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Developments in non-radioactive microsphere
techniques for blood flow measurement

Frits W Prinzen and Robb W Glenny

crermination of blood Aow with radioactive particles

that ledlze i the microcirculation prosides measures

of regional perfusion between and within organs,
Faodioactive particle methods give more detailed infoemation
than JBow probes and e casier (oo vse than maolecolar
wishoul tracer methods Feom botl o theoretical and practical
perspective, These e probably the main reasons for the
sugcess ol the radicactive microsphere techoigue, introdoced
in 19 by Rudalph and Heymann,!' In this fivst publication
on the radioactive microsphere rechnique, these investigators
stodicd the circulation of lambs o wero,! Since that time,
microspheres have been vsed in almost every held of
cardicvascular research, and imoa wide runae ol species and
[reparations varying from isolated organs™ w chronieally
instrumented animals on treadmills”

Despite o number ol potental pitfalls and erors (see
below), Blood How measorement with radioactive: micro-
spheres is currenthy regarded as a kind of gold standacd of
blood Mow i experimental cardiovascular research, A new
pold standard is needed beeanse the use o mdioactivily in
peneral, and tooan even grealer extent in animal esperiments,
s becoming mereasingly problematic hecause of restrictive
legislation and higher cosis of storage and disposal. These
Factors, along with the desice w0 reduce radiation load 1o
investizator and technicians, have stimuolated the search Foe
nom-radicactive microspheres!™" During the Tast live weary
cansiderable progress has been made with such technigues.
Although these techniques are soll in their ifancy, noo-
radioactive microsphere methods are available Tor several
applications. Al present there are three dilTerent tvpes of
nom-radioactive microspheres: coloured, NMuorcscent, and 2
ray fluorescent,

This paper will serve three purposes: (1) e deserihe the
current state of the art for the availible non-radioactive
microsphere methads: (20 Lo compare the  medasuremen
criors ol the neo-radicactive microgphere lechnigues with
thuse of their radioactive counterparts: and (33 Lo provide
sigeestions  for foere directions of reseach owith non-
radioactive microspheres,

Non-radioactive microsphere technigues

Chageification Dy couwnting of microsphaeres
The movement fowards non-radiosctive microspheres started
with o paper by Hale ef @l These investigators introdoceed

a methed Tor measuring blood Dow with colowred  micro-
spheres. A similar approach wos used by Austin e of,
emploving  fluorescent microspheres.!" Blood  and  ssue
aamples wene digested with the use of special commercially
available solwtions™ or with collagenase and proteinase.'’ The
spheres were isolated by centrifugation” or gradient centri-
fgaton ' and then counted in g hasmoeyiometer with the
use ol a light microscope or o Nuorescence activated cell
soter (FACUSL Good correlations were reported  between
blood Row values obtained with simullancously  injected
coloured and radicactive micrespheres,” ' AL high myvo-
cardial blood How levels (pharmacologically indoced) the
colowed microsphere method systematically overestimated
Blood flow.” Fluorescent microspheres were validated Tor the
use in non-ischaemic and ischacmic myocardiom. ' Although
coloured microspheres e being used in cxperiments with
myocardial ischaemia,”” noostody was Tound that validated
this application,

The: microspheres and specilic reagens for the colowed
rcrosphere method are commercially avalable as E-2 TRAC
sphercs 0 foon B0 TEAD e (West Los Angeles, OaA
G025, LISA: the foorescent microspheres are commereially
available from Polysciences Ine, Warrington, PA, USAL

Chvaniification by dve exfraciion and specirametey
Cylogereel amicraspheres — As an alternative W manoally
connting colomred microsphares, Kowallik e af developed o
fechnigue where the microspheres are 1sodated  Fom fssoe
and blood by digesuon with potassinm hvdrosicde and suhse-
quent miceofiliagion,” The dyes are extracted  from  the
colonred microsphercs with o known veleme of solvent,
Separation of the varous calours amd their concentration is
pesssible by spectrometey, stk o the ganoa specirametry
psed  with the radicactive microsphere method, To vive
validations  were performed by simultaneons injection of
radicaetive and eolowred microspheres in corenary perfision
lines of pig heares and ledt atrial injections indogs (the later
using  the relerence  blood  withdrawal  echoigue). Pive
different colours were compared with Tive different radio-
isofopes, Myvocardial blood  Tow was varied by pharma-
calogical intervention as well as obstruction of & coronary
artery,  These nvestigators  Tound  pood  correlations
(r=0A7-0408F belween  myocardial - blood  flow values
obtained with the mdivactive and coloured microspheres,
Adter injection in the coronary porlusion lione, e slope of the
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relation was close (o unily, indicatng o very good match of
myocardial blood Tow ay estimated by the beo methods,
However, this slope was significantly less than unity in the
cxperiments where the arerial reference method was used.
The coloured  microsphere lechnigue  appeared 1o canse
systemitic umderestimetion of blood flow, especially in the
physiolozical Mow range < LD mbmin 2 D where Kowallik
reportad o slope of 0079, These duata suggest thal some of the
microspheres or thewr dye are lost from tissue samples, that
substances in blocd or tssoe interfere with spectromelny. oF
that the colour was overestimated i the reference hlood
sample. A more recent stody emploving theee dyes shoaed
slightly hetter correlations using myacardinl samples as well
as samples from virious other organs,

The colovred microspheres are commercially available as
DY L-TRAC 6 spheres Trom Triton (San Dhega, CA, LISA

Fluoveseeny miceospheres — Because ol their logh sensi-
tivity and specificicy. Tuorescent dves are widely used o label
bralogical maerials such as proteins and blood cells. Floor-
escent microspheres have been used oo delineate ischacmic
crgan tegions with the use of Tighe microscopy.” Recently dye
extraction wehnigques Tor fluorescent microspheres have heen
publishied " Fresh® or foemalin fixaed tssue'™ was digested
wilh KOH, The microspheres were isolaled from the homio-
senate vither by vacuum lilcation” or by centefugation™ and
the dye was extracted with {ethoxy ethylcetate, Pulmaonary
perfuzion was messured by direetly exirmceting the dyve Troem
dried lung pleces, thus avoiding the fime consuming Hssue
dligestion and subsequent lilration procedure.”

Although the whole spectra of the Huorescent dyes overlap
i some extent,' up o six different dyes coold be wsed
without the need For overlap correction, by measuring e
cmission of each dyve only during excitation al s own
excitativon wavelenoth,” Using this approach mood  corre
latiors were found  between sadioactive and  Tuosesceent
microspheres lor bload  flow 1o heart and  kidneys
(=900 ) and in longs cr= 199" I most cases slopes
amel Intercepls were nod signilicantly ditferent Trom unity and
the origin, Preliminary datt support the validity ol thos
technigue for hlood fow measurements in schacmic myo-
cardium as well as various other organs'™ ' (see helow ). By
stmultaneous injection o two radioisolopes and e fuoe-
cseent  lubels il owuas shown that the accuracy ol the
Murescent mivrosphere techoigue was similar te thal ol e
radioactive microsphere echoigque®

Flugrescent microspheres for dye
commercially available as Floospheres 3 (from Malecular
Probes Ine, Bogene, Oregon, LSA)

extraciion Arc
g
=

A ray Auorescent microspheres

Ancther method o detect non-radicactive microspheres s v
ray Nuoorescence, Morila of af " and, move recently, Mari ef
el s aoweavelength dispersive v ray uorescence spectro-
meter 1o detect microspheres labelied with up o eigh
different heavy elements. Microspheres are isolated Trom
ussue o blood after digestion as with the other mon
radioactive microsphere methods, After centrifugation of the
homogenales, the microspheres are rapped from the pellet
on filter paper, which is entered il the & ray luorescence
spectrometer. In their caperiments, Moo and colleagiees
showed an eéxcellent correlation between regional  Tows
determined by radicactive microspheres and their heave
metal microspheres, The slopes of the comparisons were,
howweyver, systematically different from unity, The advamages
ol this method are the low costs of the microspheres, the

possihility of performing measurements without having
digest the tissue, *and the potential o use Targe numbers ol
different fabels, which can be separated withoo correcting
lor overlupping spectr.

There are, however, severa] disadvantazes 1o this ot
at present, Fivst ol ally the measuring system Os guite
eapenaive  lapproximalely S0 0000 Furthermore,  the
mierospheres used by Mo have a relatively wide diameter
distrthution ¢ & L3240 pand, In addition, approximately (1
times more o ray luorescent microspheres than radivactyve
microspheres were regquired inthe validation studies. ™

[herefore, ot the cwrrent tme, the o ray Duorescent
micrasphere technique i nol veadily accessible o maosl
investigioes. However, 110 the measuring system hecomes
moe sensitive und cheaper, this lechmigue may effer anothe
switable  alternative 1o radicactive  microspheres. Micro-
spheres  labelled  with heavy  metals are commercialby
available from Sekisol Plasties, Tokyo, Japan.

Sources of error in the microsphere technigue

Although  constdercd  as o standaed for blood  How
measurement, it is well koown thal the muoresphese method
b its cewn pithadls and isaccoracios, Some ol these errors
cannot b avoided, because they are inherent properties of
particles. Mest of the ercovs. established Tor the radioactive
microsphere method also apply o non-radicactive micro-
sphere methods. Several reviews al the sources of error of
the microsphere method  have been poblished. ™2 An
rverview of polential errors o the microsphere technguee s
sinmarised in table |

T explore the variation in blood flow values ohiained with
microspheres, two different radicisotopes of 15 pm micr-
sphoeres were ijected simulianeously oo the el arrium of
o anaesthetised open chest dogs with coronary arfery
stenosis” An aderial relerence withdrawal speed of 20
ralamin ' was wsed too minimise vacations oo the measuned
flowws," Similar measurements were performed in various
argans al four anacsthetised open chest rabbils, Measurements
i bosth animal medels indicate that, af the number of micra-
spheres per sample was above 400, the coetficient of variation
was 3% or fess (fig 1) With the number o macrospheres
Between  1O00 gl <MK the coefficient of  warialion  was
between 0% amd 9%, whereas  the  wvarialion  increased
considerably i the number of microspheres per sample 1=
below OO ifig 13 These data show thal the number af
microspheres inow sample s an unportant determinant of the
ariability in the microsphere method, as bas been pointed out
by several studies."™ ™ = This is expluined by the fact that
picrospheres ane diserete particles. Conseguently, variationos
i the concentration of sphees oceur as o resull af statistical
varialion even wilh hemogeneous blood  distribution, This
variahilily approsimates the Poisson distdbution,™ ™ Becanse
the variation is due primarily w the andom distribution of
discrere particles. a similar variation is the maoimom e be
expected  when  osing  nop-radicactive  microspheres. As
demonsirated by the date presented in fig | the variation in
blood Mow measorecments increases cansiderably in samples
containing less than 200-400 microspheres. Consequently i is
it oosail the number of microspheres w the (expected)
level of blood flow and sample siee Too this porpose the
lollowing equation can he nsed ™

T =0 x40 = M)

where T s the total number of microspheres (o be mnjected,
O is cardine output (mlmin '), G s the approximate Now
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FeA = mdinacive microspheres, Cho= counting of iniciospheres, CH=dve exiaction ol colueesd microsphene: Bl =dve eximacion of Toorscenn micos pheres,

NEF = oy Moowescent sierasplcoes, Cvladified after welevence 214

Clmin g T i the organ, and M s the sample weight G20
I1, alter the cxpermment, the nomber of micrespheres inosmall
sarmples s o o, duti can be pooled among small samples.
When hlood Fow values at different lime intervals are o
b compared, it is bmporant o know the physiological
variation in blood Dow. This was investigated by injecting
e different labels separated by 3 min during a stable
preparaton,. Compared o samuolianeous mpections, separale
injections increwsed the diflercoce between the blood o
values obtained with both Tubels by approsimately 7% b any
number of micrespheres per sample (N |, emply symbols )
These aata are consistent with those from similar studies
connparing  the variahility o blocd  Qowe wvalones  after
simultaneous and separated injections of microspheres, =
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Mumber of microsphares

Fromre 0 Vociaton beiween Slaod fove vefues aolieinedd wiih
different redlodtiofopes. Do presenied are S eaerinenits
coigreaifretised dops Wil coranary aitery stenosis and simidionengs
fitgecteant of four different labely (0 =2, filled clvedes) ond sepsrare
fepgectienn of b ferberly foe= 20wty ofeefex ) i e defe qeetn and
Sramn simudianemes left aieiad fefection of theee lefels e e
angiostlietived  rebbiie Blood  flew wes delermined dn the
Svcateliann el oer Kidiess aed Duies Ceadlite oy,

Use of particles 1o measure blood ffow s valid coly 1f the
label docs not leak Tvom the particles and the particles
behave Tike hlood (eells). Checks Tor these problems have
been described for both radioactive™ and non-radicactive
microspheres,”

Agaregation of the paracles s prevented by the vse ol
small wmounts ol detergent o the mjectate (L05% Tween
A or examplel, or by suspending them ooa solution
comtiining  macromolecules. Dextrans or albumin can be
used o cout the microspheres, decreasing the electrostlic
attraction bevween them. All three 1vpes of non-radicactive
microspheras have less of a tendency o agaregate than the
raclioactivie spheres and they remain more evenly disiriboied
i suspension, due o their relatively low density (10221035
gaul ' Nevertheless, microsphere suspensions should be
well vortexed and sonicated beloe injection.

Because different diameters of  microspheres  behave
differently in the Blood stream, o aniform diameter distri-
bution  of the microspheres is likely 1o increase  the
reproductbilite ol the blood ow messurcments. This has
hecn recoenised by the companies delivering the rdioactive
rcrospheres, and has resolled ina reduction of the standard
deviation of the diameter from 3 e in the P9k 10 <1{1.5
pomy in dhe 19805 The latter valoes also apply 1o most non-
adicactive microspheres availoble, Currently there 15 no
indication that the difference in densily between radioactive
nucrosphieres (density 1.3 gaml ') and noneradioactive micro.
spheres (density 1022105 sml ') results in differences in
enclocardinl 1o epieardial blood How ragios,” ™' which
implies that rhealogical properties of the microspheres are
wminimally alfected by differences in thetr density, ol least
within the range uscel,

While problems with radioactive decay™ and geometry of
the sample™ are wpical for the radicactive microsphere
technigque, non-radicactive microsphere techniques share a
fewe possible errors which do oot apply o the radicactive
technigque. Loss of microspheres may  occur during the
processing of the smmples becanse of the larger nwnber of
sariple moamipulatons required. This can be minimised by
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prerforming  fissie homogenisation, microsphere isolation,
ancl, i applicable: dye extraction, i the sune lobe (see
heloa ), The dves in coloured ar Nuorescent microsplicres are
stable over o lemperature tange of =20°C w 60°C in saline,
blood, and extraction media” " New  procedures will,
however, require the stablity of the dyes 1o be tested, This
s especially true lor the application of non-rdionctive
micrespheres in chronie experiments, Not only shoold o he
knorwn whether the stability of the dye is the same i the
micrespheres in the hody and in the stored relerence blood
samples, but i1 15 also important o knew o whal exeent the
Bocly destroys o removes these microspheres,

Tissoe and Blood homogenates, as well as chemicals, may
condain substances interfering with the specira ol dyes,
Absorbance of white miceospheres Trom Triton inerleres
with absorbance cavsed by tzasue and blood samples: Tween-
A0 emis Muorescence in the arca o the blue Quorescen
spheres Fram Muolecular Probes. These kinds ol problems ¢an
B wislved b increasing the oumber ol microspheres injected,
welding o “interfering substance reference™ oy wirtual
aclditional label in the matrix inversion, ar just avoiding the
use ol these labels, Use of chemicals with high purity is also
helptul, although it was noted that there were differences
absorbance and  fluoresence o chemieals Trom difleren
supplicrs,

Aoane ol these items will be discussed inomore detail
beelow " Future divections of research ™),

Radioactive or non-radioactive microspheres?

Fadiogctivity s laweardous, Although the Tevel of mdiacion o
users o radicuctive microspheres s osoally beloa tha
considersd danzerons, salety for workers will increase when
such work @5 avoided, More importantly, adioactivity s
harmful 1o the environment, This is probably the strongest
arewment i favour of decreasing botl producton wnd waste

ol radioactive microsphercs, s, hisseyver, imporiant o note
Uil vses of noa-radioactive microspheres requires chemicals,
While mast of them (Hke potassiom hydroxide) can he
nentralised relatively casily, others (like the extraction media
dimethylformanide and ethoxy-ethylacetate) are potentially
harmiul. Caretul handling of the waste Tram non-radicactive
micrasphers determinations s theralbre alimost as oportant
as that Prom radioactive microsphere determinations. Morg
pver, e poerson processing the samples has v ohey the
saliety reles Tor the chemieals used,

Belwe comparing the two microsphere echnigues, it is
vportant T note thar non-radioactive and radioactive
spheres can be wsed waether i the sione experiment. In this
ity the number ol mdcrosphers injections per experiment
cun be inereased.

The chote of non-radioactive microspheres s mandatory
i e lcense can e obained to work with radicactive
raterials and s most attractive when g laboratory has 1o be
adapted o sansly o lepislalive code for radisisetope work.
Another compelling reason 10 switch o the use of non-
radivactive microspheres may be thut some facilities for
disposal of radioactive waste may even close. On the other
b, 06 rdicoctive microspheres are rootinely being used,
the decision 1o use non-radinactive microspheres depends an
different Factors,

In arder o factlitate comparison belween varimes [aclors,
the cosls ol eaperiments are estimited when nsing radicactive
andd o rcdiosetive (that is, Doorescent) microspheres. The
nmbers on personnel costs are meant oo guantify e
personnel effort required Toe either methed, Estimations anse
miaace Foo varying numbers ol sinples per experiment and Tor
experiments in small and large animals Qg 23,

Although the measuring instrument requires o considerahle
investment, the cost per experiment 1s relatvely low 35 the
nstrumends are in regulo use For approximately 10 years.
Cramimar counders arg the  most expensive  instnoments



approsimately R30I while loorimeters and spectro-
meters can be oblained  for ST0C00-525 (00, Counting
colewred or Muorescent microspheres manually circamyents
e peed for an expensive nstroment, bul will  inereise
perscianel costs due 1o the Hme consuming counting process,

Coats af radioactive waste vary from couniey 1o country
andd also within countries, Tor exumple the USAL In Weslern
coundries these cosls mnge lrom 55 10 525 per kg While
wsers ol hrse animwls oy have toopay more than 510 000
per vear, these costs are considerahly lower when small
aninnls e used. As an allermative 1o the expensive disposal
al radicactive corcasses and lissues, some institutes frecee
them ol radioactvity bas decayed (510 hall hves, which
fs ool least & months i the cuse of the shovler Bved isolopes),
aned then dispose ol them as non-radioactive waste, This
approach regquires s invesiment of at leass SO 000 0w a Laroe
[receer and space al the laboratory, bur s aractive Tor
regular users,

A drawback ol all non-rudioactve microsphere methoeds
curreitly  described iso thut dssue digestion, mijcrosphere
iselution (filteation ), and amalysis is tme consuming, These
disiclvimntiees are muoltiplied a5 the nomber of samples per

crperiment increases, This indicates thal automation af

sample processing and  microsphera quantificalion is an
important goal for the fuore (see below ), A factor not
directly expressed by cost s that the anabviical skills reguired
are greater for the non-rdioactive microsphers methaods.

Closts o microspheres vary depending on the rdioisotope
and are dependent oo the dismaerer and specific activity,
Melorcover, considerable discounts can be oblained when
ordering Jarge wmounts of radioactive and non-radioactive
rmicrespheres, Witheut such discounts the costs per 14
il spherds runges  between 51500 and 510000 For
riclicactive micrespheres, and s 52250 for B2 TRAC
sphercs (counting method ). $30 for DYE-TRAC spheres
felye extraction ), and S160 for hworescent microspheres from
Maolecular Probes, In their paper, Kowallik et of" give
indications abwoul the costs ol the materials necessary o
produce coloured microspheres, and these costs wre o lraction
ol the conmercial prices, However, continueus  qualily
control will be reguired when microspheres are produced in
the investizators” Taborators,

[0 should be noced that o e validaton studies poblished
thie number ol radioactive aond Noorescenl microsphencs was
approximately hall those of the other tvpes ol micro-
spheres ™" Furthermore, the actual costs of  radioactive
microspheres are higher than menooned here, becanse they
have o lmited Difetime due to dsotope decay. This meguires
accurate estimation of the number of microspheres needed
ever a0 certan perid ol tme, When this nomber s over-
estimted, the remaining microspheres cannet be used. This
s ol @ concern with non-radioactive microspheres,

Costs which are specilic for non-radioactive microspheres
are those ol chemcals and  fhers, The chemicals are
relatively inexpensive, except lor the reagents markeied by
L-A TRAC, The costs of the Hlers for iscedation ol the
ricrospheres Trinn the digested lissoe ds considerahble gl
S030-50.00 each,” * because the dinmeter of the pores must
be precise, allowing as muoch lissue debris as possible 0 pass
wliile retining all of the micraspheres. Moreover, the fillers
ezl o bee resistant Lo aggressive reagents like polassiom
Ivdroxide.

17 beeth Blood Do and the content of & chemical substance
1% to beodetermined  inothe same sample. non-ridioactive
microspheres offer the advantage that instruments wsed Tor
the chemical analyvsis are not contaminaled by radioactivily.

Aan-raelfecllve anicrosgphers echnigiies 1471

10 shounld e possibsle e lake advantage of the colour or
Muordscent guality of  the nonondicactive  microspheres.
There now exist new possibilities for blood Tow measure-
et such s determination of the disteibution of blood o
slructures ona microscopic scale. Using methods ol guan-
litative listology'' ™ it should be possible o quantitate
perlusion e whole organs s well as intraorgan stroclunes al
alevel not previously possible. An exomple is the measane-
ment of blocd Oow in the capsule, cortex, and medulla of the
advenals, Separation of these ssues by dissection is guite
difficult. Jasper er of ™ shoveed that it was possible 1o
measue blood How by counting the number ol Muorescent
microspheres under the microscope. Blood Howee at three time
mnteirvals could be guantificd by osing three colowrs and
appropriate Tuorescenes Olrers in the microscope. Other
studies used coloured or fluorescent microspheres (o study
interarterial microvascolar anastomoses i the myocacdivm
al dogs, ™ the diection ol How in the myocardial micre
circulation,” and the separation ol pulmoenary and hronehial
Rlosel Mo in the irsays, ™

Which type of non-radicactive microspheres?

Three dilferent non-radioactive microsphere leehnigues can
now be nsed with commercially available spheres and insteo-
ments: counting  micrespheres (CME absorption spectros
copy oF extracted dye from coloured microspheres (CR), and
Auerescent spectroscopy of extacted dye Fromm Auonescent
microspheres (B Each technigue has been validated agains
radivactive microspheres, bul are corrently wsed by a timited
nuiher of research groups, Moostody has yet been published
comparing the non-radicoctive microsphere technigques 19
cach ather in wvive. This may not be casy, because cach
method is so technigque  dependent that a0 head 1o Tead
comparison may bhe primarily a testoof analvtical skills,
Moreover, some “colovwred” spheres alse have Nuorescent
propertes and Muocescent dves have  absorbance i the
photlospectroneler. Therefore manking ol the quality ol the
three technigues should be done with care,

Specificaticns  in poblications  and Trom the different
companies, state that the commercially  available micro-
spheres [E-2 TRACE o Polyvaciences Tor the CM, DY L-
TRACE for the LC and FlueSpheres@ Tor Uwe P methaod)
are all spherical. The dimeter unilormity s better Tor the
DY E-TRACE and FluoSpherest® beads (500 less than & (.3
Pt} than for the BE-Z TRACE beats (= 2 am)" This larger
wartation in the B-2 TRACE spheres could, at least in pare,
expluin the systematic overestmation of How in high Row
regions i studics by Hale e awl®

Bocause there s oo indication that the various Gypes of
mivrispheres behave  differently o the circolation,  the
acenracy anid precision ol these technigques will depend on
the analysis of Blood and tssue ssmples, These ssmples mns
be digesied completely o eosure complete recovery of all
microspheres. I the CE and FLomethods these samples are
digested inoa KOH solution containing a detergent. B2
TRAC recommends their own ready 1o ose, ol guite
eapensive, reagenls For the CM omethod, but the vse of loss
expensive solutions is possthle ™

Ouantilication of microspheres in lssue samples 5 most
different between the M method and the dve exuoction (C1
anl FIy methods: Manual counting of the varioos mmicrosphers
colours 18 prohably accurate bol guite Hme consuming. One
prablem s thar omly pat of the microsphere content of
sample 15 counted, As mentioned above CSources of e,
the number ol miceospheres moa sample s the main deter-
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Tabde 1 Comygreiion ol cofiseed and Seceesoent aiceassdicre
fectitigines.

Pleaareseem

ratieed

Halvent valmme 1.1 inl -3 ml

Avcurmey in vl 150N : Mlosphares: = 2 sphones

Spectral oveilap {1=T00% 15 | H
cnuenhir ol Tl ls) [5) i

Mumber of Lbels sl eveelap < 5% 3 I

Murnber of sl injecid 7o o=

Mumber oF rudiooctive miciespheres injested 5 = 107 | 10t

minant of the varahility 1o the microsphere method, Hence
mesurement errors may inerease when only a portion of the
mierospheres is counted. Morcover, pipeting o small vilume
ol microsphers suspension is maccurnle, hecause micro
spheres eusily agpregate under these cirenmstances. Frrors ol
[0-20% are ot oncommaon. Alhough up o 10 differem
colours are availahle, sood diserimination of all colours seems
questionable, The wse of two or three colours per esperiment
has been validated * A more promising approsch s the use ol
3 FACS analyser o count the microspheres,'

Cuantilication ol spheres in the CE and FILomathod s
simnilar. Omce isalaled, the micrespheres are dissolved in o
Enown volume of solvent and the concentration of each dye
medsured by spectromelry. There are several differences
berween the CF and FLomethod, which are summarised in
tabibe 11 First of all, in order o produce an adequale signal.
the CE method reguires that the dye be dissolved inoa smal
vobume of solvent (of the arder of (b1 ml%) far spectrometry,
Muanipulation of such volumes reguires considerable ana-
Iytical skill and the small measoring volome may inlroduce
i significant amount of noise into the measurement,

bl bnportant is the quantity of dve per microsphere in
relation W the detection level of the spectrameter. Given an
absorption ol 0.6-1,15 AL per HHKE coloured microspheres
fexcept 4.5 Al per WO for vellow) and a noise level of
approximately G.02 AL 10 follows thal the accuracy of
determination of the number of microspheres o sample s
= 513 20 spheres, The detection of Auorescenl microsphenes
1omere sensitve: using o volume of 1oml ool solvent,
Nuorescence from two microspheres exceeds the noise of the
Muorimeter, o sensilivity rivalling the radioaclive micro-
sphere method. The difference in sensitivity in vitro indicates
that it will be easier to perform reproducible measarements
in samples from experiments, but it does not invalidate the
coloured microzphere method, The sensitivity of this method
i 2 microspheres) may very well be within the error of the
microscope fechmigue due W he sumber of microspheres per
sample (see above, fig | ).

Five different labels are availuble for the CE method, b
there is considerable spectral overlap when using more than
three colours (abde 10, The white and violet dves hove
broad spectra and sulTer Trom considerable overlap with
adjncent spectra {tble 1HTA) Morcover, the spectrum of the
white dye suffers from relatively hish buackeround absor-
bance 10 tssue and blood samples, Possibly because of these
problems, Kowallik e af injected o larger oumber ol
microspheres {2-3 times) lor the white, vieler, and blue
microspheres  than for the  other colours and  for the
radicactive microspheres, and Wielund ef of only used the
vellow, red, and blie dye," Separation of the contribution
froen the various dves may improve i absorbance valoes al
mulliple wavelengths are used for even the entire spectrum)
For averlap matrix caleulations ™ "

Uzing fluorimetry, the emission ol cach dye is determined
only when it s excited at its own characleristic excitation

fielle I Cverlop matrices,
(A1 Cherlap mviein of dyex fov coloared miferesplesss,

Wk Vet Rl Viealer Hine
While (1111} u.l {2 ARH L1
el 114 LLI] g {11 HEH
[l L0 (RES 160 LR HAR
Wil 1.0 fl) (a4 | (H} e
I loe (RRN] an 0.4 153 in

CR) Crveplop matrin o Tuorescent aocrospliers dveys af excilaiion
el gpidadons warelengtia ppsiaiised for masiinen sigod,

Bl e Cleeen Feflovs flrange Ned Orimson

Breen preci
Hlug RIL1] (14l L0 (L1t (14 AR {ERK
Blue: cien (1.2 1 145.1 ll (4l [0 1RH
ireen (141 AT 1] H.H (il 0,0 RN
Tellow-gresn (111 (11 a0 [ (141 (1.0 1L
Clrange 04l AT 0 {1 L1 0.3 11
sl (1.4 AR} 1.1 (1 0z 11y A
Cormson (K1} [AR1} LD AR 04l b n

optimum. As aresult overlap between neighbouring spectra
is minimal (table 11 and [HEL 10 the green lluorescent
microsphere s nol used, correction lor spectral oveclap s not
necessary, which is on advantnge ever the radioactive nocro-
sphere method. ™ The spectral overlap between red and
erimson dyes is the worst case (1l green i< excluded ), W the
amount of cne af these dyes 15 much greater than the ather,
carrection may be necessary. Alernatively, excitation and
emission wavelensths ditferent froom the optimal wave-
lengihs can be osed, While this will decrease the luoer
cacence signal, ican also decrease the spillover. Sinee the
microspheres provide plenty ol fluarescence signal, this is 2
lempting approach,

A property of Nuorimetry is that enited light from one
dye cun be absorbed by o dye witle an excitation wavelength
near the emission wavelength of the first dye. In this case,
the amount of fluorescense emission is underestimated by
this kind of gquenching, In g 3 spectra of 8 constant
cancentration of red with varving concentratinns of crimson
are depicted. With ncreasing crimscn concentration the

salr ' Ermission scan
[ Excitation = 530
asar T Ermission paak = 5855
aon | Paak valuas:
; arrs
5 250 i . A ggg;
- : 3604
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Figure 3 Spectva ol aeiciiees of ved and celtisen fuavescenn dve,
Pop ol e selvent theve were 2500 red pivrospheres together with
2N SO, o GO ertmion euerosphereys. Wilh faoeeseing
crimven concertiratian ne ceading o red decredses (e Iy Jes
Sheen 3500 e foaloetince af the emiited red fhoveseenve by the
creesend frer fead ] Neate e S emivsion a 630 rem dhe pead of
S e piieatan speetnem, ool reoed when e seafe i
excited af 350 wm.
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Figmre & Regional  wevecaediod Sl fowe determomed eith
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vellvees S the fwe Seiopes way avedd e the food flow o the
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readings Tor the emission of the red dye decrease, but by o
mare thin 3% Therefore, only with very Turge differences in
the intensitics between red and crimson docs cormection for
quenching seem o be reguired. This is supported by the
cood correlation in blead fow values obtained with oo
escent and radioactive microspheres (7 R 4y withou
correction for quenching.

Future directions for research

Because non-radioactive microspheres have only  recently
heen developed  Tor measoring regional argan perfusion,
current methodologics are reluively  primitive, However,
when first introduced by Rudelph and Heymann in [9G7.
cacholabelled  microsphen: methods were similarcly - rodi
mentary. Given the proper environment, non-radioactive
microsphiere  lechnigques  should  evolve in an analogous
fashion, Compared e radicactive metheds, the  preatest
problems with non-radicactive wierosphere methods are ol
present practical problems: (1) tissoe digestion, (23 micro-
spphere dsolation, amd (33 automation.

Sedicd Hiavee divesiion

Until now, digestion of tissue with KOH has been the most
common approach, Digestion of some tssues is more diflicul
than of others. So far, publications have focused on tissues
that can be digested relatively easily: himgs, myvocardiom, and
kidneys, Tissues witle o bhigh lal conent may couse problens
with filleation, since lal can occlude the Oller pores, This
problem can he solved when lssue is digested 0 2N
ethanolic-KOH rather than 4N agquecos KOH, because fad is
more completely digested with 2N ethanolic- KOH '™ Since the
latter soluton s more corrosive, the durahility of the Tilers
should be checked when i conact with ethanolc- KO8

Non-rdefocicnive micrdsgdhers fechnfogues 1473

Digestion of tssue can be facilitated by mincing the lissue
with a tissue homogeniser, such as the Janke & Kunkel
Ultraturray, fype 13- 1Y Floorescent as well as radicactive
microspheres remain intact during this procedure (Mullers-
Bouman M-L, and Pringen FW, unpublished observations),
Clearly, investigotors will need e Lailor the procedures lor
fissue digestion analysis 1o the specific orzuns with which
they are working,

Miceosphere ixplation

Standard  gsolation of  microspheres 05 performed by
microlliration” " using negative  pressure lilraton, The
adlvamtages of this method are the Tow costs and the Tt thal
i1 has been ricoronsly tested, The disadvantiages are thal i s
Labowr intensive ani that there may he loss of microspheres
as the tissue samples are tanalecred Trom one vessel 1o the
next, The latler can be circumyvented by adding the extraction
medinm directly on the filter, More thine can be saved when
wsing o device designed 1o perform digesion, filteation, and
extraction w the same device, "

Currently, technigques are being developed wsing sedi-
mentation of the micrespheses by centrifuzation of the homa-
enate. This cun be done when Gissue o blood samples are
dizested o 2N cthanelic-KOH Tor 43 hours ar o0°C, Wil
tigsue or blood volumes of less than hall he volume of
cthanolic-KOH, the density of the microspheres s sulli-
ciently greater than that of the homogenate o spin them o
the hattem of the tube (2R g For 13 ming. Afer one washing
alep with deterzent (3% Tween-Blh and ane or 1w washing
sleps with distilled waler, the dye solvent (o this case 3 ml
of Z-ethoxy ethoxyethylacetate) s added 0 the remaining
pellet Afrer mixiog the pellet with the dye solvent and
subsequent sedimentation of the debris by g third centri-
Fugalion step, the supernatant can be used o foorimetry,
The advantage of this method = that regular plass ubes can
be used. These are inexpensive and o large pumber can he
cemriluged simultaneously oo standard Labozatory centri-
fuge, Also, the entire procedure i performed i the sane
twhe, mininising loss of microspheres. An example ol the
results with ethanohie-KOH digestion in combination with
centrifugal sedimentation of the micraspheres is presented in
fig 4. This lgure presents values of myvocardial Blood fow,
as obhtained with teeo ditfferent lobels of flocrescent micri-
spheres, in samples from endocardial, mesocardial, ad
epicardial  samples Tom normoxic and  ischasmic canine
myocardivm as o function ol blood fow determined with
radicactive microspheres, In us partcalar expenment orange
and crimson spheres were injected simullaneously with peo
radliolabels, while at six other sample tmes three other
radiclabels and three other Muorescent labels were injected.
I other experiments, similarly good blood flow estimations
were found with the other dyes, even in more Faiy organs
like brain, liver, und skin," indicating thae this microsphere
extraction moethod is oseful Jor many organs,

Avitawicfion of wicraspliere quaniification
Although the micresphere iselation procedure 15 the mos|
time consuming part of the analysis, aotomated microsphere
gquantification is desirable. Counting o coloured  micro-
spheres can be automated by imoee analysis solbware in
combinaton with an automatically moving microscope slage.
Such a system is available through E-Z TRAC (approsi-
mately $35 0000, but o considerably cheaper version has heen
reported recentdy ™ Sample changing is, however, manual,
To antomale spectrometry, CGlenny ef af investigated the
use of aowell plate reader (approsimately 530007 connected
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tr u Perkin Elmer fluorimerer? The increased fluorescent
gquenching seen with this sorface reader resulled inoa more
curvilinear relationship between the number of microspheres
and the Auorescence.™ Therelore, software for correction of
curvilinearity and improsved optics are necessary before the
currently availahle well plate reader can replace cuvelle
rivc e s,

Spectrometry con alse be auteaoated by intecfacing o
ligguidd hancling svstem with o low ccll in the spectrometer,
A atosampling and diluting svsiem, like the Gilson 222
capprosimately STOAE, 15 able 1o handle volumes as small
a0l andd G alse retuen the sample 1o the original tube
cather than wasting the sample.” These kinds of instruments
iy therelore he good alternatives 1o g well plae reader in
the autamation of spectramelry.

More [uorescent colours will soon be available and
metheds o correct Tor spillover™ ™ will be needed, a5 s
alveady  the case Tor the eoloured  microsphere methiod.
Alternatively, other detection  methods. such os o FACS
analyser, may be uselul in this approach. FACS anulysis has
the advantage over manual counting of microspheres in thar
the entire sample e analyvsed and this could pelentially save
a considerable ameunt ol tme sinee solid tissoe samples do
net have e obe dillered. Beeanse only particles  with g
prechelined siee and coloor are counted by FACS analyvsis, this
method may be less sensilive o spectal merlerence from
tissue or blood than the dye extracton methods, A method
using an FACS analvser o gquantily Nuoorescent microspheres
has recently been published by Avstin and coworkers'" In
their method, an aliquot of each saomple was used 1o estimate
the total numbers of microspheres in the ssue samples. A
the  BExperimental  Bioloay "W gnecting o symposium
argunised by EA-TRAC preseoted new sodies using: an
FACS analyser 1o gquantily their fluorescent microspheres, [
Mager  (Torote)  presented  preliminary data indicating
excellent  quantitation ol coloured  microspheres  when
codnpared fe radioactive microspheres e solid tsaoe. In the
discussion Tollewing his presentation: De le (5an Dicsod
menbioned that he has wsed an aliernative approach in which
ditferent fluorescent microspheres are labelled with different
concentrations ol the sanwe dye, These tao concepts provide
the potential W separae microspheres labelled with com-
Binatiems ol various dves with varying concentrations, s
ellectively increasing the number of labels e beyond thal
availuble with ridinactive microspheres, This idea is exciting
enough o warcant focther ivestization. Until new, however,
vitlidation ol the FACS aoalysis approach is Timited and i s
certainly oo carly o compare the practical advantages of his
approach, i1 any. with the specteofTuoei imeteic approach.
Currently the cost of an FACS analvser s considerably higher
than that o o specetrophotometer o Tuorimeter,

Thus many procedures in non-radiooctive microsphers
methods are sl in the course of development, It s our
experienee that relatively small practical problems i these
pricedures couse considerable problems i ovalidation and
delay o the study For which blood ow measurements are
mesnt. Byosharing these problems and their salutions among
researchers, the development of non-radioactive microsphers
methods will be aceelernted, benehong all, The Floorescent
Microsphere Resource Center (FMRC) has grown oul the
peed Tor o central bub where nvestigators can share ideas,
The principle purpose of the FMEC i w loster the Tarther
development of Nuorescenl,  and  other  non-radicactive,
micrispheres through dissemination of information and by
facilitating comumunication between scientists, [nformation
can be ablaimed from o File Transfer Protocol (0T server

e pubmecowashingtonedo™. through the internet
plenny i pele pulme cowaslungton.cdo™ or from an elee-
tronie bulletm board w1 modem,

SHMNEry

Cronsiderable progress is being made in the development of
no-radioactive imicresphere methods, Validation studics of
te three commercially  available non-sdioactiive micro-
sphores are promising. Tnomost expermental cooditions (e
use ol oneradioactive microspheres saves money. Avoiding
the nse of radioaetivity facilitates the vse of microspheres in
chronic animal  expermments and when hlood Qowe and
chemical measurements are performed in the same sample
Moreover, using histological techniques, distributions ol
coloured or Muorescent microspherss o subunits ol ergany
could be quantified, apening nesw scienlilic possibilities,
Cuorrently, the Huorescent inicrosphere lechnigue seems 1o
b the most promizing non-radioxctive microsphere metheo,
Do v the high sensitivity and sood spectral separation, 1he
nunbrer ol microspheres injected can be as small as thal used
o raehioactive wicrospheras, at least six labels can be used.
anel the relatively large vodome nowhich Nuerescence is
micasured £ 1-3 ml) enables the use ol e saving micro-
sphere isolation lechniques, Development ol these methaods
and further autemation of the quanification process (using
either automised specirometry or FACS analvsisn will con-
siderably dncrease imerest 0 the non-radicactive micr
aphere lechnigues. To o oaccelerate  these  developments,
investigalors are encouraged woshare their experiences.

By termest Themescent microspheres; eoloured micospheres: radio-
actvve micrespheies: Elos] fow neeasurement,
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