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Real-Time Fwrkr Transform SBtrometry for Fluorescence haglng and Flow Cytometry

Tudor N. Buican
Life Scicrms Division

h Alamos Nationat laboram~, Los Alamos. NM 87545

We pscsml a Fourier azmsfonn (IT’) spctromctcr hat is suitable for mal-lirnc spectral analysis in fluorescalce

-g ad flOW CYUMWUY.~ insnm~t mi~ of (i) a novel type of interferometer that an & moddati at
hmqucncie.sof up to ICKlkHz and has a high lighl throughpu~ and (ii) a dc.dicatcd,parallel may processor fw the real.
time computation of apcclral pnramctm. The data ~uisilion army processorcan be programmed by a host comptnc.r
to @mn any desired linear transform on fhe intcrfcrogram and can dms acpamc contributions from multiple fluon
chran= whh ovedapping emission spectra. We ckscdx op!.icsc-cmfigumtionsfor usc in lmth flow cylorneuy and fluo-
rcsmice microswpy. The integral.ion of a flow cymmetcr and a s~ual imaging fluomscmce microscope is discussed,
and theCOIKC-plSOf di.rCCland rCV* ‘Vhd SOrling” 8J’CilltKXhlCCd.

The spectral arldysis of the fluorcsccnce emitted by cells and cell orgarw!ks is fundamental KI analysis in tah flu-
orc=ncc flow cytomcuy and flutxcsunct microscopy. Indcd, most fluorcsccn~ analysis applications require that
the umal fluorcsccncc emincd by a particle in flow or by a pixel in the microscopy specimen be resolved into mmibu-
tkms from several emission spcctrat which an be eikr tie characltistic qxctra of several sirnuha.neousfluLrcE
chrunes, w the modX_ml spccua of a mc=hrcmmtic fluorochrome. Although conventional sysurns used m biological
appli~tions ~orm a coarse sfmtml analysis by dividing the spcuum into a few spectral channels, @orming a fin-
er spectral analysis by means of monoch.romalorsor polychromtuors hes ben aucmpud, whh moderate success,even
on flow instruments ‘. 2. We show in this anicle that Fourier transform spcctromcoy, which WaS origitily hm-
duced as a solution to the dcu.ctm noise problem in far infrared spectrometersand is cumcnt,lyteing appliul to apec-
tnd analysis in many spectral regions * 4, offers the light throughput, sparal SCSOIUUCW,sped of analysis, and flex.
ibilhy, required for fl~ncc analysis in both now and imaging ins!.runmts

An H’ spcctromau consists of an intcrfcrornctcr thm cncocks the ~tral information into an inmsiry disuibu-
tion that mics as a function of tie or position and a computer that exmts the spcctml information from his distri-
bution. Although the m of = spccucrmetcrsin flow or imaging insbuments is desirable because of their high light
houghpug the speed m which they usually acquire and analyze s~tral data makes them unsuitable for such applica-
tions. In orda to bring the s@ of ~quisit.ion of multiple spccual parameters to levels compatible with flow cyto
mwic analysis and image xquisition, wc approwhcd the speed limitations of ~ spectrometers in MW ways % (i) we
&vcl@ a novel intedcromctcr 6 tluu has no moving pans and can thus be modulated at high frequencies;and (ii) wc
dcvclopd a data wquisilion array processor7 tit can prmcss in real time the high-frequcmcyinteflero~s produced
by rhc intcrfmmetcr. As will & shown in wtut follows. the use of ml-time digital signal processing is @cularly
uful in flow and imaging applications in which multiple fluorochromes witi overlapping emission spwtra are being
used and in which h mnuibutions of k individual fluordtrorncs, rather fhan the toud emission ~tr& arc of in-
temL Funhcrrnorc, by vinuc of the numerical, m.her thnn the c@cal, cpmral analysis they perform, IT’ flow and
imaging insuumems can lx integrated from h: pint of view of data analysis and instrument setup. By sharing W
and configumtion inkmnwion, integrated ~ flow cytometcrs and flurwcsccncemicroscope can use morphological in-
formation in the inlaprcudon of population &La (“virtual sfming”) and poputi-level information in the quantita-
tkm d mmphologks within ptpulalions (“reversedvirtual sorling”),

m~

mk birefringcnt intcrfcromctcf (Fig, 1) mnsists of a bircfringcnt mddator placui ~w~n two @arizert. The
Plwkm can be oitk pmllcl or pcrpndicular (see below), and Lhc @cipal mes 0( the rnodulatm uc at 45” rcl4-
tive to the p3Mzas. ?hia opdc-d system, previously wed m an Inwnshy mcbdukuorfa ~tiC llgh~ can be
shown to be m inurfaranew, LIICstroke length of which &pen& on b maximum blrcfdngcmc attalrd by he birc-
Mgent mcultitcw. A multApk window phaochstic rnuiulator was found to whievc bircfringcncc level: LIUUlead to
UDChd~tral rc9Mrtkm * ud in an IT spertromcm.

If 1 is the thickness d thetircfringem mddamr and to is the angular frequcmy of the incident Iighi, the plume

diffwcnce, A$, intnxhccd by the modulator bcIwccn the x and y components of he elcctic veaor is A$ = WVC 1A,

where c is the vawrm ~ of light, and 1A= n, - nY. If we define light intensity as 1 = c lE~ >, where the angular



lmukets denote tk ‘he d, sage, then it
can be ahown Iha2, for optical elements ori-
ented as in Fig. 1, and for unpkrized inci-
km ligh~ of intensity ~, he outpw inwn-

sity is givcm by 11,= 1J4 [1 + CJWC w)].

If polari.m Pz is a plarizing beam aplil-

ter, then ou~t intensities cmesponding
to bolll parallel and crossed polarimm CaJl
h mcasurd simultaneously (see Mow).
As the intensily in the Outpul Lhal cmre-
SPmlsm crossed @ari=k11=v4

[1 - cos(f/c m)], the difference signal, 1 =

J -11, which an & @wined by using two

&mctors md a differential amptif~r, is 1 =

1# cos (l/c t@. It is this differmce sig-
nal that will be considerd in what fol-
bws.

Figure 1. D@ram of the birefringent interferometer. ~, E- -

input and output ekric vectors; ~, n~ - refractive indices of the
bire~gent ndulatm along its axes X, Y El,, IY, ~ 2Y - X! Y

ccxnponcntsof the electric vector at two intemn* IcaLions;
M - birefringem modulator; P,, P2 - poluizers; 1- thicknem of

the modulalor, M.

For polychromak incident lighl witi
intensity‘sp&t2um$(w) , theoutput i&sily becomes

J
I(P) = 1~ ‘&@ COS(//CL@ dco (la)

o

tic can easily see tlam the OUCPULintensity, expressedas a function of IL, is tie (cosine) Fourier aansform of t.lw in-

tensi!y specmun of the incident light, 10(CO).The uansform in (la) m be invcned as a cosine transform and this
will give

J

m

1’((0) = 41hc I(Jl) Cos(//c jlco)Cl/l (lb)

o
Fcx photoelastic modulators, the bircfringence is s harmonic function o!’ time, 1A= m sin q+, wkre c% is the angu-

las hequmcy at which h modulalofs are driven, and m is the maximum value of L Thaefore, the transforms (la,
lb) WI-be m-wium u

l(l) ■ 1/2
J-

I(u) cos(yco sin COOI)do (h)
o

TO/4

J
I’(u) = 8y/ TO I(t) = (W sin to# x

o
Xcosoxdt (2b)

whacy=fm/c, and TO= Zr/~Tlte mpmwto

~C light d ff6tJlWlCy 021 of an ~

qxcuomcter M on the birdhingent interfer-
u’lletef mldthemnsfonn (2b)Wn bedtcw’llto
be

I’(to) - * [ Slnc(y(to+ to,))+

+sinc(y(w-tol))l (3)

(n

Figure 2, Spearal respnsc function ~, (3)] of the IT spcc-
trometw based m a bi.reffigent intuferomu Md the trans-
form (2b). ‘flw two @ are al iul,



which, du to the truncaoon of the interferogram, gives, essentially, a sine function ~ufd rcspmse.

sponse functin is ahown in Fig.2. Both sine functionsin (3) have J qarat.ion bctwcm mos of& =
‘Thespearal re-
wy. Thus, inde-

pendently sampled values of the light-frequency spemum, I’(o), can be oblaincd by sampling al ligh~ frequencies ~

= n rc/y. The mrnpling internal, &o, is thus a measure of the spearal resolution of the instrument. If Lhc modulation

amplitude w expressd in numbers of “waves”, N, at a ccnain frequency, w then the maximum phase difference intro-
ducal by flu intezfcrometer is A& = 2rtN, which ccmwponds to a light-fm~uency sampling interval & = t@N.

llms, fm a modulation amplitude of N waves, the relative spcctnd resolution al lhat light frequency is &w’@ = V12N.

lle minimum interferogram sampling frequency, WC,can be defined as twice the maximum hquency componem of the

inurferogram, and is thus given by U, = 27 ~ ~~, whuc Wm, is the highest liglu frequacy. While ensurhg that

the highest fkpencics in the interkogram arc properly sarnplal, uniform sampling at the sampling hqucncy u, rc-
mdtsin ovcraarnplingof the interfwograrn toward h end of the strokeof the bircfringenl intcficromctcr.

Most commercial birefiingent modulators are designed to be used for modulating W intensity of monduoma,ic

tighL N such, tie retardation amplitude they achieve is typically of the ordw of ~ at sune opem.ing light frequen-

cy, o. Under these cmiitions, the resulting relative -ml resolution is only &W = 1, which is not uwful for spec-
ual analysis. Although photoelastic modulators can & driven to higher retardation amplitudes, useful apral resolu-
tions can only be achieved by using modulators with multiple windows, An IT qx.ctrometer employing three suh
windows is shown in Fig,3, The kc-window photoelastic modulaw, which runs at 85 k.l+z, was bw.h by Hinds In-
trmuuional, Portland, OR. Tk use of polarizing beam spliua 7 aUows a wavelength calibration beam from a low-

@otoo%or

Figure 3, D@mm of a bire~ngun! Interferometer for ~ cpearal uudysis in flow cytometry. 1, 2- cylindrical
Iensa for fausinghe fluonmence excitation laser beam; 3- flow chsmbcr; 4, 5- fluom~cncc collectlcm oplics;
6- bng pss optical !lIter; 7, 9- @nizAng beam spllttem; 8 “ birefringem modulators; 10, 11 . focudng Iensa;
12, 13- plnlmles; 14, 15- photornultipliers

pwer HeNe law to be Inroducd ho the interferometer. A poladzing beam splitler, 9, In tie output of the imer-
fcrometarallowsIWOsignabto be measured. ?lmse cormtpond, respectively, 10 prallel snd creased orienuuions of



Sk imerfaomclcr polari?m’smAs Ihc Iwo
signals have x compcmcnlsof qqmsilc sign
while having h same & componenl, tie
ciiffercmc.cbctweem tie two si@s obLaincd
by means of a differcmial arnplifk.r (not
shown in Fig. 3) doubles tie amplitude of
lk intiaogram and eliminates the dc com-
ponent The diffacnce signal is further pm
mscd by digiti signal promsing elcmcm-
ics discussd in shenext section.

IGITAL - PR~

The RrMSfOm in (2b) can be wrillcn in
discmlc form as

(4)

where I’n is Lk COlllpUUd (StLITIpkd) s$XO

srum, ~ is she sampled inraferogram,

and B~ is the transform matrix derived

from he cominuous transform (2b). Each
aamplc.dvalue of the canpulcd spctrum is
a sum of pducls bc4wcen successive~.
pies of he inlcrfc.rogram and the coeffi-
cients in tie conesponding row of Bm.
~US, di aampld dues I’n call k COmpUt-

U simulumcously by tie dala requisition ar-
ray prcnxssor whose diagram is shown in
Fig,4, Each processing channel of tie may
rmcessor comcsoonds10 one aamDld value

channel

channel 2 *12YIGW
I ““”““ ‘ ““”””‘“”‘“””””““””’” I I
I II

Data Index Data

Figure 4. Blcck diagram of tie data ~quisition array processor,
showing two signal processing channels. ADC-anaiog-ro-digild
Convcncn M-A - mulbplicr-adda; RAM - random =CCSSmemory,

bf the spwuurn~ ‘fhe incoming inkrferogram is convcnui into a data sumrn by a free-running analog-todigitsd ccm-
vcrw (ADC - T’DC1007, TRW, ad tie data arc brodcast on tie “Ma In” bus, The ADC-is str&ed by-a clock

which is phase locked to *C phomeiadc moduiamr driva, and which multiplies the dsiving frqucrrcy, ~ by a num-

ber Ihal dclcrminc.sthe numbs of inmfcrogmm samples pr mcdulalot pried (typicaiiy l(K1.fold frqucncy mulr.ipli-
ution, for a smobc frquency 8,5 MHz), 7Te rune SLKJXsignal drives a counter (address gencmtor) M indexes the
huerferograrn camplcs. The coumcr is reset by he phase reference signal, and thus tie ample index mums 10 zero
during cxh period of IJWmodulator. ‘T’heindicesarc broadmu on tie “Index” bus,

Each poccssing channel wnsists of a muhipiia-adder (TDCILYM, TRW) and random ~ms memory (RAM). The
cccfficicnls for -h sampld value of ~e computed apmrum (the curreqondinfl row of B=) arcasomdin ~,
Each chsmtci of lhc array poccssm receives Q ~wicc of sampled valuu of theinlcrferogramandlhccorrqmnding
nrnple indices. ‘flE index is used 10 addressthe RAM, which prcsemlsa caefllcient B- to one input of the muliiplia-

adda, while he oh input receives W c-omsponding intierograrn aamp!o. For each period of M clock, h interfcr.
- sample is multiplid by a mnsfmm -icicmh ml IIW @UCt la added to an inlcmai register. ‘fhus, -h chan-
nel CQfnpuus one sam$lcd value, 1’,, u the irU8rf~ ia being W@l’Cd. h should b @s@ art thal h uans-

form matrix, B., wldch ia progmmd into the 8rT8y proccamr manmy,lanotIimiti sothediscmevamionof the
mnafcmmkernelin (?b).Aadiscuud in Seaicm4, other tmnsfomn nwdces may be ud for he real-rime cornputa-
Ibr’1of diffcralt sell of SpCCtJalpuamclm.

m QW IH’OIULKMh ummllcd by a hoaI COITIPIM (not shown in Fig. 4), whichdownloadshe ~sform ~m-
cienrs 10 the PC.MW channels and reads, over tie ‘Dau Out” bus, the compwecl values of he @mrumi The results
of *. compwakms m also be read from tie ‘Dala out” bus by tier devices, mch as dala-stomgc and BorI-ccmtrol
dcviws in flow cytomcms and frame bufks in imaging instruments. This local data uansfer can tie place wirhout
sheimerver!thn of the hostcomputer, thuscmsuringa very high data lhrcrughpul.



We tUVC already &cribed tk SpC.CLlld
analysis mode, in which We array prowssor
channels compule, in parallel, a discrckly
mplul light spectrum. Ln W mode, LIE Po-
@ssor channels are pozul m have adja-
cent bandpass spectral chmweristics. his
modeof analysis is illustrmed in Fig.5, where
intcrferograms and the cameqmndtig spcua
are shown for madwomak Iighl and for
d-lefl uorcscenceof cells stained with popidi-
um iodide. However, in most biological appli.
cations, it is not the fluoresce~ FM
that is of imcrca,but mhcr f.heconuilxJ-
Lionsof a given set of fhmochromcs to the
total fluoresccmce‘, Given a set of N simulu-
neous fluorochrorncs with normabd, sam-
pM emission spctra,

emission intensities ~,

specuum, c = (5J is

N

% “ (sJ, and witi

Ihe loud fluorescence

Sm = ‘~ &un m LI l,.m.Jwl (w)
n=1

o 12

c wI

o 12

Time. w

D b

Boo 450

m

d

800 450

Wavelength, nm

Figure 5. Intcfierogmrns and compuud spectra for 488 nm mono-
chromatic light (a, b) and for tie fluorescence of cells stained
witi propidium iodide (c, d).

where M is tie number of sampledvalues of the spectra.Equation (5a) can be rewritu.n in veaor form as

~msa (5b)

where s and a are the column vaxm re~wnting h mud s~trum and W individual fluorochrome intensities, and
S is tie M by N mairh ccmlaining lhe fluorahrome spra as is columns. Because, in gc.ncnd,tic fluorochrome spcc-
h, S, are known, and the d emission specmm, s, can be dacnnincd by k ~ apecuomm, k individual flwra
chrome inknsities, a, can be obtained b) solving Eq, (5b). ?ltc solulicmcan be shown u be

ares’s (SC)

where S’ = (STS)”l ST, wilh ST Wing W UanspOd of be maui.x S. The same problem can be similarly fcmnulaud in
the i.mcrferogram, rmhcr tiw the specuum, domain. In the interferqparn domain, lhc equations equivalent to Eqs.
(5b, 5c) are

w=Wa (6a)

a-wow (6b)

where w is the inlcrferogram for the total fluorescmm, W is tie mewix comaining the numalix.d inlaferograrns for
lhe individual fhlOfOChfM s as its dumns, and W’ = w“) ~. The murtx,W, is M by N, whae M is the num-
ber of sampkd valua of lhe inwrferograrn, As the spectrum md hwferogram are relaledby s = Bw [from Eq, (4)],
k rnauic~ S and W arc relwc-d by S = BW. Thus, one can easily move between the incrferogram and apmurn do
mnins,

in ~LIcal terms, W baw spccua used for rcaolvlng the @ flume~ can be acquirwl by h specuome~r or
can be MCI horn a dam base, fdlowlngwkkh * host canputer forms the spectral matria, S, md cornpulesiw her.
ferogramdornaln quivalent, W. Alternatively, the Instrumm - acquire - Interhrogxa.ms (fcx example, irUerfero-
gram for ind.hddual fluordwomti) ad formk matrix W directly. lle Itoal oompw tin compuIcs the matrix
W’, following which k N rows of W’ am suxed In N channels of the ariay pxessa. 11.is awes LJUU,dudng the

mquisitin of the inlcrferogram, c.mshc!M”*I will cmnpulc one coefficiemi ~. Such a mode of analysis is illustmc-d

In Figi6i The emission apwm of jmlystyrene microsphere sudnd wilh either fluoresceln CMpropldium ktd.idc were ac-
quired by k IT flow cytorrwur. 71M two emissicm WLM am shown In F)g. 6a, tooethe$ with tic optimal spectral
Aaracwistics compulc.dby IJWhost umqxncr. ‘fksc speclmdchuxwistics are shown both in tit specuum and k in.



terfcrogram domain, the laL-
tcr form being USCone that

is downloaded to the array
processor for real-”zime pro-

cessing. Figure 6b shows a

scaurgsam of the OUtpLStS

of the two processing chan-

nels, Prograrnmd with the

spectral ch&acteristics in
Fig. & for a mixture of the
two types of microaphcrea.
One can clearly see the aepa-
radon of the events accord-
ingtotheir spectral proper-
tks.

The basespectra can also
be chosen to be the mean
spccua of cell or pixel sub-
populations, in which case
the computed spectral parame-
ters, provide a measure of
the similarity of =h parti-
cle or pixel to the “base” sub-
populations, When using this
mode of analysis, the instru-
ment may not require a pri-
orimfrmnation about the spe4-
imen, as a statistical analysis
pwformcd by the host com-
puter on a set of spectra ac-
quired by the instrument
may reveal the existence of
Spt!Ctdy diStinCt subpopula-
tiOf2S (ChlStC@, Following
the cluster analysis, the
mean spectra of the subpapu-
lations can be computed and
subsequently used as base
spectra, This is sn adaptive”
mode of oowation. in which

SPU3RU)I CWCTtIRISTIC TRMSFORIII

IzIlliz!lm

‘Iizll!zilm -128 0 127

CH.2 (PI)

b

Figure 6. Separation of contributions from fluwescein and propidiurn iodide:
fluorochrome spectra and optimum spectral characteristics (a), and scatter-
grarn for a mixtum of microsphere stained with the two fluorochromcs (b),
FITC-fluorescein; P1-propidium iodid?.

SPECTRKM CHAIWTERI STIC TWSIOM

IiQiz!lm

tzl!zilm CL.40 (“PI”)

a b
—

Figure 7. .halysis in terms of mean spectra of spectral clusters: mean spectra
and optimum spectral chamctcristics (a), and scattergram for the same micro-
spheremixture used in the clusteranalysis(b),

the instmtint fmfis itself automatically to enluum the differences in the spectral properties of the submmula-
tions in ● given sunple, Such a mode of analysis is ilh,sstmtedin Fig,7. ‘l%e ~e fluor&cein and propidium- i&iide
stsined microsphwes were u=d in this experiment. However, instead of analyzing each type of microsphere to ob
tsin fluorochrume base spectra, the instrument analyzed a mixture of microsphere and then performed a cluster
artalysi: on the spectra of 1(N @cles8 The mean spectra of the two largest clusters were taken as base spectra
(Fig. 7a), snd rhe array processorwas programmed accordingly, ‘llM scattergrarnin Fig, 7b was obtained by ar@yz-
ing ths same mixture of microsphere, It m be clwrly seemthat the two spectrally distinct typa of micro-
sphew appemwdindeed as well sepucted clustersin the acaaergram,

Finally, the baae pctra (or interferograms) used in the spectral analysis of fluorescence rwed not be the emis-
sion spectra of individu.a! fluorochromes. For example, when using metachrornatic fluorochromes, one can use a
set of characteristic emission spectra for each such tluorochrome as base spectra 9, Consequently, the spectral pa-
rameters computti by the array processor will provide a “meaningful” description of the state of the metachromat-
IC fluorochromes in each cell or in each pixel, while also possibly reducing the amount of spectral data to be
storedand SIl&lyZd.
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The rcsl-tie IT sparcnneur can be used both in flow cytomelers and imaging systems. Aithough the iarge use-
ful apenures of photoefastic rnodulmws aifow them to be usd in conventional imaging systems, such an approach to
spctral imaging rquim a fast response, position-sensitive detector, such as an image dissector. Furthermore, the
phase difference introduced by tie interferometer would depend o“ the dhection of the iight rays passing through the
modulatu, and, thus, the ccdficients of the transfomn would depml on the position of the pixel being analyzed. A
more pmctical apprcwh is to incorporate the spectrometer into a law-scanned fluorescence imaging system, where a
pholomultiplier can be used fcr detection, and whae light rays foiiow the same @ through the modulator, regard-
less of he position of the sample volume king analyzed. A block diagram of an imaging system horprating a real-
lime IW qmxrometer is shown in Rg. 8, which also includes, for comparison pwposes, the block diagram of the awre-
sponding flow instrument (Fig. 8a). One can rite that tie interfemmem, including the detector, replaces the photomul-
tiplier namally present in a laser-scan microscop. From the point of view of the elcmonics, the only differcmccsbe-
tween the flow and imaging systems are the following: (i) the data-storage and sort-cmuol electronics tit receive
the output of lhe array processor in tic flow system are now replaced by a bank of frame buffers, -h of hem con-
-led to k output of a ~essing channel; and (ii) the control fogic (“CLOCK” in Fig,8) controfs the scanner driver
circuits. The image acquisition and processing system described in Fig. 8 can generate cmcurrentfy multiple images,
each cnhancd for a pdcular emission specuum. The specuaf anafysis tie for each pixel remains, as in the case of
@ flow system, independent of the numtux of spectral parameters and, ihc.refme, of the number of enhanced images
that are being pocmsed. This anaiysis time has, fm the actual system described in this article, a minimum value of
lessrhan3.2 W.

STORAGE SORT In
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* CiXx2K
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Fwurc 8, UU of the real-time 17 ~uomeia in flow cytometry (a) tnd fluoreaccmc imaging (b), ADC-analog-
mdlgiul conv-, PhfT-photomuh@iieG SP-shorbpassdichroic mti, IN?ERF-bimfringemintiaumau.

In dditicm to the modes of uufysisckscrhedin & prevbus ~tion, one can cdsage t mode M is specific to im-
aging ~lications snd which &s sdvantage of themaphologid infmmu.hmthat may ba premt in images W have
not been ~trafly cnhancd Thus, U a mcwphologicaflyintcresdng stmcture has bm deloctcd eilhu by an image P
casing system or by lhe ~rator, he avemge spectrum of that saucmrc can be used as a base spectrum, and an image
ahmd fcwIhu pmicular spwxrum can be gencmted. ‘f%e spectrally enhnnccd image may rcveaf otk simiiar morpho-
iogiml structures tit wtm not apparent in the tiginaf image, or it may also reveai structures tit are spearaily, but
nti morphologically,related. --
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The insuu.mentsshown in Fig. 8 share not only the s@rometer optics and electronics, but also the basic mcdes of
analysis and the formal of the data (base spectra) used to program them. If a communication channel is established be-
tween the two instruments (fm example, by having tie same CPU control both instruments, or by having multiple
CPUs on the same backplane), then these insuuments can coopate in the following ways: (i) base spectra for resolv-
ing loud Cell/pixel fluorescaw can be shared; and (ii) he spectral data obtained by cme insuumemtcan be used to pro-
gram the other. Indeed, if tic analysis of a cdl suspensionrevests the existence of a spectrally distincl subpopulation,
then the avemagespec’w for that populahn can be transfemed to the specrral imaging microscqie, where it can be
used to enham the image of whole Ah u morphological details that have the same spectral proprdes. Conversely,
the average spectrum of a whole cell of intaesL or that of a pmicular morphological detail, can be uansfcmd to the
flow insuurnenLwhere it canbe usedto idem.ifyand quantitatecdl subpopulationswith the me spctral propenies.

The integration of flow and imaging at the level of the spectral analysis pmmeters creates a direct connection be-
tween population data and high-resolution morphologic information al the level of the single cdl. Swh a mnnection
simplifMs the interpretation of multiparamem population &la in a manner that is similar to the sating of subpopula-
tiims, followed by microscopic observation. ‘lhis “virtual inning” of cells only requires the recovery and anaJysisof
da& while providing tie same cmelaud infcmnation normally provided by physical scming. The converse process,
which could b called “reversed virtual scwting”andwhich has no quivalenl in conventional flow and imaging analys-
is, allows morphologically distinct cell types to be rapidly identified and quantitatedin large cell samples.

7. cOKU.JslfW

The birefringem modulaur, in conjunction with a rd-tirne, parallel signal prccessor,can be used successfully as
the basis of a fast IT ~uometa thar is suitable for flow cytometry applications. With simple modilicanons, the
samedeviw can be usedfor single pixel spectralanalysisin a laser-scanfluorescencemicroscope.

The 17 spectrometer described in this anicle combines high-s@ spectral analysis with a high degree of flexibili-
ty in the choice of ~tral parameters. Fu.nhermore, rdefining the spectral prarneters is no longer an opertion that
involves choosing and replacing optical fdtem, buL like ottwx ~ts of he opmtion of the inmment, is a p uely
numerical operation ttuu can be completely automated. Fmber automation is possible in an integratul flow and ,mag-
ing system, where direct and reversed virtual sorting allow data obtained by one type of insuumem to be used directly
in the interpretationof the dam obtainedby the other.

This wuk was supportd in part by LANL duough ISRD award X91P and by the National Flow ( ‘ytomeuy R*
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