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2597, 199X-Estimations of dog lung, pig heart, and pig kidney 
regional perfusion by use of fluorescent-labeled microspheres 
were compared with measurements obtained with standard ra- 
diolabeled microspheres. Pairs of radio- and fluorescent-la- 
beled microspheres (15 pm diam, 6 colors) were injected into a 
central vein of a supine anesthetized dog and the left ventricle 
of three supine anesthetized pigs while reference blood samples 
were simultaneously withdrawn from a femoral artery in the 
pigs. The lungs were cubed into -2 cm3 pieces (n = 1,510). 
Each pig heart and kidney was cubed into - l-g pieces (total 
n = 192 and 120, respectively). The radioactivity of each organ 
piece and reference blood sample was determined using a scin- 
tillation counter with count rates corrected for decay, back- 
ground, and spillover. Tissue samples and reference blood sam- 
ples were digested with KOH and filtered and the fluorescent 
dye was extracted with a solvent, or the dye was extracted from 
lung tissue without filtering. The fluorescence of each sample 
was determined for each color by use of an automated spectro- 
photometer. Perfusion was calculated for each organ piece 
from both the radioactivity and fluorescence. Correlation be- 
tween flow determined by radio- and fluorescent-labeled micro- 
spheres was as follows: r = 0.98 * 0.01 (SD) (lung, filtered, n = 
588), r = 0.99 k 0.00 (lung, nonfiltered, n = 710), r = 0.95 k 0.02 
(heart, filtered), and r = 0.96 t 0.02 (kidney, filtered). Com- 
pared with colored microspheres, methods for quantitating fluo- 
rescent-labeled microspheres are more sensitive, less labor in- 
tensive, and less expensive. Fluorescent-labeled microspheres 
provide a new nonradioactive method for single and repeated 
measurement of regional organ perfusion. 

blood flow; pulmonary; heart; kidney 

REGIONAL ORGAN PERFUSION can be estimatedwith he- 
matogenously delivered microspheres (10,15). When ap- 
propriately sized microspheres are used, regional blood 
flow is proportional to the number of microspheres 
trapped in the region of interest (3). Methods for quanti- 
tating the number of microspheres per region depend on 
the label attached to the microsphere, the most common 
being the measurement of radioactivity from radiola- 
beled microspheres. However, because of the radioactiv- 
ity, these microspheres pose health risks, require special 

precautions for use and disposal, have limited shelf lives, 
and consequently are relatively expensive. Recently, 
Hale et al. (8) and Kowallik et al. (13) reported the use of 
colored microspheres and, using heavy metal-labeled mi- 
crospheres for measuring regional myocardial perfusion, 
Mori et al. (14) developed an X-ray fluorescence tech- 
nique, obviating the need for radioactivity. Quantifica- 
tion of these microspheres requires tissue digestion and 
manual counting with a microscope (8), a computer-au- 
tomated optical system, a spectrophotometer (13), or an 
X-ray fluorescence system (14). Whereas these methods 
have proven to be quite accurate compared with radiola- 
beled microsphere methods, they are relatively labor in- 
tensive. 

The primary purpose of this study was to validate the 
use of fluorescent-labeled microspheres and automated 
fluorescent measurement for estimating regional organ 
perfusion. Although fluorescent-labeled microspheres 
have been used previously (6, 9, 11, lZ), these studies 
used light microscopy and manual counting techniques 
to identify regions of ischemia or to estimate regional 
perfusion. Two secondary purposes of this study were to 
determine optimal fluorescent dye extraction methods 
and to evaluate two different types of sample readers: a 
cuvette reader, which measures the fluorescence of a sin- 
gle sample at a time, and a 96-well microplate reader. 
The results of our experiments and evaluations allow us 
to present a new method to quantitate regional tissue 
deposition of different fluorescent-labeled microspheres 
by use of automated fluorescence spectrophotometry. 

METHODS 

Evaluation of Fluorescent Technology 

Fluorescent-labeled microspheres. Fluorescent-labeled 
polystyrene microspheres, nominally 15 pm diam, in 
seven colors (Table 1) were obtained from Molecular 
Probes (Eugene, OR). The fluorescent-labeled micro- 
spheres were shipped in 1 ml of distilled water and 0.01% 
Tween 80. These microspheres readily dissolved with xy- 
lenes or Cellosolve acetate (Z-ethoxyethyl acetate, Al- 
drich Chemical, Milwaukee, WI), releasing the fluores- 
cent dye into the solvent. 
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TABLE 1. Excitation and emission wavelengths 
of available fluorescent-labeled microspheres 
in Cellosolve acetate 

Color 
Excitation Emission 

Wavelength, nm Wavelength, nm 

Blue 360 420 
Blue-green 430 451 
Green 450 488 
Yellow-green 490 506 
Orange 530 552 
Red 565 598 
Crimson 600 635 

We evaluated the feasibility of fluorescence spectro- 
photometry for measuring regional organ perfusion on 
the basis of the following criteria: I) the fluorescent sig- 
nal had to be linearly proportional to the dye concentra- 
tion, 2) signals from multiple fluorescent colors had to be 
easily distinguished, 3) the fluorescent dye from tissue 
samples had to be easily recovered, and 4) enough fluores- 
cent dye had to be delivered to the tissue sample to pro- 
duce an adequate signal. We used a Perkin-Elmer LS-50 
luminescence spectrophotometer (Beaconsfield, Bu- 
chinghamshire, UK) with excitation wavelength range 
200-800 nm and emission wavelength range 200-900 nm. 
The machine was equipped with a pulsed xenon light 
source, variable excitation and emission monochrome- 
ters with variable slit widths, a red-sensitive photomulti- 
plier tube (wavelength range 200-900 nm), a cuvette 
reader, and a 96-well microplate reader. All fluorescent 
measurements were made with excitation and emission 
slit widths of 4 nm and an emission filter blocking all 
light below 350 nm. A schematic representation of a fluo- 
rescent spectrophotometer is shown in Fig. 1. 

Fluorescence occurs when a molecule absorbs energy 

at a specific excitation wavelength and immediately re- 
leases the energy in the form of light at a specific emis- 
sion wavelength (7). The difference between the optimal 
excitation and emission wavelengths is constant and 
termed the Stokes shift. We confirmed the optimal exci- 
tation and emission wavelengths for each fluorescent dye 
by dissolving fluorescent-labeled microspheres in Cello- 
solve acetate and then determining the fluorescent signal 
for various excitation and emission wavelengths until a 
maximal signal was obtained (Table 1, Fig. 2). It is im- 
portant to note that the optimum excitation and emis- 
sion wavelengths are affected by the choice of solvent 
and impurities in solution (7). The intensity of the fluo- 
rescent signal is also dependent on the excitation and 
emission slit widths. 

The intensity of the emitted light, F, is described by the 
relationship 

F = $I,(1 - eefbc) (1) 

where 4 is the quantum efficiency, I,, is the incident radi- 
ant power, E is the molar absorptivity, b is the path length 
of the cell, and c is the molar concentration of the flores- 
cent dye (7). For a constant 4, I,, E, and b, the relationship 
between the fluorescent signal and dye concentration 
should be linear for dilute dye concentrations (7). At high 
dye concentrations or short path lengths, the fluores- 
cence intensity reaches a plateau as a result of “quench- 
ing.” Quenching occurs because the exciting light is ab- 
sorbed and cannot excite the entire sample (7). 

Fluorescent colors are easily separable, because each 
color has a unique and narrow excitation spectrum. 
When excited at a specific wavelength, little “spillover” 
occurs from the emission from one color into the emis- 
sion spectrum of an adjacent color. This selectivity can 
be further enhanced by narrowing the slit width of the 
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FIG. 1. A: schematic representation 
of a fluorescent spectrophotometer. Ex- 
citation and emission monochrometers 
are variable band-pass filters. B: 2 meth- 
ods of measuring fluorescence. Cuvette 
reader excites sample over entire path 
length and reads emitted light at right 
angles. Surface reader excites sample 
from the top and reads emitted light re- 
turning along the same path direction. 

Cuvette Surface Reader 
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emission monochrometer so that only emitted light 
within a narrow spectral range is measured. Measure- 
ment of multiple fluorescent colors within a sample can 
be accomplished by reading the sample multiple times 
with specific matched excitation and emission wave- 
length filters for each color (Fig. 2). We evaluated the 
spillover of the fluorescent signal into the emission spec- 
tra of adjacent colors by measuring the fluorescent in- 
tensities of pure “standards” at each excitation/emission 
pair. A spillover matrix, representing the quantity of the 
signal from a specific fluorescent color in each color 
band, was constructed. 

The optimal excitation and emission slit widths were 
evaluated by measuring the fluorescence intensities of 
pure samples at different slit width pairs and construct- 
ing spillover matrices. The excitation/emission slit 
widths used were 2.512.5, 2.514, 2.516, 2.5/8, 412.5, 414, 
4/6,4/8,6/2.5,6/4,6/6,6/8,8/2.5,8/4,8/6, and 8/8 nm. 

We evaluated the linearity and precision of the fluores- 
cent signal with respect to the dye concentration and 
determined the fluorescence intensity as a function of 
the number of microspheres in the following manner. 
The number of fluorescent-labeled microspheres per vol- 
ume of stock solution was determined by making a dilute 
solution of microspheres and manually counting them 
with a hemocytometer counting chamber. A known num- 
ber of microspheres of each color was dissolved in Cello- 
solve acetate. Nine serial dilutions of each solution were 
made, and the intensity of the fluorescent signal was 
measured at each dilution with use of both the cuvette 
reader and the 96-well microplate reader. The precision 
of the fluorescent signal was evaluated by reading each 
sample from the serial dilutions 10 times. 

The stability of the dyes in solvent was evaluated by 
dissolving fluorescent-labeled microspheres in Cello- 
solve acetate and reading the fluorescent intensities of 
each color on 7 consecutive days. 

The fluorescence of the solvents, blood, and organ tis- 
sue without fluorescent-labeled microspheres was mea- 
sured for intrinsic fluorescence. 

Two types of sample readers were evaluated. Glass cu- 
vettes with a path length of 10 mm and a volume of 0.7 ml 
were used to read sample fluorescence one sample at a 
time. The fluorescent signal in a cuvette reader was gen- 
erated by exciting the sample along its entire path length 

FIG. 2. Fluorescent emission spectra. 
A: composite graph of individual emis- 
sion spectra of 6 colors excited at their 
optimal wavelength (Table 2). Fluores- 
cence intensity increases through color 
spectrum from blue to crimson because 
of our red-sensitive photomultiplier 
tube, which was most efficient near red 
wavelengths. B: composite graph of 6 
emission spectra from a sample contain- 
ing all 6 colors. Because each emission 
spectrum is obtained by excitation at op- 
timal wavelength, only 1 curve is gener- 
ated each time sample is excited. If only 
peak intensity of emission spectrum is 
measured, relative fluorescence intensi- 
ties of each color are similar whether 
read in pure samples or in samples with 
mixtures of colors. 

with the emitted light read at a right angle to the exciting 
light (Fig. 1). Samples were also read by a 96-well micro- 
plate reader. This attachment mechanically positioned 
an optical head above each well, exciting the sample 
within the well and reading the emitted light from the 
surface of the well (Fig. 1). The excited and emitted light 
was carried to and from the attachment by fiber-optic 
bundles attached to the spectrophotometer. Opaque poly- 
propylene 96-microwell plates were obtained from Wilks 
Precision Instrument (Rockville, MD). 

Comparison of Fluorescent-Labeled With 
Radiolabeled Microspheres 

Physical properties of fluorescent-labeled microspheres. 
The diameters of the fluorescent-labeled microspheres 
were measured using scanning electron microscopy. The 
diameter variability of the fluorescent-labeled micro- 
spheres was determined with a Becton-Dickinson fluores- 
cent-activated cell sorter (FACS analyzer). The densities 
of the fluorescent-labeled microspheres were estimated 
using microspheres of known densities (Pharmacia, 
Uppsala, Sweden) and gradient centrifugation in Percoll 
solution (Aldrich Chemical). The uniformity of fluores- 
cence intensity was examined with the FACS analyzer. 

Radiolabeled microspheres. Radioactive 15.5 t O.l-pm- 
diam styrene-divinyl benzene microspheres with five ra- 
diolabels ( 141Ce, l13Sn, lo3Ru, g5Nb, and 46Sc) were ob- 
tained from DuPont (NEN Research Products, Boston, 
MA) and suspended in 10% dextran with 0.02% Tween. 
The reported density of these microspheres was 1.4 g/ml. 

Regional pulmonary perfusion study. A 27-kg male dog 
was initially anesthetized with thiamyal sodium (15 mg/ 
kg iv) and maintained with a combination of intravenous 
ketamine hydrochloride (3.3 mg/kg), Valium (0.1 mg/kg), 
and pentobarbital sodium (3.0 mg/kg) given every 15-20 
min. The animal was supine and mechanically ventilated 
at a rate and tidal volume to maintain a PCO, of ~35 
Torr. Femoral venous, pulmonary arterial, and femoral 
arterial catheters were placed. Hemodynamics and arte- 
rial blood gases were monitored throughout. Before in- 
jection, the radio- and fluorescent-labeled microspheres 
were sonicated, vortexed, and combined in a single sy- 
ringe. Five different pairs of radio- and fluorescent-la- 
beled microspheres were injected via a femoral catheter 
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every 20 min. The last injection had two fluorescent col- 
ors with a single radiolabeled microsphere. At least 4 X 
lo6 radiolabeled microspheres were used for each injec- 
tion to ensure that adequate numbers of microspheres 
were present in each lung piece (5). The number of fluo- 
rescent microspheres needed in each tissue sample to 
produce an adequate fluorescent signal was determined 
from preliminary experiments, as described above. Ap- 
proximately 4 X lo6 blue, 3 X lo6 yellow-green, 4 X lo6 
green, 4 X lo6 orange, 5 X lo6 red, and 4 X lo6 crimson 
microspheres were injected. Each injection (-30 ml vol) 
was performed over four to five respiratory cycles and 
was followed by a saline flush. 

The animal was then deeply anesthetized, heparinized, 
exsanguinated, and killed by injection of intravenous 
pentobarbital sodium (150 mg/kg). A sternotomy was 
performed, large-bore catheters were placed into the pul- 
monary artery and left atrium, and the aorta was tied off. 
The lungs were perfused with normal saline until clear of 
blood, removed from the chest, and allowed to dry on 
continuous positive airway pressure of 25 cmH,O. 

When dry, the lungs were suspended vertically in a 
plastic-lined square box and embedded in rapidly setting 
urethan foam (2 lb Polyol and Isocyanate, International 
Sales, Seattle, WA). The foam block was cut into uni- 
formly sized cubes, -1.9 cm3 in volume, resulting in 
1,510 pieces. Any foam adherent to lung pieces was re- 
moved. Regional perfusion to each lung piece was deter- 
mined by radioactivity and fluorescence, as described 
below. 

Regional myocardial, renal, and relative blood flow 
study. Three pigs (16.5 t 2.6 kg) were chemically re- 
strained with ketamine (20 mg/kg) and xylazine (2 mg/ 
kg). Two of the animals were anesthetized with a combi- 
nation of intravenous ketamine hydrochloride (3.3 mg/ 
kg), Valium (0.1 mg/kg), and pentobarbital sodium (3.0 
mg/kg) every 15-20 min. Anesthesia was induced in the 
third animal with pentobarbital sodium (22 mg/kg), and 
a single dose of Pavulon (0.2 mg/kg) was given to produce 
paralysis. Anesthesia was maintained with pentobarbital 
sodium (5.5 mg/kg) every 20-30 min. The animals were 
supine and mechanically ventilated at a rate and tidal 
volume to maintain a PCO, of -35-45 Torr. Femoral 
venous, pulmonary arterial, and two femoral arterial 
catheters were placed in each animal. Before injection, 
the radio- and fluorescent-labeled microspheres were 
sonicated, vortexed, and combined in a single syringe 
(-15-20 ml vol). Simultaneous injections of three iso- 
topes of radiolabeled microspheres (141Ce, 3.5 X 106; 
‘13Sn, 4.4 x 106; and lo3Ru, 3.3 X 106) and two colors of 
fluorescent-labeled microspheres (yellow-green, 4.0 X 

106; crimson, 4.0 X 106) were injected via left ventricular 
catheters that had been placed in a retrograde manner 
across the aortic valve. The injections were performed 
over 45 s and were followed by saline flushes. During the 
microsphere injection, blood was sampled from each fem- 
oral arterial catheter by use of heparinized glass syringes 
and a dual-piston Harvard withdrawal pump at a rate of 
10 ml/min. Blood was withdrawn from the animals until 
their cardiac outputs were -50% of their baseline out- 
puts. A second set of simultaneous left ventricular injec- 
tions of two isotopes of radiolabeled microspheres (g5Nb, 

4.7 x 106; 46 SC, 3.9 X 106) and a single color of fluores- 
cent-labeled microspheres (orange, 4.0 X 10") was per- 
formed. Reference femoral artery blood samples were 
obtained during this injection as well. 

After completion of the study, the animals were killed 
by injection of intravenous pentobarbital sodium (150 
mg/kg), and the heart and kidneys were removed. Each 
heart was cut into - l-g pieces (0.80 t 0.37 g, total n = 
192), and the kidneys were cut into -1-g pieces (1.07 t 
0.44 g, total n = 120). The radioactivity and fluorescence 
of each tissue piece and the reference blood samples were 
determined by methods described below. 

Radiolabel-determined perfusion. The radioactivity in 
each organ piece and reference blood sample was deter- 
mined using a 3 X 3.25-in. sodium well crystal gamma 
counter (Minaxi gamma counting system, model 5550, 
Packard, Downers Grove, IL). Each sample was 
corrected for decay time, background counts, and spil- 
lover by use of the matrix inversion method (16). Pure 
isotope samples were used to select one energy window 
per isotope, such that 290% of the principal peak was 
included and none of the energy windows overlapped. 
The spillover matrix was calculated from these samples 
by use of the previously defined energy windows. Each 
tissue piece was counted long enough to ensure a count- 
ing error of -cl%. 

Relative microsphere-determined blood flow for each 
lung region, isotope, and color was calculated by dividing 
the measured radioactivity or fluorescence in each piece 
by the mean radioactivity or fluorescence for all pieces. 
The microsphere-determined regional myocardial and 
renal perfusion was calculated by the standard reference 
flow technique (15) 

regional perfusion, = 
(sample, measurement) 

x (reference blood withdrawal rate) (2) 
reference blood measurement 

where the measurement is either radioactivity or fluores- 
cence intensity and i denotes the ith sample. 

Fluorescence method 1: tissue digestion and microsphere 
recovery by filtration. The heart and kidney pieces from 
the three pigs and one-half of the lung pieces were indi- 
vidually digested in 7 ml of 4 M KOH and 2% Tween 80. 
The tissue pieces were completely digested within 24 h 
and did not require agitation, because warm KOH was 
used. The digested tissue pieces were then individually 
filtered through lo-pm-pore polycarbonate filters (Pore- 
tics, Livermore, CA) by use of negative pressure. The 
vials and filtering burette were washed twice with 2.0% 
Tween, and the wash was filtered to recover residual mi- 
crospheres. The filter and filtered material from each 
organ piece were placed in individual polypropylene test 
tubes, and 1.25 ml of Cellosolve acetate were added to 
each tube by use of a calibrated pipette (Eppendorf Re- 
peater Pipet, Brinkmann, precision <0.05-0.1%) to ex- 
tract the fluorescent dye. Identical volumes of solvent 
were necessary so that the relationship between ex- 
tracted dye concentration and the number of micro- 
spheres in each tissue piece would be linear. After 24 and 
up to 24 h, a sample of dye/solvent from each organ piece 
was pipetted into a glass cuvette (0.7 ml vol, 10 mm path 
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length) and the fluorescence of each color was deter- 
mined. The excitation and emission wavelengths were 
set manually at the beginning of each study with all sam- 
ples measured at the specified wavelengths. Because of 
bookkeeping errors unrelated to the fluorescence meth- 
ods, 212 lung pieces could not be processed. These sam- 
ples were not read in the spectrophotometer, resulting in 
only 588 lung pieces being used in the analysis. Because 
these pieces were selected without bias, their exclusion 
should not have influenced the statistical results. Each 
heart and kidney sample of dye/solvent was also pipetted 
into individual wells of 96-well microplates. 

The reference blood samples were processed in a simi- 
lar fashion. Each sample was rinsed with 20 ml of 2% 
Tween, and then -2 ml of 16 M KOH were added. After 
24 h, the reference blood samples were filtered, and the 
retained microspheres were dissolved in Cellosolve ace- 
tate, as described previously for the individual tissue 
pieces. 

The fluorescence of each dye/solvent sample was mea- 
sured at the excitation/emission wavelength pairs in Ta- 
ble 2, with slit widths of 4 nm. The fluorescence of each 
sample was read individually in a glass cuvette as well as 
in batches by means of a 96-well microplate reader. 

Fluorescence method 2: dye extraction without filtration. 
The remaining lung pieces (n = 710) were placed in indi- 
vidual polypropylene test tubes, and 1.25 ml of Cellosolve 
acetate were added to each tube by use of a calibrated 
pipette. After it was soaked in the solvent for 224 h, a 
sample of dye/solvent was pipetted into a glass cuvette 
and into individual wells of 96-well microplates. The fluo- 
rescence of each dye/solvent sample was measured at the 
excitation/emission wavelength pairs in Table 2. Slit 
widths of 4 nm were used for all measurements. The fluo- 
rescence of each sample was read individually in glass 
cuvettes as well as in batches by means of a 96-well mi- 
croplate reader (only 462 lung pieces were read in the 
microplate reader). 

Statistics 

Flows determined by radio- and fluorescent-labeled mi- 
crosphere techniques were compared using least-squares 
linear regression. The linear relationship between each 
pair of radio- and fluorescent-labeled microspheres was 
determined separately for each color and injection. The 
slopes and intercepts were compared with unity and the 

TABLE 2. Spillover matrix of fh0reSW-d colors 

Color Bands 

Color 
Rlue- Yellow- 

Blue green Green green Orange Red Crimson 

Blue 100.0 0.0 0.0 0.0 0.0 0.0 0.0 
Blue-green 0.2 100.0 18.1 0.0 0.0 0.0 0.0 
Green 0.0 8.0 100.0 8.8 0.0 0.0 0.0 
Yellow-green 0.0 0.0 1.5 100.0 0.0 0.0 0.0 

Orange 0.0 0.0 0.0 0.1 100.0 0.3 0.0 
Red 0.0 0.0 0.0 0.0 0.2 100.0 3.3 
Crimson 0.0 0.0 0.0 0.0 0.0 2.6 100.0 

Values represent amount of a given color’s signal in each color band 
and are relative to an arbitrary value of 100 for the color signal within 
its own color band. 

origin, respectively. The linear correlation coefficient ex- 
pressed the strength of the linear relationship between 
the radio- and fluorescent-labeled microsphere estimates 
of regional perfusion. The standard error of the estimate 
(SEE) was determined for each linear and quadratic re- 
gression to provide a measure of random error (17). Fluo- 
rescent- and radiolabeled flow measurements were com- 
pared by the method of Bland and Altman (4) using the 
percent difference between measurements. All values are 
expressed as means t SD. The variability in microsphere 
diameters, microsphere fluorescence, and repeated mea- 
surement of fluorescent signals was quantified by the 
coefficient of variation (CV = 100 l SD/mean). 

RESULTS 

Evaluation of Fluorescent Technology 

The “spillover matrix” from pure samples of each fluo- 
rescent color is presented in Table 2. The only colors 
with a significant amount of spillover into adjacent color 
bands were blue-green (18.1% into green) and green (8% 
into blue-green and 8.8% into yellow-green). None of the 
colors spilled over into bands beyond immediately adja- 
cent colors. The spillover matrix was similar for the 96- 
well microplate reader, except for the green, which had a 
relative signal in the blue-green band of 22.9%, and the 
yellow-green, which had a relative signal in the green 
band of 20.9%. 

The fluorescence signals obtained from the pure sam- 
ples changed greatly, with small changes in the emission 
slit width but was unaffected by changes in the excitation 
slit width. The fluorescence intensity of a given color 
increased by 20-22 times as the emission slit width in- 
creased from 2.5 to 8 nm, while the fluorescence intensity 
increased by only 10% as the excitation slit width in- 
creased over the same range. The spillover matrices were 
similar for all excitation/emission slit width pairs. The 
signal-to-noise ratio, as defined by the fluorescence in- 
tensity of a color at its optimal excitation/emission wave- 
length pair divided by background fluorescence, was con- 
stant for all excitation/emission slit width pairs. 

The fluorescence intensity as a function of micro- 
sphere number for each color is shown in Fig. 3. When 
read in cuvettes, the fluorescent signal was nearly linear 
with respect to the number of microspheres over the 
range of 25-16,000 microspheres/sample. Although each 
color had a slight curvature, as expected from Eq. 1, the 
linear correlation coefficients (r) were >0.99 for all col- 
ors, with the SEE ranging from 5.6 to 47.89 for orange 
and crimson, respectively. Hence, despite the slight non- 
linearity, 98% of the variability in the fluorescence inten- 
sity was explained by a linear relationship to the number 
of microspheres in the sample. The fluorescence inten- 
sity per microsphere (slope of the linear relationship) 
increased through the color spectrum from blue to crim- 
son, because our red-sensitive photomultiplier tube was 
most efficient near red wavelengths. 

The curvilinear relationship between fluorescent in- 
tensity and microsphere number was dependent on the 
range of microsphere numbers. Over the maximum range 
of microsphere numbers (50-16,000 microspheres/sam- 
ple), the relationship between fluorescent intensity and 
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microsphere number was more accurately characterized 
by a quadratic function. When a quadratic function was 
used, the SEE of the serial dilutions as a function of 
microsphere number improved significantly, ranging 
from 1.50 to 3.52. When the range of microsphere num- 
bers was restricted to those usually used for regional per- 
fusion studies (50-2,000 microspheres/sample), the rela- 
tionship between fluorescent intensity and microsphere 
number was more linear (Fig. 3A), with r > 0.999 for all 
colors and SEE = 0.51-4.46. When a quadratic function 
was fit to the fluorescent intensity as a function of micro- 
sphere number for this narrow range of microspheres, 
the SEE was again slightly smaller (0.19-1.56). 

As with radiolabeled microspheres, the accuracy of the 
fluorescent-labeled microsphere method at low flow 
states will be primarily dependent on Poisson statistics 
rather than the signal from the microspheres. The accu- 
racy of the signal from relatively few microspheres 
(50/sample) is quite good (Fig. 3B). 

The precision of the fluorescent signal, as quantified 
by the CV for repeated measurements of the same sam- 
ple, had a Gaussian distribution and ranged from 0.2 to 
1.7% for each color and dilution (both cuvette and 96- 
well microplate reader). The slope of a line characteriz- 
ing the intensity of each color as a function of days was 
not significantly different from zero, indicating that each 
color remained stable in Cellosolve acetate for r7 days. 
The CV of the fluorescent signal for each color ranged 
from 1.7 to 4.3% when read in cuvettes each day over 7 
days. 

Cellosolve acetate and xylenes had no intrinsic fluores- 
cence. Lung tissue (without fluorescent microspheres) 
soaked in Cellosolve acetate did not produce any measur- 
able fluorescence. Heart and kidney tissue (without fluo- 
rescent microspheres) digested with KOH and filtered 
did not leave any fluorescent material on the filter. 

1 of 
1600 
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FIG. 3. Fluorescence intensity as a 
function of no. of microspheres per sam- 
ple. Each sample was read in a cuvette 
with excitation and emission slit widths 
of 4 nm. A: relationship between fluores- 
cence intensity and no. of microspheres 
is nearly linear over a broad range of mi- 
crospheres. Although there was a slight 
curvature, as expected from IQ. I, 98% 
of variability in fluorescence intensity 
was explained by a linear fit to no. of 
microspheres in sample. Fluorescence 
intensity per microsphere (slope of lin- 
ear relationship) increased through 
color spectrum from blue to crimson, be- 
cause our red-sensitive photomultiplier 
tube was most efficient near red wave- 
lengths. B: same plot as A over a 
narrower range of microspheres. Rela- 
tionship between fluorescence intensity 
and no. of microspheres remains linear. 
Curvature is less of a problem at lower 
dye concentrations. 

with a CV of 2.1%. Their density was 1.02 g/ml. The CV 
in fluorescence intensity per microsphere ranged from 
3.4 to 9.4%, except for the blue-green microspheres, 
which had a fluorescent variability of 22.8%. 

Regionalpulmonaryperfusion study. The dog’s hemody- 
namics and arterial blood gases remained stable 
throughout the study and were not affected by micro- 
sphere injections. 

The linear relati onships between radio- and fluores- 
cent-labeled regional perfusion estimates are presented 
in Tables 3 and 4 and shown in Fig. 4 for a single paired 
injection. Both the filtering and nonfiltering methods 
produced highly correlated linear relationships among 
paired injections. A quadratic fit to the relationship be- 
tween radio- and fluorescent-labeled regional perfusion 
estimates resulted in intercepts that were not signifi- 
cantly different from the origin (except for orange, 
soaked method) but did not appreciably change the SEE 
for any of the colors. The relationship between the 
two simultaneously injected fluorescent-labeled micro- 
spheres was also highly correlated (r = 0.99, filtered and 
nonfiltered methods). 

Regional myocardial, renal, and relative blood flow 
study. The pigs’ hemodynamics and arterial blood gases 
remained stable throughout the initial part of the stud- 

TABLE 3. Fluorescence method 1: filtered samples read 
in cuvettes 

Radiolabel 
Fluorescent 

Label r Slope Intercept SEE 

141Ce Blue 0.98 0.97* 0.04 t 0.12 
’ 13Sn Crimson 0.99 1.09* -0.09t 0.19 
lo3Ru Yellow-green 0.98 1.02* -0.02 0.15 
“Nb Orange 0.98 1.00 0.00 0.14 
4”sc Red 0.98 1.02 -0.02 0.15 
4”sc Green 0.98 0.99 0.01 0.14 

Comparison of Fluorescent-Labeled and Mean + SD 0.98+0.01 1.01+0.04 -0.OlkO.04 0.15-+0.02 

Radiolabeled Microspheres Values represent radio- vs. fluorescent-labeled estimates of pulmo- 

Physical properties of fluorescent microspheres. The flu- 
nary perfusion (n = 588 pieces). SEE, standard error of estimate; r, 
correlation coefficient * 

orescent-labeled microspheres measured 14.7 pm diam 
Statistically different from 1.0 (P < 0.05). 

t Statistically different from 0.0 (P < 0.05). 
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TABLE 4. Fluorescence method 2: nonfiltered samples 
read in cuvettes 

Radiolabel 
Fluorescent 

Label r Slope Intercept SEE 

“‘Ce Blue 0.99 0.95’ 0.05 t 0.08 
’ 13Sn Crimson 0.99 1.00 -0.01 0.10 
lo3Ru Yellow-green 0.99 1.00 0.00 0.11 
g5Nb Orange 0.99 0.98* 0.02 0.10 
&SC Red 0.99 0.98’ 0.04t 0.09 
&SC Green 0.99 0.98’ 0.02 0.09 

Mean + SD 0.99+0.00 0.98kO.02 0.02kO.02 0.09&O.-01 

Values represent radio- vs. fluorescent-labeled estimates of pulmo- 
nary perfusion (n = 710 pieces). * Statistically different from 1.0 
(P < 0.05). t Statistically different from 0.0 (P < 0.05). 

ies. After blood removal, cardiac outputs and mean arte- 
rial pressures decreased by -50%. In two pigs, blood 
pressures were not affected by microsphere injections, 
whereas in the third pig, there was a transient decrease of 
10 mmHg in mean arterial pressure 5 min after micro- 
sphere injection. 

The linear relationships between radio- and fluores- 
cent-labeled regional perfusion estimates for heart and 
kidney are presented in Table 5 and shown for myocar- 
dial perfusion in Fig. 5 for a single paired injection. Fil- 
tering methods produced highly correlated linear rela- 
tionships among paired injections. The relationship 
between simultaneously injected fluorescent-labeled mi- 
crospheres was also highly correlated. 

Evaluation of 96-well microplate reader. The fluores- 
cence intensity as a function of microsphere number for 
each color read with the 96-well microplate reader is 
shown in Fig. 6. Compared with the cuvette reader, the 
fluorescent signal from the microplate reader was linear 
over a shorter range of microspheres, plateauing early 
because of quenching. Quenching likely occurred with 
the well microplate reader, because it was a surface read- 
ing instrument with a relatively short path length (see 
Eq. 1). The quenching artifact can be minimized by re- 
stricting the fluorescent signals to the linear range (more 
dilute concentrations, Fig. 6A). When the range of micro- 
sphere numbers was restricted to those usually used for 
regional perfusion studies (50-2,000 microspheres/sam- 
ple), the relationship between fluorescent intensity and 
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microsphere number was more linear (Fig. 6A), with r > 
0.995 for all colors and SEE = 1.12-7.42. When a qua- 
dratic function was fit to the fluorescent intensity as a 
function of microsphere number for this narrow range of 
microspheres, the SEE was again slightly smaller (0.08- 
2.55). In general, except for blue, all the colors produced 
an adequate signal in the microplate reader. The blue 
signal was less intense because of decreased fiber-optic 
transmission efficiency within the blue light range and 
the red-sensitive photomultiplier tube used in our instru- 
ment. 

The sensitivity of the microplate reader was slightly 
less than that of the cuvette reader. Fluorescent signals 
from each lung piece (soaked method) were obtained by 
both the microplate and cuvette readers. When these val- 
ues were plotted against each other, the sensitivity of the 
microplate reader compared with that of the cuvette 
reader was quantitated by the slope of the relationship. 
The relative sensitivities for each color were as follows: 
blue = 7%, green = 74%, yellow-green = 79%, orange = 
64%, red = 64%, and crimson = 86%. 

Figure 7 compares the regional perfusion estimated 
from fluorescent- and radiolabeled microspheres with 
use of the microplate reader to obtain the fluorescent 
intensities. Despite the slight curvature of the relation- 
ship, a linear fit to the data explains 93-96% of the vari- 
ability in regional pulmonary perfusion (Table 6). The 
poorest linear fits, slopes less than unity and intercepts 
greater than the origin, were shown for those colors (or- 
ange and red) with fluorescent intensities greater than 
the linear range of the microplate reader. 

The relationship between cuvette and microplate 
reader fluorescent intensities is curvilinear and can be 
characterized by a second-degree polynomial. If this re- 
lationship remains constant over experiments, the 
quenching artifact can be mathematically corrected. 
When the orange and red intensities were mathemati- 
cally corrected for quenching, the linear relationship be- 
tween fluorescent- and radiolabeled regional perfusion 
estimates improved, resulting in slopes of 0.97 and 0.96 
and intercepts of 0.07 and 0.07 for orange and red, respec- 
tively. 

Regional myocardial and renal perfusion estimates by 
use of fluorescent-labeled microspheres and read in the 

+ 

. 
Mean % difference = -4.54 
SD of % difference = 17.58 

1 

0 0.5 1 1.5 2 2.5 

“‘Ce Microsphere Determined Flow (Relative to Mean) 

0 0.5 1 1.5 2 2.5 

Average Microsphere Determined Flow (Relative to Mean) 

FIG. 4. Regional organ perfusion as 
determined by simultaneous injection of 
fluorescent- and radiolabeled micro- 
spheres. A: flow per lung piece, relative 
to mean. Six different fluorescent and 
5 different radiolabeled microspheres 
were injected simultaneously. Plot is of 1 
fluorescent- and radiolabeled micro- 
sphere pair, and each point represents 1 
tissue piece. Fluorescent dye was ex- 
tracted from these tissue pieces by soak- 
ing method and read in a cuvette. B: 
percent difference between regional pul- 
monary perfusion as measured by fluo- 
rescent- and radiolabeled microspheres 
as a function of flow per piece. 



2592 FLUORESCENT-LABELED MICROSPHERES 

TABLE 5. Comparison of myocardial and renal perfusion estimates by use of different microsphere labels 

Microsphere Microsphere 
Label Label Organ r Slope Intercept SEE 

Radioactive 
Radioactive 
Fluorescent 
Fluorescent 
Radioactive 
Radioactive 

Fluorescent 
Fluorescent 
Fluorescent 
Fluorescent 
Radioactive 
Radioactive 

Heart 
Kidney 
Heart 
Kidney 
Heart 
Kidney 

0.95-to.02 1.08+0.1 I -0.05~0.10 0.20+0.11 
0.96kO.02 0.90~0.08* 0.15+0.06-f 0.16kO.07 
0.99-to.01 1.05kO.13 0.03+0.05 0.09+0.01 
0.99~0.01 1.02+0.13 0.00~0.07 0,10,+0,01 
1 .oo-to.oo 1.00~0.03 0.02~0.02 0.05+0.01 
0.9920.0 1 1.02t0.04 0.00~0.03 0.10+0.02 

Values are means f SD of 192 myocardial and 120 renal samples. Filtered samples were read in cuvettes. * Statistically different fro>m I .O 
(P < 0.05). -I Statistically different from 0.0 (P < 0.05). 

96-well microplate reader were not as good as those esti- 
mated from cuvette readings or when flow was estimated 
relative to the mean (Fig. 8, Table 7). 

DISCUSSION 

The important findings of this study are that I) fluores- 
cent-labeled microspheres provide a nonradioactive 
method of accurately measuring regional tissue perfu- 
sion, 2) multiple colors can be easily separated, currently 
allowing up to seven measurements of perfusion in a sin- 
gle experiment, 3) fluorescence measurements are quite 
sensitive, 4) the methods are relatively simple, and 5) 
fluorescent microsphere techniques are relatively inex- 
pensive compared with radiolabeled microspheres. 

Initial methods for measuring regional organ flow used 
indicator-dilution techniques. The microsphere method 
is simply a modification of this technique, in which en- 
trapment of the microspheres accomplishes the integra- 
tion of the indicator-dilution technique (10). In order for 
the microspheres to accurately measure regional organ 
flow, certain criteria must be met: I) the microspheres 
must be distributed evenly within the bloodstream, 2) the 
microspheres must be completely trapped, and 3) lodging 
of the microspheres in the capillary must have no effect 
on local perfusion. Because of the particulate nature of 
the microspheres, there has been some concern that mi- 
crospheres may not faithfully represent blood flow dis- 
tribution at the level of the capillaries (18). However, if 
the feeding vessels to the observed organ pieces are only 
a few times larger than the microspheres, regional flow 
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should be faithfully estimated by the microsphere tech- 
nique (3). 

Spectrophotometry provides a measure that is both 
linear with respect to the number of fluorescent-labeled 
microspheres per sample and has little variability. The 
linear correlation coefficient between fluorescence and 
number of microspheres was >0.99 for all colors. This 
linear relationship held over the range of 2516,000 mi- 
crospheres/ml of solvent, indicating that both low and 
high flows are accurately measured. The measurement of 
fluorescence intensity is very precise. This is demon- 
strated by the small variability in intensity when the 
same sample is read multiple times within a few minutes. 
Although the variability in sample measurement in- 
creases when samples are read on consecutive days, the 
CV remains quite small. 

The linear correlation between regional organ perfu- 
sion estimates by use of fluorescent- and radiolabeled 
microspheres was excellent. The slopes and intercepts of 
some comparisons were different from unity and the ori- 
gin because of a systematic bias in the radioactive and/or 
fluorescent method. The differences from unity and the 
origin were quite small and were statistically different 
only because of the very tight linear fit and the slight 
curvature expected from the fluorescent intensity equa- 
tion (Eq. 1). Fitting a quadratic function to the relation- 
ship between fluorescent- and radiolabeled perfusion es- 
timates produced intercepts that were not significantly 
different from zero in all cases except one, suggesting 
that the small nonlinearity of the relationship is responsi- 
ble for the nonzero intercepts. When the number of mi- 

Mean % difference = 5.10 
SD of % difference = 15.49 

0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4 

wRu Microsphere Determined Flow (mUmin) Average Microsphere Determined Flow (ml/min) 

FIG. 5. Regional organ perfusion as 
determined by simultaneous injection of 
fluorescent- and radiolabeled micru- 
spheres. A: myocardial flow per piece by 
use of reference flow technique for 1 ani- 
mal. Five different fluorescent and 3 dif- 
ferent radiolabeled microspheres were 
injected simultaneously. Plot is of 1 fluo- 
rescent- and radiolabeled microsphere 
pair; each point represents 1 tissue 
piece. Fluorescent dye was extracted 
from these tissue pieces by filtration and 
read in a cuvette. B: percent difference 
between regional myocardial perfusion 
as measured by fluorescent- and radiola- 
beled microspheres as a function of flow 
per piece. 
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r* > 0.99 
SEE = 1.12 to 7.42 
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FIG. 6. Fluorescent intensity as a 
function of no. of microspheres per sam- 
ple. Each sample was read in a micro- 
plate reader. A: relationship between flu- 
orescence intensity and no. of micro- 
spheres was curvilinear as a result of 
quenching. B: same plot as A over a 
narrower range of microspheres. Rela- 
tionship between fluorescence intensity 
and no. of microspheres is more linear 
for all colors. 
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crospheres used is restricted to those usually used for error sources or their relative contributions to the total 
regional perfusion studies (50-2,000 microspheres/sam- error, the most likely sources are 1) loss ,of microspheres 
ple), the relationship between fluorescent intensity and through filtering and sample handling, 2) unequal vol- 
microsphere number is essentially linear. If, however, umes of solvent added to each sample, and 3) the fluores- 
this small nonlinearity is important, it can be mathemati- cent measurement of each sample. The findings that the 
tally corrected using a quadratic function determined soaked lung samples provided the best correlation be- 
from serial dilutions of standard microspheres. As a fluo- tween the fluorescent- and radiolabeled methods and 
rescent spectrophotometer ages, the quadratic character- that all the outliers in the filtered samples had fluores- 
ization of fluorescent intensity as a function of micro- cent intensities less than expected from the radioactivity 
sphere number may change and the quadratic relation- suggest that microsphere loss is the most important 
ship should be measured periodically. The observation source of error. Fluorescent measurement should be a 
that the SEE was not significantly different when a lin- relatively smaller source of error because of the excellent 
ear or quadratic function was fit to the relationship be- reproducibility in repeated measurements. 
tween fluorescent- and radiolabeled microsphere perfu- Fluorescence technology is superior to radioactive mea- 
sion estimates suggests that most of the error arises from surements in separating spectral signals. Because only 
measurement as opposed to fitting a line to a curvilinear the emission spectrum of one color is produced with ex- 
relationship. citement at the appropriate excitation wavelength, there 

The correlation between simultaneously measured re- is little spillover of one color’s signal into another with 
gional perfusion was not perfect, indicating that there is use of fluorescent spectrophotometry. At present, there 
a measurable, albeit small, error in estimating regional are seven fluorescent colors commercially available with 
blood flow with microsphere techniques. A number of excitation and emission spectra that allow them to be 
excellent studies have quantitated the sources of error easily separated. Standard sodium iodide crystals can re- 
when radiolabeled microsphere methods are used (1, 5, solve the eight available radiolabels (Z), and absorbance 
19). Fluorescent-labeled microsphere methods share spectrophotometry is able to resolve five colors (13). 
many of the same sources of error, including the Poisson Because of the pairing of excitation and emission spec- 
nature of microsphere distribution and counting error. tra, different color signals can be separated without hav- 
Although this study does not allow determination of ing to solve systems of linear equations to account for 
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TABLE 6. Fluorescence method 2: nonfiltered samples 
read in micropla tes 

Radiolabel 
Fluorescent 

Label r Slope Intercept SEE 

141Ce Blue 0.97 1.01 0.02 t 0.21 
’ 13Sn Crimson 0.97 0.95 0.08-f 0.20 
lo3RU Yellow-green 0.98 1.00 0.03 t 0.17 
“Nb Orange 0.97 0.89* 0.13t 0.17 
46sc Red 0.97 0.86* 0.16+ 0.17 
%c Green 0.98 0.95* 0.08-t 0.10 

Mean + SD 0.97t0.01 0.94kO.06 0.09+0.02 0.17kO.04 

Values represent radio- vs. fluorescent-labeled estimates of pulmo- 
nary perfusion (n = 462 pieces). * Statistically different from 1.0 
(P < 0.05). -I- Statistically different from 0.0 (P < 0.05). 

signal spillover. Both the radiolabel technique and the 
colored microsphere methods require corrections for sig- 
nal spillover into adjacent spectral windows (13, 16). Al- 
though it is relatively simple to make these corrections, 
the algorithms to do so must either be purchased com- 
mercially or programmed by each investigator. The abil- 
ity to resolve the separate fluorescent signals without 
having to correct for spillover also removes one more 
potential source of error in data collection (2, 19). Al- 
though all seven colors used in this study can be used 
simultaneously, green is less desirable because of its spill- 
over into adjacent color bands. Although green may not 
be a good color to use in conjunction with blue-green or 
yellow-green, it can still be used with all the other colors. 

Two potential problems arise from the emission spec- 
tra of one color overlapping the excitation spectra of an 
adjacent color. If the light used to excite one color excites 
an adjacent color, light from the second color will also be 
emitted and could contribute to the total signal of the 
first color if there is sufficient emission overlap between 
the two colors. Six of the seven colors used in this study 
have sufficient separation between their respective exci- 
tation and emission spectra, so that when the emission 
slit is positioned properly and the slit width is correctly 
adjusted, only the desired color is excited (Table 2). The 
second potential problem is that the emitted light from 
the initially excited color will be partially absorbed by 
other dye molecules in the solution (self-absorption), 

A 
x 7’ 
2 Y = 0.45 + 1.15.x 
s 6 - r = 0.92 
3 n=40 . 

thereby broadening and decreasing the measured fluores- 
cent signal from the first color. This problem occurs only 
if the total dye concentrations are greater than - 1 PM, a 
concentration corresponding to >l X lo5 microsphere& 
ml of solvent. 

The sensitivity of the fluorescent methods is depen- 
dent on the amount of dye per microsphere, the quantum 
efficiency of the fluorescent dye (Eq. I), the optics of the 
spectrophotometer, and the spectrophotometer parame- 
ters used for measuring the fluorescent signal. The fluo- 
rescent-labeled microspheres used in this study had been 
maximally loaded with dye to provide as large a fluores- 
cent signal as possible. The quantum efficiency (ratio of 
emitted light to absorbed light) of the fluorescent dyes 
was high, ranging from 0.75 to 0.90 for each of the dyes 
except crimson, which had a quantum efficiency of 0.45. 
Because crimson produced the strongest fluorescent sig- 
nal per microsphere (Figs. 2 and 3), the relatively low 
quantum efficiency of crimson must have been offset by 
greater loading of this color into the microspheres. Im- 
portant spectrophotometer optics include the light 
source intensity, the transmittance of the filters or mono- 
chrometers used to select excitation and emission wave- 
lengths, the efficiency of the photomultiplier tube, and 
the type of reader used (cuvette or microplate). Instru- 
ment parameters such as excitation and emission wave- 
lengths and their slit widths will affect the fluorescent 
signal. On average, we had -2,600 microspheres/lung 
piece and obtained an average fluorescent signal of 
100.2-212.7 (blue and red, respectively) for the soaking 
method. Adequate fluorescent signals could have been 
obtained with many fewer microspheres by simply using 
wider emission slit widths. Although the fluorescence in- 
tensity of a sample can be increased by opening the emis- 
sion slit width, the “quality” of the signal does not im- 
prove, because the signal-to-noise ratio is unchanged. 

If the fluorescence intensities of all tissue samples 
from a given experiment are not measured at the same 
time, it is important to have fluorescent standards. All 
the spectrophotometer parameters listed above influence 
the fluorescent signal obtained from a sample and must 
remain constant from one run to another. Fluorescent 
standards, measured before the experimental samples 
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FIG. 8. Regional organ perfusion as 
determined by simultaneous injection of 
fluorescent- and radiolabeled micro- 
spheres. A: myocardial flow per piece by 
use of reference flow technique for 1 ani- 
mal. Five different fluorescent and 3 dif- 
ferent radiolabeled microspheres were 
injected simultaneously. Plot is of 1 fluo- 
rescent- and radiolabeled microsphere 
pair; each point represents 1 tissue 
piece. Fluorescent dye was extracted 
from these tissue pieces by filtering 
method and read in a microplate reader. 
B: percent difference between regional 
myocardial perfusion as measured by flu- 
orescent- and radiolabeled microspheres 
as a function of flow per piece. 
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Radioactive Fluorescent 
Radioactive Fluorescent 
Fluorescent Fluorescent 
Fluorescent Fluorescent 
Radioactive Radioactive 
Radioactive Radioactive 

Heart 
Kidney 
Heart 
Kidney 
Heart 
Kidney 

0.93~0.02 1.13+0.30 0.12&0.13* 0.33kO.15 
0.9520.02 1.03kO.31 0.41+0.18* 0.18+0.06 
0.98kO.02 1.06kO.50 -0.01+0.13 0.12kO.03 
0.97+0.00 0.9920.14 0.0220.32 0.15_+0.03 
1 .oo_+o.oo 1.00+_0.03 0.02+0.02 0.05+0.01 
0.99+0.01 1.02kO.04 0.00+0.03 0.10~0.02 

Values are means + SD of 192 myocardial and 120 renal samples. Filtered samples were read in microplates. * Statistically different from 0.0 
(P < 0.05). 

are run, should be 
set appropriately. 

used to verify that all parameters are 

The ability to simply soak tissue in solvent compared 
with digesting and filtering the tissue before addition of 
solvent is of considerable advantage. Sample handling 
and hence processing time is greatly decreased. Sample 
transfer between containers is also decreased, resulting 
in less chance of error due to loss of microspheres. Unfor- 
tunately, the soaking method does not work with dense 
tissue such as heart and kidney. Attempts to digest these 
denser tissues with KOH and extract the fluorescent 
dyes directly from the aqueous solution were not success- 
ful because of a large blue signal apparently from colla- 
gen. The use of fluorescent microspheres in dense tissue 
will be greatly enhanced if a faster and cleaner method 
for extracting the dyes from dense tissue can be found. 
Despite this problem, the current methods using diges- 
tion and filtration work quite well for all colors in solid 
tissue. 

Although estimates of perfusion for samples read in 
the microplate reader were highly correlated with esti- 
mates from radiolabeled microspheres, the microplate 
reader had some disadvantages compared with the cu- 
vette reader. Radio- and fluorescent-labeled estimates of 
regional perfusion from microplate readings were less 
correlated and had slopes farther from unity and inter- 
cepts farther from the origin than did the same samples 
read in cuvettes. The relationship between the number of 
microspheres and fluorescence intensity was linear over 
a shorter range with the microplate reader than with the 
cuvette reader. For some investigators, this amount of 
error may be acceptable and the disadvantages of the 
microplate reader may be offset by the greater automa- 
tion and decreased time and labor requirements. 

The time required to process tissue samples depends 
on the dye extraction method and the type of sample 
reader. Sample preparation before fluorescent measure- 
ment requires 8-10 min for the filtration method and an 
insignificant amount of time if filtration is not necessary. 
In addition, when a sample containing six fluorescent 
colors is read, the fluorescence measurement requires 1 
min/sample in cuvettes and 25 s/sample with the micro- 
plate reader. The obvious advantage of the microplate 
reader is that 96 samples can be read without operator 
assistance. 

The only solvents we have evaluated are dimethylfor- 
mamide, Cellosolve acetate, and xylenes. Dimethylfor- 
mamide is not an appropriate solvent, because it rapidly 
degrades some of the fluorescent dyes. Xylenes and Cel- 
losolve acetate both readily dissolve the microspheres 

and do not degrade the fluorescent dyes. They both have 
the disadvantage of being teratogenic and should be used 
with gloves and within a fume hood. An advantage of 
Cellosolve acetate over xylenes is that Cellosolve acetate 
is less volatile and dye concentrations remain constant 
over many days because of decreased evaporation. After 
the sample is soaked in solvent for the requisite time, the 
fluorescence of each sample should be read promptly to 
decrease any error due to evaporation. An advantage of 
xylenes over Cellosolve acetate is that xylenes produce a 
much narrower emission spectrum in the blue range of 
colors. 

Whereas all the fluorescent measurements in this 
study were made at specific pairs of excitation and emis- 
sion wavelengths, measurements can also be obtained 
using a synchronous scanning method. During a synchro- 
nous scan, the separation between excitation and emis- 
sion wavelengths (Ax) is fixed and is roughly equal to the 
Stokes shift of the fluorescent signals of interest. The 
exciting light then sweeps through the entire spectrum, 
generating an output curve of the fluorescence intensity 
at (excitation wavelength + AA) as a function of excita- 
tion wavelength. The peak intensities for each color can 
be used to estimate deposition of microspheres. The 
principal advantages of this method are its speed and 
simplicity. The disadvantage is some loss of fluorescent 
signal. As shown in Table 1, the optimal range for AX is 
20-48 nm. Because Ax is fixed during a synchronous 
scan, the optimal excitation/emission pairings are not 
used. However, if the same Ax is used when all tissue 
samples are scanned, the signal loss will be consistent 
and the fluorescence intensity will provide a relative 
measure of microsphere deposition. An optimal AX for 
the fluorescent colors used in this study is 20 nm. 

The costs associated with automated radiolabeled, flu- 
orescent-labeled, and color microsphere methods are dif- 
ferent enough to warrant mention. All reported costs are 
those quoted by each company as of May 1992 and in- 
clude the computer and software needed to run the spe- 
cific instrument (Table 8). The cost of radiolabeled mi- 
crospheres depends on the particular radiolabel and its 
activity. The two methods available for quantitating col- 
ored microsphere deposition are a computer-driven fluo- 
rescent microscope and an ultraviolet-visible spectropho- 
tometer (13). Alternatively, tissue samples with colored 
microspheres can be read by E-Z Trac for $lO-22.50/sam- 
ple (depending on quantity). Material costs per experi- 
ment (excluding instrument purchase) are dependent on 
the number of microspheres needed per tissue sample to 
produce an adequate signal and appear to be within simi- 
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Item Radioactive Colored Fluorescent Fluorescknce 

Microspheres 
n 

Instrument 

Filters 
Disposal 

$200-1,000 
10 x 10” 
(NEN Research) 
$27,000 (model 

M553OB2, Packard) 

NA 
$13.26/kg (Hanford 

Nuclear Facility, WA) 

$225 
100 x lo6 
(EZ-Trac) 
$9,090 (model 8452A, 

Hewlett-Packard) 
$34,995 (model 600- 100, 

EZ-Trac) 
$30/100 
None 

$110 $75 
10 x lo6 100 x lo6 
(Molecular Probes) (Sekisui) 
$24,000 (model LS-50, $220,000 (model PW 1480, 

Perkin-Elmer) Philips) 

$30/100 $30/100 
None None 

lar ranges for each of the methods. Additional costs asso- 
ciated with radiolabeled microsphere include disposal of 
radioactive material, which is currently quite expensive 
and will likely become considerably more costly. Another 
advantage of colored and fluorescent-labeled micro- 
spheres over radiolabeled microspheres is the extended 
shelf life. The manufacturer of our fluorescent-labeled 
microspheres claims a shelf life of 2 yr, which compares 
favorably with radiolabeled microspheres, which have a 
limited shelf life because of radioactive decay. If cost is 
an important consideration, both the colored and fluores- 
cent-labeled microspheres can be used with a light or 
epifluorescence microscope and a counting chamber to 
estimate regional organ perfusion (8, 12). The personnel 

tissues. These new methods will allow many samples to 
be filtered at the same time and circumvent the need to 
transfer samples between containers. 
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costs for processing samples are not included in Table 8 REFERENCES 

but are likely considerably more for the fluorescent-la- 
beled and colored microspheres because of the time 
needed to filter tissues. 

This study is the initial attempt at validating the use of 
fluorescent-labeled microspheres for measuring regional 
organ perfusion and, as such, introduces relatively primi- 
tive methodologies. When first introduced by Rudolf and 
Heyman (15), radiolabeled microsphere methods were 
similarly rudimentary. It is hoped that fluorescent-la- 
beled microsphere techniques will evolve in an analogous 
fashion. Although promissory, there are a number of po- 
tential improvements to the methods we have presented. 
Theoretically, the excitation and emission slit widths 
should be increased to 8 and 6 nm, respectively, resulting 
in a threefold increase in the fluorescent signal with little 
change in spillover. With this increased signal, larger vol- 
umes of solvent can be used for each sample, reducing the 
error from unequal volumes. The manufacturer of our 
microspheres will soon offer a total of lo-12 fluorescent 
colors. Because these colors will be more closely spaced, 
correction for spillover will become necessary. Deconvo- 
lusion software already exists commercially for separat- 
ing multiple overlapping infrared and ultraviolet spectra. 
Such software requires that a synchronous scanning 
mode be used, which will in turn increase the rate at 
which samples can be read. The available deconvolution 
software also corrects for any nonlinearity within the flu- 
orescent method, which should make the 96-well plate 
reader a more viable method. The greatest room for im- 
provement is in sample processing. Methods using cen- 
trifugation filtering are currently being evaluated that 
should greatly facilitate the preprocessing of solid organ 
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