From the point of view of the elecuronics, the only differences be-
tween the flow and imaging systems are the following: (i) the data-storage and sori-control electronics that receive
the output of the array processor in the flow sysiem are now replaced by a bank of frame buffers, each of them con-
nected to the output of a processing channel; and (ii) the control logic ("CLOCK" in Fig.8) conurols the scanner driver
circuits. The image acquisition and processing system described in Fig. 8 can generale concurrently multiple images,
cach enhanced for a particular emission spectrum. The spectral analysis time for each pixel remains, as in the case of
the flow system, independent of the number of spectral parumeters and, therefore, of the number of enhanced images
that are being processed. This analysis uime has, for the actual system described in this article, 8 minimum value of
less than 3.2 ps.

FRAME BUFFERS
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T I ) 4 S SCAN
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a b Laser
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Figure 8. Use of the real-time FT spectrometer in flow cytomeury (a) and fluorescence imaging (b). ADC-analog-
to-digital converter; PMT-photomultiplier; SP-ghort-pass dichroic mirror; INTERF-birefringent interferometer.

In addition 1o the modes of analysis described in the previous section, one can envisage a mode that is specific to im-
aging applications and which takes advantage of the morphological information that may be present in images that have
not been spectrally enhanced. Thus, if a morphologically interesting structure has been detecied either by an image pro-
cessing system or by the operator, the average spectrum of that structure can be used as a base spectrum, and an image
enhanced for that particular spectrum can be gencrated. The spectrally enhanced image may reveal other similar morpho-
logical structures thal were not apparent in the original image, or it may also reveal structuses that are spectrally, but
not morphologically, related.



The instruments shown in Fig. 8 share not only the spectrometer optics and electronics, but also the basic modes of
analysis and the format of the data (base spectra) used to program them. If a communication channel is established be-
tween the two instruments (for example, by having the same CPU control both instruments, or by having multiple
CPUs on the same backplance), then these instruments can cooperate in the following ways: (i) base spectra for resolv-
ing total cell/pixel fluorescence can be shared; and (ii) the spectral data obtained by one insirument can be used to pro-
gram the other. Indecd, if the analysis of a cell suspension reveals the existence of a specually distinct subpopulation,
then the average specirum for that population can be transferred o the spectral imaging microscope, where it can be
used to enhence the image of whole cells or morphological details that have the same spectral properties. Conversely,
the average spectrum of a whole cell of interest, or that of a particular morphological detail, can be wansferred (o the
flow insrument, where it can be used to identify and quantitate cell subpopulations with the same spectral properties.

The integration of flow and imaging at the level of the spectral analysis parameters creates a direct conrnection be-
tween population data and high-resolution morphological information at the level of the single cell. Such a connection
simplifies the interpretation of multiparameter population data in a manner that is similar to the sorting of subpopula-
tions, followed by microscopic observation. This "virtual sorting” of cells only requires the recovery and anaiysis of
data, while providing the same comrelaled information normally provided by physical sorting. The converse process,
which could be called "reversed virtual sorting”™ and which has no equivalent in convenlional flow and imaging analy-
sis, allows morphologically distinct cell types to be rapidly identified and quantitated in large cell samples.

1._CONCLUSIONS

The birefringent modulator, in conjunction with a real-time, parallel signal processor, can be used successfully as
the basis of a fast FT spectrometer that is suitable for flow cylometry applications. With simple modifications, the
same device can be used for single pixel spectral analysis in a laser-scan fluorescence microscope.

The FT spectrometer described in this article combines high-speed spectral analysis with a high degree of flexibili-
ty in the choice of specural parameters. Furthermore, redefining the spectral parameters is no longer an operation that
involves choosing and replacing optical filters, but, like other aspects of the operation of the insuument, is a purely
numerical operation that can be complelely automated. Further automation is possible in an integrated flow and imag-
ing system, where direct and reversed virtual sorting allow data obtained by one type of instument 10 be used direcuy
in the interpretation of the daia obtained by the other.

8. ACKNOWLEDGMENTS

This woark was supported in part by LANL through ISRD award X91P and by the Nationa! Flow ('ytomeay Re-
source,

2. BIBLIQGRAPHY

! Wade, C.G.. R.H. Rhyne, W.H. Woodnuff, D.P. Bloch and J.C. Bartholomew, "Spectra of Cells in Flow Cytome-
try Using a Vidicon Detecior.”, J. Histochem. Cytochem. 27, 1049 (1979).

2 Steen, H.B. and T. Stokke, "Fluorescence Spectra of Cells Stained With 8 DNA-Specific Dye, Measured by Flow
Cytometry”, Cytometry 7, 104 (1986).

3 Bell, RJ., "Introductory Fourier Transform Spectroscopy”, Academic Press, New York (1972).

4 Qriffiths, P.R. (ed.), "Transform Techniques in Chemistry”, Plenuin Press, New York (1978).

3 Buican, T.N., "Fourier Transform Flow Cytometry - The Interferometric Analysis of Emission Spectra from
Individual Cells™, Abstract 502, XI Int. Conf. Analytical Cywlogy, Hilton Head, SC (1985).

¢ Buican, TN., "An Interferometer for Spectral Analysis in Flow", Abstract 734, XII Int. Conf. Analytical
Cywlogy, Cambridge, England (1987).

7 Buican, TN., "A Multiple Bus Data Acquisition, Processing, and Control Sysiem for Flow Cytometry”, Abstract
737, X11 Int. Conf. Analytical Cywology, Cambridge, England (1987).

! Buican, T.N., "Spectral Analysis in Flow: The Fourier Transform Flow Cytometer”, /n "Clinical Cytometry and
Histometry™ (G. Burger, J.S. Ploem and K. Goendes, eds), p. 66, Academic Press, London (1987).

? Cooper,J., T. Buican, H. Crissman and W. Wharton, "Fourier Transform Flow Cytometric Analysis of Cells
Labelled With a Metachromatic Dye", Abstract 493, XII Int. Conf. Analytical Cytology, Cambridge, England
(1987).



