
We recently described a noninvasive technique for
measuring splenic blood flow (SBF) using autologous
platelets labeled with indium-l 11 (1,2). The technique,

based on the kinetics of intrasplenic platelet pooling (3,4)

utilizes two parameters: (a) the rate constant of equili
bration of radiolabeled platelets between the circulating
blood and intrasplenic platelet pool following peripheral
bolus injection; and (b) the partition fraction of radio
labeled platelets between these two compartments at
equilibrium. In addition to SBF, obtained in units of

percent total extrasplenic blood volume (TBV) per mm,
the technique also yields mean intrasplenic platelet
transit time (tn).

In addition to the compartmental analysis described
above, other analytical techniques for the calculation of
SBF and t@,after the injection of In- 111-labeled platelets
are possible. The aims of this paper are to compare SBF
and ti,, as calculated from compartmental analysis, with
SBF and t@,based on alternative analytical approaches.
Since the latterâ€”analysis of the first-pass splenic
time-activity curve for SBF and deconvolution analysis
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(5) for tnâ€”are based on different assumptions, such a

comparison offers validation of compartmental analysis
as a method of measuring SBF and ti,.

METHODS

Patients. The subjects were referred to the department
of radiology for investigations based on radiolabeled
platelets. Their clinical conditions varied considerably.
Patients with overt cardiac disease were excluded from
this study because in most of them it was difficult to
identify clearly an early plateau on the first-pass time
activity curve (see below). Patients with very short
platelet life spans (<I day) were also excluded, since it
could not be assumed that platelet destruction in the
spleen was negligible over the time course of In-i 11-
platelet equilibration (see below).

Plateletlabeling.Plateletswereharvestedfrom20â€”50
ml whole blood obtained by venepuncture using a 19-
guage butterfly. The larger volume was taken from pa
tients with thrombocytopenia. In two severely throm
bocytopenic patients (platelet counts of less than
20,000/zl; 20 X 109/I), ABO and rhesus-matched donor
platelets were used. The platelets were labeled with In

I 1 1 acetylacetonate as previously described (6,7), with
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where Q@and Qb are, respectively, the quantities of In
111 platelets in the spleen and circulating blood at
equilibrium. Qs/Qb was calculated from the time-activity

curve recorded over the cardiac blood pool, making the

assumption that In-I 1 1 platelets were distributed only

between circulating blood and spleen, as in a closed
two-compartmental, well-mixed system. There was some
liver uptake (Q@)which accounted for about 12%of the
dose (8) but it was completed before 6 mm, and therefore
corrected for by an extrapolation procedure as previously
described (1,2). The contribution of plasma In-l 11 to
the time-activity curve recorded over the blood pool was
estimated from a knowledge of the ratio of cell-bound
to plasma In-l 11 activity in the peripheral blood samples;

this was subtracted from the blood-pool time-activity

curve (2). This ratio was never higher than 0.1, and
usually less than 0.05. Plasma In-l 11 is not taken up
appreciably by the spleen (9).

First pass. SBF, as a fraction of cardiac output (CO)

was calculated as followsfrom the first-pass time-activity
curve recorded over the spleen from 0 to 90 sec. This
time-activity curve displayed a brief plateau (with count

rate N1) commencing about 30 sec after In-l 11 platelet
reinjection (Fig. 1). Assuming that this plateau repre
sents complete trapping of platelets entering the spleen
on first pass before the arrival of recirculating platelets,
then

N1 = Q@a,

where Q@is the quantity of In- 111 platelets entering the
spleen on first pass and a is a constant of proportion
ality.
If the equilibrium activity (i.e., at 30 mm) in the spleen
(Q@)givesacountrateofN2,then

N2 = Q@a.

(1)

(2)
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efficiency 50-90%. The injected dose was 100â€”200 .tCi

in a volume of less than 5 ml of plasma. In some subjects
platelet survival was monitored by taking periodic blood
samples following reinjection of In-I 11 platelets. Cell
bound activity was measured in these samples by sub
traction of plasma activity.

Dynamic imaging. With the subject lying supine, the
radiolabeled platelets were rapidly injected into an an
tecubital vein. A gamma camera, on line to a computer,
was positioned posteriorly over the chest and upper
abdomen and dynamic imaging performed. Before in
jection, a frame time of 1 mm for 2 mm was used for
background acquisition; then of 5 sec for 90 sec, and then
of 1 mm for 30 mm. Blood samples of 5 ml were taken
before platelet injection from the arm opposite the in
jection site, and at 3 and 30 mm after injection.

DATA ANALYSIS

Splenic blood flow (SBF). Compartmental analysis.
SBF/TBV was calculated as described previously (1,2).
Briefly, the rate constant (Ks) of equilibration of In-l 11
platelets between the splenic platelet pool and circulating
blood was calculated by a computerized maximum
likelihood estimate from the uptake curve recorded over
the spleen from 0 to 30 mm.
Then

K@= K1 + K2 (see Appendix),

where K1 is the rate constant of input into the spleen (i.e.
SBF/TBV) and K2 the output rate constant (i.e. the
reciprocal of tn).
At equilibrium,

K1 Q@
â€” = â€” (see Appendlx),

K2Qb
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FIG. 1. Time-activitycurves recordedover spleen(closedsyrhbols)
and cardiac blood pool (opensymbols)following bolus intravenous
injection of In-i 1i-labeled platelets. Count rate in arbitrary units.
Triangles and circles correspond to difterent subjects. Horizontal
dashed lines correspond to first-pass splenic plateau (see text).

TABLE1. VALUESOF SBF (MEAN Â±s.c.m.)
CALCULATED BY COMPARTMENTAL

ANALYSISIN SUBJECTSWITh AND WITHOUT
SPLENOMEGALY

Normal (3)
Rheumatoidarthritis (13)
Systemic lupus

erythematosus(2)
Other immune complex

diseases (6)
Scleroderma (1)
Polymyositis (1)
Portal hypertension(1)
Primary polycythemia (1)
Coronary atherosclerosIs (3)

. Units: percent TBV per mm.

3.3, 3.3, 4.8
4.5 (Â±0.8)
8.0, 10.5

12.3 (Â±2.3)

7.0, 8.2 i6.9 (Â±2.9)

4.9
4.4

4.3
4.2, 5.3, 5.3

11.5
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FIG.2. Semilogsplenic washoutcurvesof In-i i i-labeled platelets
predicted by deconvolutlon analysis. Ordinate: relative platelet
activity; t@= intrasplenicplatelet transit time. Continuouslinesare
maximum-likelihood computer estimates for monoexponentlal
function, which would be predicted by proposedmodel of platelet
distribution. Left: normal subject; right: thrombocytopenic
(20,000/gil) patient with reduced platelet life span (2 days) and
splenomegaly(homologousIn-i i i platelets).

Hepatic activity at equilibrium (Q@)was not quanti
tated but was assumed to be 12% of the dose (Q-r)

(8).

i.e.,Qb+Q@=QTâ€”Qh

Now

.
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FIG. 3. RelatIonshipbetween SBF calculated by compartmental
analysis (percent TBV/min) and SBF calculated from first-pass
splenic time-activity curve (percent CO). Continuous line re
gresslon slope.

In other words, the ratio of the splenic count rates at
completion of first pass and at equilibrium (or comple
tion of uptake) should be very nearly equal to the rate
constant of splenic uptake in subjects with a mean cir
culation time of I mm

Intrasplenic platelet transit time. Compartmental
analysis. Intrasplenic platelet transit time (tn) was cal
culated from Eqs. 1 and 2.

Deconvolution analysis (5). This computerized
technique makes use of the blood-pool and splenic
time-activity curves to predict the time-activity curve
that would be obtained over the spleen if the In-i 11
platelets were injected as a bolus directly into the splenic

artery and did not recirculate. The curve so predicted was
monoexponential (Fig. 2), and the rate constant (the

reciprocal of t@)was calculated. The assumption was
made that the blood-pool time-activity recorded by the
camera is an accurate reflection of the arterial In-I I 1
platelet level.

RESULTS

At equilibrium, plasma In-i 11 was never higher than
10% of total blood In-I 11, and usually less than 5%.
Mean platelet life span was quite variable in this heter
ogeneous group of patients, although in normal subjects
labeled with this technique, it was 9.2â€”9.6days.

Values ofSBF, determined by compartmental analysis
in this series, are given in the table, in which it can be
seen that SBF is (a) raised in splenomegaly and (b) often
raised (without splenomegaly) in diseases associated with
elevated immune complexes. t@,did not correlate with any
disease group or spleen size, but tended to fall with in
creasing splenic perfusion (i.e., SBF + spleen volume),
a relationship that we have previously documented (2,
10).

= QT 0.12 QT

=0.88Q@-.

Qs X@X0.88.
COQb+Q@ N2

@.:wasmeasuredasdescribedundercompartmental

analysis (see above).
In subjects with a mean circulation time of 1 mm, SBF
based on this first-pass approach should be equal to SBF
calculated from compartmental analysis.
Alternatively, since

@-@=K5 Q@
TBV Qs+Qb

SBF Q@
CO Q@

N1 0.88
= xâ€”

Qs+Qb a

whence,

SBF Q@N1 @Oâ€¢88@1

CO Q@+Q@ a Q@

Then, substituting N2/a for Q@,

O.88X@=K@X@ (4)
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0.3 versibly trapped in the spleen as a result of cell damage
during labeling is ruled out by the finding that the de
convolvedsplenic In-I 11 platelet clearance curves closely
approached zero; i.e. did not reach an asymptotic value
representing splenic In-i I 1 platelet extraction.

There are a number of potential sources of error.
Firstly, other sites of platelet pooling, in addition to the
spleen, would create an apparent distribution volume in
circulating blood greater than the true volume, thereby
tending to underestimate SBF expressed as a fraction of
TBV. Likely candidates for such sites are the lung
(12,13) and liver (14). With respect to the lungs, a
number of groups including ourselves (8,15â€”17) have

found on quantitative imaging that soon after injection
of In-i I I platelets, the entire dose can be accounted for
in the spleen, liver, and circulating blood, arguing against
extrahepatosplenic sites of platelet pooling. Hepatic
uptake of In-i 11 platelets, although less than the splenic
(8,15â€”17), is completed very much earlier (between 2
and 6 mm after injection) and remains essentially con
stant or falls slightly over the subsequent 30 mm
(1 ,2,15). The rapidity of equilibration over the liver
suggests pooling, but the subsequent failure of hepatic
activity to fall in parallel with blood-pool activity

suggests irreversible uptake, presumably of cells dam
aged in the cell-labeling procedure. Secondly, on poste
nor imaging, the region of the cardiac pool would have
recorded a substantial signal from the pulmonary blood
pool. If, therefore, there was initial entrapment of
platelet aggregates in the lung, the signal from the car
diac region, assumed to represent blood pool only, would
effectively contain a background, with the result that the
equilibrium count rate, as a fraction of the initial count
rate, would be overestimated and Q underestimated.
Firstly, however, platelet aggregates were not visible in
the injectate, and secondly, excess lung activity is not
supported by quantitative imaging (see above).

The clinial utility of SBF measurement in man is
uncertain, and at present limited. However, interesting
values of SBF are being recorded by us with this tech
nique, particularly in patients with immune complex
disease (18). The use of modified red-cell clearance as
an indicator of splenic macrophage function, especially
for the detection of reticuloendothelial blockade (19â€”21),
is greatly enhanced by simultaneous measurement of

SBF, since splenic extraction ratio, a clearly definable
physiological parameter, can then be calculated (22).
A noninvasive, reasonably accurate, method of mea
suring SBF in man would, therefore, clearly be of use.
The technique also yields intrasplenic platelet transit
time, although the clinical significance of this parameter
is not known at present. Nonetheless, in the meantime
the technique provides an experimental means of
studying splenic blood-cell handling, an area in which
there is relatively little information in spite of the widely
recognized association between splenomegaly and

.
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FIG. 4. Relationship between intrasplenic platelet transit time
calculatedfrom deconvolutlonanalysis(DA)andthatcalculatedfrom
compartmental analysis (CA). Continuous line = regression
slope.

There was a close correlation between SBF as a
fraction ofTBV per mm and SBF as a fraction of cardiac
output (r = 0.94, p <0.001; Fig 3). The correlation be
tween N1/N2 and K@/0.88was not quite as close (r =
0.83, p <0.001). Ni/N2 agreed approximately with
K@/0.88(mean ratio 1.15 Â±s.c.m. 0.05). The relation
ship between 1/t@, calculated from compartmental
analysis and deconvolution analysis, is shown in Fig. 4.
The correlation (r = 0.78) was highly significant (p
<0.00 1).

DISCUSSION

The main purpose of this study was to see whether
SBF and ti,, when measured with In-l 11 platelets on the
basis of compartmental analysis, were the same as when
calculated by alternative techniques using different as
sumptions. Although the highly significant correlations
tend to validate the analytical techniques used, it would
be necessary to validate them using independently es
tablished methods. There are, however, no established
methods of measuring either SBF or t@,in man, although
our value for SBF in normal subjects (130-350 mi/mm)
is in good agreement with values obtained by others using

more invasive techniques, e.g. Williams et al. (11),
(100â€”300mI/mm). Validation ofthe technique in ani
mals is subject to a number of difficulties, particularly
interspecies variations in splenic structure and the re

sponse of the spleen to anesthetics and surgery.
Deconvolution analysis indicated that the distribution

of platelet transit times through the spleen is consistent
with a well-mixed, closed two-compartmental model, on
which our method of measuring SBF is based. This, and
the close correlation Observed between t@,based on de
convolution and on compartmental analysis, serve as
independent, indirect validation of the technique. Fur

thermore, the presence of In-I 11 platelet activity irre

0.1 S

0
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thrombocytopenia. An understanding of the mechanisms
controlling intrasplenic platelet transit would provide a

basis for therapeutic attempts to shorten ti,. Such a re
duction in ti,, if it could be achieved without concomitant

elevation of SBF, would raise the peripheral blood
platelet count, particularly in patients with splenomeg
aly, in whom the size of the splenic platelet pool is in
creased.
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APPENDIX

The interpretation of the splenic and blood-pool time-activity
curves has been based on a two-compartmental model in which the
input of indium is taken to be the product ofsplenic blood flow and
arterial concentration, and the output proportional to the splenic
indium content,

i.e., blood @â€”spleen,
K2

where K1is the fraction of TBV supplyingthe spleen per minute,
and K2 is the rate constant of clearance of platelets from the spleen
(i.e., the reciprocal of mean transit time of platelets through the
spleen). If Qb and Q, are the quantities of indium in blood and
spleen, respectively, and

then

and

Qb + Q@= Qo, the total extrahepatic indium,

dQb
-@-. = K2(Q0 â€” Qb) â€” KIQb,

K1Qbâ€”K2Q,.

Integrating:

Qb Q0 K2 [I â€”e(K1@2)t] + Q0e(K1@42)t
K1 + K2

Qs = Qo K1 [1 â€”e(K1+I@@2)t]
K1+K2

Thus, following injection of indium platelets, the blood indium will
equilibrate with splenic indium, and they will both approach their
equilibrium values at a monoexponential rate with a rate constant
equal to the sum of K1 and K2. At equilibrium, K2:K1will be equal
to Qb:Qs, which can be measured from the time-activity curve for
the blood pool, after correction for hepatic activity (1,2).
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