
hortening of the platelet life span is generally ac
cepted as an important reflection of in vivo platelet
activation. This measurement has been especially val
uable for the understanding of the role of platelets in
(a) various diseases characterized by thromboembolic
phenomena or thrombocytopenia, (b) the evaluation of
the efficacy of drug therapy in these diseases, and (c)

Received May 14, 1985; revision accepted Dec. 30, 1985.
For reprints contact: Mattheus G LOtter, Biophysics Dept.,

UOFS,Bloemfontein.SouthAfrica.

for the detection of some prethrombotic states. The
accurate measurement of platelet life span is a
prerequisite for the adequate investigation of these

disorders.
The available methods for isolating or labeling a

cohort of platelets of the same age are unsatisfactory
and cannot be used in clinical studies. Therefore, a
population of platelets representative of those in the
circulation is isolated, labeled with a radionuclide, and
reinjected. The mean survival time ofthe labeled plate
lets is indirectly estimated from the ratio of the
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Twelve mathematic methods used to calculate the mean platelet survivaltime were compared
by determining the â€œgoodnessof fitâ€•of the models to the platelet survival curves of 15
reference subjects and 54 patients. Platelets were labeled with [111InJoxine.The linear (LN),
exponential, weighted mean, multiple hit (MH), Domhorst (DH), Meuleman (ML), alpha order
(AO),andpolynomial(P0) mathematicmodelswere investigated.Thegoodnessof fit for the
exponential model was determined by the nonlinear least squares method (EP), and also by
the linear least squares method on logarithmicallytransformed data (EX)as is recommended.
Themodifiedwelghtedmean(MWM)andthe usualwelghtedmeanmethod(WM)Obtained
with theseexponentialmodelsweretested.TheDomhorst(DH1O)andMeuleman(ML1O)
models, where the potential age-dependent platelet survival times were kept constant at 10
days,werealsoevaluated.Thegoodnessof fit results,expressedas % s.d. indicatedthat the
LN(5.2%),EX(5.0%),EP(4.4%),WM(3.7%),DH10 (3.7%),andML10 (3.7%)modelsall
fitted the datasignificantlyworsethanthe MWM,MH,DH,ML,AO,andP0 models(range
3.2-3.3%).Themeanplateletsurvivaltimedeterminedwith the MHmodeldiffered
significantlyfrom the results with the DH, ML,and AO models. The results of mean platelet
survival time calculated with different mathematic models cannot, therefore, be compared
directiy.Themodelsthat fitted the plateletsurvivalcurvewell variedslightlyin sensitMtyto
noiseas is indicatedby the coefficientof variationof the meanplateletsurvivaltimeestimates
for the reference subjects (range 7.9â€”12.0%).Fitting data to at least two mathematic
modelshasdefiniteadvantages.Dataon whichthe calculationsarebasedareprobably
invalid if the following are true: (a) it the mean platelet survival time estimated with the alpha
order model is shorter than that estimated with the EP, MWM, or MH models, or (b) the mean
platelet survival time estimated with either the DH, ML, AO, or P0 models, is longer than the
LN, MWM,or MHestimateof the meanplateletsurvivaltime.Weconcludethat the mean
platelet survival time can be reliably estimated by fitting the data to either the MWM method
(if limited computing facilities are available)or the MH model. Confidence in the result will be
increased if considered in conjunction with the finding Obtainedwith one other model; in those
caseswherethe plateletsurvivaltime is veryshort, the alphaordermodelis recommended.
In other instances the results of the MWMmethod or MHmodel should be compared with
that obtained with either the DH, ML,AO, or P0 models.
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improve the â€œgoodnessof fitâ€•of the platelet survival
curve to the data points.

Although many such models have been applied to
the study of platelet kinetics in health and disease, little
information is available on their comparative value or
on their suitability under specific pathologic conditions
(5â€”9).The present study focuses on these questions. It
also specifically provides information on the estimate
of mean survival of autologous platelets labeled with
indium-i 11- (â€˜â€˜â€˜In)oxine, a radionuclide complex
which has specific advantages for the study of platelet
kinetics (3,10).

MATERIAlS AND METhODS

Subject Selection
Platelet survivalwas determined in 15 referencesubjects

and on 54 patients with a variety of disorders. The patient
group consisted of four patients with valvular disease of the
heart, 17 with previous renal transplantation, 14 with idi
opathic thrombocytopenic purpura, two with diabetes mdli
tus, 14 with heterozygous Type ha familial hypercholestero
lemia, and three with aortic aneurysms. All subjects were in a
steady state of platelet production and destruction during the
course ofinvestigation. This was reflected by a constant blood
plateletcount.

Platelet Labeling
Plateletswere labeled with [â€˜@ â€˜Injoxineas previouslyde

scribed (9â€”11).Eighty-five milliliters of blood were collected
in a polystyrene syringe containing 15 ml acid citrate dextrose
and NIH formula A (ACD) as anticoagulant. Platelet rich
plasma(PRP) was obtained by centrifugationof the blood at
180 g for 15 mm. Platelets trapped in the red cell layer were
harvested by washing four times: blood was centrifugated at
750 g for 3 mm, the supernatant removed, and the cells
resuspendedin PlasmalyteB electrolytesolution.â€•Afteracid
ifying to pH 6.2â€”6.5with ACD, platelets were sedimented by
centrifugingat 800 g for 30 mm. The platelet pellet was
resuspended in physiologic saline and incubated for 30 mm
with [â€˜â€˜â€˜Injoxine.The labeled platelets were washed with, and
finally resuspended in, autologous platelet-poor plasma.

Labeled platelets were used for in vivo studies only if in
vitro aggregation with ADP and collagen was normal (3,9,10).
A dose not exceeding 500 @Ci(18.5 MBq) of@@ â€˜Inwas
administered.

Followinginjectionof the labeledplatelets,blood samples
were obtained at 5, 10, 15, 30, 70, and 90 mm, and daily
thereafter. In patients with short mean platelet survival times,
blood sampling was appropriately spaced so that at least eight
valid data points were available for curve fitting. Blood sam
ples of 3 ml were directly collected in the counting vials, the
mass determined, and water added to a constant final volume
of 4 ml. The samples were counted in a well scintillation
counter with the pulse-heightanalyzerset to include the 172
and 247 keV peaks of â€˜â€˜â€˜In.The measured count rate was
corrected for background and mass. Plasma â€˜â€˜â€˜Inactivity was
determined in all cases, and was <5%.
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FIGURE1
Calculationof meanplateletsurvivaltimeis demon
strated. Period A to B represents equilibrium phase.
Mathematic model is fitted from B to C and regression
curve, indicated by solid line, is generated. This curve
is back extrapolatedfrom B to D as indicatedby dOtted
line. At D y-intercept and initial slope can be determined

y-intercept and the initial slope of the platelet survival
curve (1,2). This curve is constructed from the radio
activity of the labeled platelets remaining in the circu
lation. This is measured in blood samples taken at
appropriate times after the reinjection of the labeled
platelets. The y-intercept and the initial tangent of the
survival curve cannot be directly measured because the
stability of the early part of the curve is disturbed by
the redistribution of platelets between the circulation
and the splenic platelet pool, and by the temporary
accumulation of platelets in the liver. The latter, as
cribed to the â€œcollectioninjury,â€•varies in severity. The
labeled and circulating platelets only equilibrate after
1â€”24hr. This results in a plateau of the early phase of
the platelet survival curve (3,4). Only the later part of
the survival curve will reflect the true rate of clearance
of platelets from the circulation. The y-intercept and
slope of the curve can be determined only by back
extrapolation ofthis part ofthe curve (Fig. 1).Although
extrapolation may be performed visually, this method
is subject to errors and bias. Mathematic models have
therefore been developed to facilitate accurate fitting of
the platelet survival curve to the data by using statistic
methods. The regression constants generated by the
mathematic models permit more precise estimation of
the initial parameters. It should be noted that these
mathematic models are not required to be based on
valid physiologic assumptions. They solely function to
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MAThEMATIC FUNCI1ONS AND METhODS TO
FIT PLATELET SURVIVAL CURVES

The following mathematic functions (see full description in
Appendix) were fitted to the data points reflectingthe rate of
clearance of platelets from the circulation:

Linear Function (LN) (11,12)

Exponential Function(11,12)
Two methods were used to fit the data to an exponential

function. In the first method (EX) the regression constants for
the exponential model were calculated as recommended by
the ICSH; the data were logarithmically transformed and the
curve fitted with the linear least squares method (11). In the
second method (EP), the curves were fitted with the Newton
Gauss method, an iterative nonlinear least squares technique
(13). The latter method was investigated because the ICSH
recommends that the discrepancies between the fitted line and
data points be calculated without logarithmic transformation
of the data. The nonlinear least squares technique minimizes
these discrepancies (11,13).

Weighted Mean Function (11,12)
This was calculated by two methods, dependent on the

method used to fit the data to an exponential function. The
first method (WM) was according to the recommendations of
the ICSH where the exponential regression curve is con
structed after transforming the data logarithmically (11). For
the second, a modified weighted mean method (MWM), the
exponential regression constants were obtained by fitting the
data with a nonlinear least squares technique. The variance
ofthe linear,exponential, and modified weightedmean meth
ods was calculated. If the variance of either the linear or
exponential models was lessthan thatofthe modified weighted
mean method, the result of the method that fitted the data
best was used as the estimate of the mean platelet survival
time by the modified weighted mean method. This modifica
tion was introduced to minimize the influence of noise when
data points were distributed perfectlylinearly or exponentially.

Alpha Order Function (AO) (14)
This function was fitted to the survival curve data by the

Newton-Gauss iterative nonlinear least squares technique
(13). Initial estimates of regression constants for the iteration
procedure were selected as follows. The initiation constant ko
was set to unity and alpha, â€œa,â€•replaced by the weighted
mean estimate of the variance shape factor (12). The rate
constant â€œkâ€•was calculated substituting the alpha order mean
platelet survival time, T1, by the weighted mean estimate, T,,
(see Appendix):

k = ( ljT@) [1 + ( 1 â€”a)kol.

Polynomial Function(P0)
Only the second degree polynomial function was used. The

higher degree polynomial functions were found to be too
sensitive to noise and outliers.

Multiple Hit Function (MH)(11)
The curve fitting technique described by the ICSH was

used. Initial values for iteration were obtained from the linear
and exponential curve fitting procedures (11).

Dornhorst Function (11,15)
The curves were fitted with the Newton-Gauss iterative

nonlinear least squares technique (13). Mean platelet lifespan
was determined by two methods. First (DH1O), the potential
age-dependent platelet survival time was kept constant at the
value determined for normal subjects, 10 days. In the second
method (DH), the potential age-dependent platelet survival
time as determined for the specific patient was used.

The iterative nonlinear curve fitting technique requires
initial estimates of the potential age-dependent platelet sur
vival time and the rate constant, â€œk.â€•The first was taken to
be 10 days, and the initial estimate of k was calculated by
solving the following equation by the Newton-Raphson
method (16) (see Appendix):

Td [1 â€”exp(â€”kT)J/k.

The weighted mean estimate ofthe platelet survival time, T@,
was used in the initial value of Td, the Dornhorst estimate of
the mean platelet survival time.

Meuleinan Function(17)
Curve fitting ofthe Meuleman function (ML and ML1O)was
performedas was described for the Dornhorst function.

CURVE FIllING PROCEDURE

A computer program in Fortran, executed on a nuclear
medicine digital imaging system, was developed to fit survival
curves to the mathematic models. The survival curves were
entered by keyboard and stored on the system database. Curve
fitting, with any of the above models, was menu driven. It
allowed graphic display of the curves to select the range of
points for curve fitting. The data points were selected visually
as follows. The first point included was that reflecting the
highest blood radioactivity after equilibrium had been
reached. All subsequent data points with radioactivity >10%
that ofthe initial counts were included. The goodness offit of
the data points to each ofthe mathematic models was visually
evaluated by inspectingthe graphicdisplay ofthe survivaland
regression curves on the computer terminal. Print-out of
results, including all relevant information such as regression
constants, mean platelet survival time, and indication of good
ness offit could be selected by menu. A hard copy of measured
and regression survival curves could then be recorded with a
four-colorplotter. A separategraphicspackagewas developed
for use with the system database.

COMPARISION OF MAThEMATIC MODELS

The different mathematic models were compared by cal
culating the root mean square of the difference between the
measured and regression survival curve points. This value,
reflectingthe goodness offit, was expressedas a percentageof
the y-intercept and designated as the % s.d. The survival
curves with different count rates could thus be compared.

The % s.d. and mean platelet survival time calculated for
the different models were compared with Hotteling's multi
variate T-squared statistic to test the hypothesis ofequality of
means (16,18). The patients were considered to be a random
sample from a population and a log-transformationapplied
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WholeReferencegroupsubjects(69)(15)ModelPSD

s.d.PSDs.d.Unear5.2

3.42.91.3Exponential
(EP)4.4 1.84.81.3Exponential
(EX)5.0 2.46.12.6MOdified

welghted mean3.4 1.92.61.2Weighted
mean3.7 2.32.61.2Multiple

hit3.3 1.82.51.4Dornhorst3.3
1.92.51.3Domhorst

(DH10)3.7 1.82.91.3Meuleman3.4
1.92.51.3Meuleman

(ML1O)3.7 1.82.91.3Alphaorder3.2
1.82.51.4Polynomial3.3
1.92.5 1.3

TABLE 2
Differences in PSD for Mathematic Models Investigated in Patient Group and Reference Subjects (N = 69)

Model EP EX MWM WM MH DH DH1O ML ML1O AO P0

TABLEI
Percentage Standard Deviation (PSD) of Platelet

Survival Curve Points Around Fitted Curve

with the different models are given in Table 2. The % s.d. of
the LN model and the fitting of the data to the exponential
model both by a linear least squares fit of logarithmically
transformed data (EX) or by the linear least squares method
(EP) was significantly(p < 0.01) largerthan that of the other
models: the differences exceeded 0.6%. These models are
therefore not suitable for the calculation of the mean platelet
survival time. Also, the mean % s.d.s obtained by the Dorn
horst model where the age-dependent survival time is held
constant at the normal value (DH1O), were significantly larger
than the MH (p < 0.01), DH (p < 0.01), ML (p < 0.05), AO
(p < 0.05), and P0 (p < 0.05) models. The % s.d. associated
with the Meuleman model, with a constant age-dependent
survival time (ML1O), was larger than that of the MH (p <
0.01), DH (p < 0.05), and AO (p < 0.05) models. The % s.d.
obtained with the WM model was significantly larger (p <
0.01) than that obtained with the MH and DH models. The
%s.d.of theMWM andDH modelsdifferedsignificantly(p
< 0.05). The good correlation of the % s.d.s associated with

those mathematic models which did not differ significantly is
shown in Fig. 2.

In the referencegroup,the %s.d. ofthe exponential model,
obtained by both methods of curve fitting (EX and EP), and
the other models differed significantly (Table 3). The
exponential models, therefore, fitted the data poorly.

Platelet SurvivalTune
We next investigated whether the mean platelet survival

times estimated with those mathematic models that fitted the
survival curves equally well differed. The mean platelet sur
vival time (ST), standard deviation (s.d.), and coefficient of
variation (CV) are presented in Table 4. The estimate of the
mean platelet survival time for the reference subject group
varied from 204.2 Â±24.5 hr for the DH model to 227.7 Â±
17.7 hr for the MH model. The mean platelet survival time
estimated by the MH model was significantly longer when
compared with that measured with the DH (p < 0.01), ML (p
< 0.01), and AO models (p < 0.05) (Table 5). The estimate

with the WM method was also significantly longer (p < 0.05)
than the DH and ML models. In the reference subjects there
was also a significantdifference (p < 0.01) between the mean
platelet survival time calculated with the MH method corn

to the % s.d. and mean platelet survival time data. The
multivariate model incorporates different observations that
may be dependent, on the same patient. In those instances
where the means differed significantly, multiple comparisons
of the means were used to identify those differences which
were responsible for the rejection ofthe hypothesis of equality
of means.

The influence of experimental error (â€œnoiseâ€•)on the esti
mate of mean platelet survival was determined by the
coefficient of variation (CV) in the normal subjects.

RESULTS

Evaluation of Mathematic Models: Goodness of Fit
Goodness of fit achieved by the different mathematic

models were evaluated by calculating the % s.d. The results
of the mean % s.d. for the reference subjects, and for the
whole group (patients and reference subjects) determined for
all the mathematic models are given in Table 1. The range
was 3.2â€”5.2%for the whole group and 2.5â€”6.1%for the
reference subjects. The differences in the % s.d. of data fitted

ii: 0.90.2l.8@l.5@l.9@l.9@l.6@l.9@l.6@2.O@2.0@EPâ€”O.6@l.O@0.Pi.i@i.i@0.7@l.O@0.7@l2@l.l@EX1.6@l.3@@7tl.Y1.7@l@4@l.8@MWMâ€”0.30.10.1â€”0.30.1â€”0.20.20.1WMO4@O.4@0.00.30.00.50.4MHâ€”0.0-@O.4@0.0â€”O.3@0.10.0DH-@O.4@â€”0.0â€”0.3'0.10.0DH1O0.30.00.50.4MLâ€”0.30.20.1ML1O0.(0.4A0â€”0.1

. Difference significant at p < 0.05.
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FIGURE2
A: Comparison of the percentage standard deviation
(PSD) calculated by modified weighted mean (MWM)
and multiple hit (MH) methods. Correlation coefficient
ofr = 0.989wasobtainedforwholegroupofpatients
and reference subjects. B: Comparisonof PSD calcu
lated by Domhorst (DH) and multiple hit (MH) models (r
= 0.993). C: Comparison of PSD calculated by multiple
hit (MH) and alpha order (A0) models (r = 0.879)
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pared to that with the DH, ML, and the P0 models (Table 6).
The estimated mean platelet survivaltime with the AO model
also differed significantly (p < 0.05) from that with the DH
and ML models. The estimated mean platelet survival time
with the DH and ML models were nearly identical.

The rangeofthe mean platelet survivaltime (CV) observed
in the reference subjects was used as an approximate indicator
ofthe sensitivity of the mathematic models to noise. The CV
for the MH model was 7.9% (Table 4). The range of the CV
for the MWM, DH, ML, P0, and AO models was 9.9-12%.

There was good correlation (r = 0.986) of mean platelet
survival times calculated with MH and MWM models (Fig.
3). In addition, the MH and DH models correlated well (r =
0.962), despite a deviation from the linear regression line in
some instances where the mean platelet survival time fell
within the normal range (Fig. 4). This deviation was not
observed when the DH, ML, AO, and P0 models were cor

related (Fig. 5). Deviations from the linear regression line
within the normal range was accompanied by another finding:
the estimate of the mean platelet survival time with the DH,
ML, AO, and P0 models was longer than that obtained by
fitting the data to the LN model. This finding was reflected
by a slightly concave shape ofthe platelet survival curve.

DISCUSSION

Although the method oflabeling platelets with chro
mium-5 1 has been widely used, the estimation of plate
let life span with â€˜â€˜â€˜In-labeledplatelets has been vali
dated and is now generally regarded as superior (4,9,
10). The latter radionuclide also permits quantitative
imaging ofthe in vivo distribution ofplatelets. This has
some important advantages when determining the
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P0Model

LF â€”1.9â€”32@0.30.30.40.4â€”0.00.4â€”0.00.40.4EP
â€”i.3@22@2.3@2.@V2.3i.9@2.3l.9@2.32.3EX3.5t3.5t3.6t3.6t3.2t3.6t3.2t3.6t3.6tMWM0.00.10.1â€”0.30.1â€”0.30.10.1WM0.10.1â€”0.30.1â€”0.30.10.1MH0.0â€”0.40.0â€”0.40.00.0OHâ€”0.40.0â€”0.4â€”0.0â€”0.0OHiO0.40.00.40.4MLâ€”0.4â€”0.0â€”0.0ML1O0.40.4A00.0.

Difference significant at p <0.05.t

Difference significant at p < 0.01.

WholeReferencegroupsubjects(69)(15)ModelST

s.d.STs,d,CVLinear176.9

72.5232.615.26.5Exponential(EP)97.8
42.1122.715.412.5Exponential

(EX)87.5 37.199.915.915.8MOdified
weightedmean144.0 74.3214.323.010.7Weighted
mean145.0 69.0215.419.18.9Muftiple

hit149.4 75.6222.717.77.9Domhorst142.4
78.2204.224.512.0Meuleman143.1
78.5204.724.111.7Alpha

order1 46.2 87.621 2.4 21.09.9Polynomial1
47.3 78.4206.8 22.610.9

TABLE5Differences
in Mean PlateletSurvivalTimeObtainedwith

MathematicModelsinReferenceSubjectsandPatient
Group (N =69)Model

WM MH OH ML A0P0MWM

â€”1.0 â€”5.4 â€”1.6 0.9 â€”2.1â€”3.2WM
â€”4.4 2.6 1.9 â€”1.2â€”2.3MH

7.O@ 6.3@ 3.32.2OH
â€”0.7 â€”3.8â€”4.9ML

â€”3.0â€”4.1A0
â€”1.1.

Difference significant at p <0.05.t
Difference significant at p < 0.01.

TABLE 3
Differences in PSD for Mathematic Models Investigated in Reference Subjects (N = 15)

EP EX MWM WM MH OH OHiO ML ML1O A0

mean platelet survival time. Monitoring of the extent
of the early accumulation of labeled platelets in the
liver permits more precise evaluation of the â€œcollection
injury.â€•Also, the size ofthe exchangable splenic platelet
pool may be estimated accurately by quantitative
imaging. These advantages were exploited in our study.

The confidence in the accuracy of the estimate of
platelet life span is dependent on accepting a number
of assumptions and satisfying certain basic prerequi
sites: platelet production and destruction must be in a
steady state, the platelet populati9n isolated for labeling
must be fully representative of those in the circulation
and a subpopulation ofeither younger or older platelets
should not be harvested, and in vivo elution ofthe label
must not be excessive. In the present study, platelets
were labeled with a validated method (9,10). Only those
patients in a steady state of platelet destruction and
production were included. There was no evidence of
severe in vitro damage to platelets: This was reflected
by an adequate in vitro platelet aggregation response,
normal recovery of labeled platelets in the circulation,
and the transient excess accumulation of platelets in

TABLE4
Estimation of Mean Platelet Survival Time (hr) with

DifferentMathematicModels

the liver after reinjection of â€˜â€˜â€˜In-labeledplatelets was
<5%.

One of the major problems in estimating the mean
platelet survival time is the decision to include or
exclude initial data points on which the calculation of
the rate of clearance of platelets from the circulation
will be based. We did not use an automatic mathematic
method but relied on visual inspection of the selected
data points and correlating this with the data obtained
from the in vivo quantification of platelet distribution.
Excessive collection injury can readily be recognized by
visual inspection and correlation with quantitative data
oforgan radioactivity. The signs ofcollection injury are
as follows: The early plateau of the platelet survival
curve is prolonged or fluctuates markedly, and radio
activity in the liver does not reach a plateau or remains
higher than expected (9,10). Care was also taken to
include a sufficient number of appropriately spaced
data points for fitting the survival curve.

Although the ICSH has recommended the weighted
mean, multiple hit, and Dornhorst models for the esti
mate ofplatelet life span (1 1), other mathematic models
have their proponents (19â€”22).We have slightly mod
ified the weighted mean method recommended by the
ICSH (1 1). We determined the regression constants by
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Model WM MH OHMLAOP0MWM

â€”1.1â€”8.410.19.62.07.5WM
â€”7.3 11.210.73.08.6MH

l8.5@l8.O@10.3lS.9@OH
â€”0.5â€”8.fâ€”2.5MLâ€”7.6â€”2.0A05.6.

Oliference significant at p <0.05.t

Difference significant at p < 0.01.

90 iÃ¤o 270
SURVIVAL TIME : MH (h)

FIGURE4
Comparisonof meanplateletsurvivaltime estimatedby
Dornhorst (DH) and multiple hit (MH) models(r = 0.962).
There was deviation of some points from regression
line for survival times exceeding 200 hr

curves ofthe patients badly. The poor fit ofthe data by
the regression curves resulted in an inaccurate estimate
of the mean platelet survival time. This finding is in
agreement with results reported by Paulus (20). Esti
mates of the mean platelet survival time were in many
cases in error by 50-300%. These methods can ob
viously not be recommended. Our results also indicate
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nonlinear least squares calculation rather than by a
linear least squares fit of logarithmically transformed
data. The nonlinear curve fitting technique improved
the goodness of fit for the exponential model signifi
cantly. We also preferred to adopt the result with either
the linear or the exponential models rather than that of
the modified weighted mean model ifthe % s.d. of data
points from the fitted line of the latter was greater than
that ofeither ofthe former. These modifications, which
are logical and do not increase the complexity of the
calculations, improved the goodness of fit of the modi
fled weighted mean method (Table 2). It is, therefore,
preferred over the ICSH weighted mean method.

On the basis ofour results we could divide the ability
of the models to fit the data into three groups. The
linear and exponential models fitted the platelet survival
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FIGURE3
Comparisonof meanplateletsurvivaltime estimatedby
modified weighted mean (MWM) and multiple hit (MH)
models (r = 0.986). Regressioncurve close to line of
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FIGURE5
Comparisonof meanplateletsurvivaltime estimatedby
Domhorst (DH) and alpha order (AO) models (r = 0.949)
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that the weighted mean method applied as recom
mended by the ICSH, and the variations of the Dorn
horst and Meuleman models where the potential age
dependent platelet life span is kept constant at 10 days
(the normal platelet survival time), also fit the data
fairly poorly. Our modification of the weighted mean
model, multiple hit, Dornhorst, Meuleman, alpha or
der, and polynomial models all performed well and
there was no evidence that any one ofthese is definitely
superior.

Although these mathematic models fitted the curves
equally well, their estimates of the mean platelet sur
vival times differed. In the whole group, the mean
platelet survival time estimated with the multiple hit
model differed significantly from the results with the
Meuleman, Dornhorst, and alpha order models. Also,
in the normal subjects, there were significant differences
between results of mean platelet life span estimated
with the Dornhorst or Meuleman models compared
with the estimate when the curve was fitted with the
multiple hit or alpha order models. The mean platelet
survival time obtained with the multiple hit and poly
nomial models also differed significantly. There is no
obvious physiologic basis for these differences and it is
obvious that the application of, or preference for, any
specific model is arbitrary. The major implication of
this finding is, however, that it may be hazardous to
directly compare results of studies where the platelet
life spans were not estimated with the same mathematic
model.

The use of more than one mathematic model for the
assessment of the data has definite advantages. This is
illustrated by our findings. The shape of the platelet
survival curve is concave if the basic requirement of a
steady state is not satisfied and the rate of platelet
production exceeds that of platelet destruction. Al
though this may be detected by visual inspection of the
shape of the platelet survival curve, doing this with the
mathematic models is more sensitive and less subjec
tive. A concave survival curve is present when the mean
platelet survival time estimated with either the Dorn
horst, Meuleman, alpha order, or polynomial models'
exceeds that obtained by fitting the data to a linear
function. Other indicators ofa concave platelet survival
curve are that the Dornhorst and Meuleman models'
estimates of the platelet life span are longer than the
potential age-dependent platelet life span, or, ifâ€•alphaâ€•
determined in the alpha order model has a negative
value. It should be noted, as predicted by theory, that
the mean platelet survival time estimated with either
the multiple hit or weighted mean methods never ex
ceeded that determined by fitting the data to a linear
function.

In patients with immune thrombocytopenic purpura,
where the mean platelet survival time was very short,
results with the alpha order model differed from those

of the other models. In some instances the value of
alpha was greater than unity and the estimate of mean
platelet life span shorter than that estimated with an
exponential function. This indicates that a higher order
function is operative. In these cases the other mathe
matic models, in contrast to the alpha order model,
simply fitted the curves to an exponential function. The
investigator may, however, be alerted to the presence
ofsuch a higher order function by another finding: The
estimate ofthe potential age-dependent platelet survival
time will be greater than normal. It is therefore evident
that certain patterns of results obtained by fitting the
data to several mathematic models may alert the inves
tigator to the possibility that the data on which the
estimates were based were invalid, or that the assump
tions on which the mathematic model are based are not
operative in the particular case.

The usefulness of a mathematic model will also be
determined by its sensitivity to â€œnoise.â€•â€œPureâ€•noise is
introduced by experimental error and is related either
to the sampling procedure or to the statistics of counting
the radioactivity of the blood sample. â€œPhysiologicâ€•
noise could also be introduced by the redistribution of
platelets owing to their pooling in organs, and the
influence of exercise and posture. Sensitivity to noise
will decrease the precision of the measurement of the
mean platelet survival time. The sensitivity to noise
cannot be directly determined because the â€œtrueâ€•mean
platelet survival time, represented by the platelet clear
ance curve under investigation, is not known. We have
therefore used the range of the mean platelet survival
time observed in normal subjects (where the platelet
survival curve is effectively linear) as an approximate
indicator of sensitivity to noise. The multiple hit model
is relatively insensitive to noise. This is reflected by the
coefficient of variation: In normal subjects it was 7.9%
for the multiple hit, compared with 6.5% obtained with
the linear model. The other models that fitted the data
well (modified weighted mean, Dornhorst, alpha order,
Meuleman and polynomial function) are somewhat
more sensitive to noise: In normal subjects their coef
ficients of variation varied from 9.9â€”12.0%. The good
correlation of the mean platelet survival times calcu
lated with these models that fitted the data well also
indicates that the sensitivity to noise of these models is
acceptable.

On the basis of the results of this study, we would
make the following recommendations for estimating
the mean platelet survival time. The multiple hit model
is recommended, but iflimited computing facilities are
available, our modified weighted mean method is sat
isfactory. These models are insensitive to noise, but do
not indicate the presence of invalid physiologic mech
anisms. Therefore, it is always necessary to inspect the
platelet survival curve visually. This will provide infor
mation on the influence of the collection injury, the
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Alpha Order Function (14)
The alpha order function was calculated by:

H@(t) H,,(0) [1 + (1 â€”a) (k4@+ kt)]I/(C_a),

where H,@(0)was the y-intercept calculated by the modified
weighted mean method, â€œkâ€•the rate constant, and ko an
initiation constant. The value of â€œaâ€•or alpha determined the
shape of the function; when a = 0, a linear and when a = 1,
an exponential function was obtained. The y-intercept was
calculated by:

H@(0)= [H,,(0)J[I + (1 â€”

The mean platelet survival time was calculated by:

T@+1@[l +(l â€”a)ko].

Polynomial Function
The polynomial function, H@,(t)was calculated by:

H,,(t) = a0 + a,t + a2t2 + .f a,,tâ€•,

where a0, a a@were constants. The mean platelet survival
time was given by:

T@= a,@,/a,.

Multiple Hit Function (11)
The multiple hit function, Hh(t) was calculated by:

Hh(t) = (c/n) @:l[(n â€”1)/i!1 exp(â€”at)(at)1@,
i-O

where â€œnâ€•was the number of hits, â€œcâ€•the normalizing con
stant, and â€œaâ€•the mean waiting time between hits. The mean
platelet survival time was given by:

Th n/a.

The number of hits, â€œnâ€•reflected the mechanism of platelet
destruction; when n = 1 it indicated exponential survival and
when â€œnâ€•became large it reflected linear survival.

Dornhorst Function(11,15)
The Dornhorst function, H@(t),was calculated by:

H.@,(t)= H@,(0)@[exp(â€”kt)â€”exp(â€”kT)@/[1 â€”exp(â€”kT)]@,

where H,,(0) was the y-intercept, â€œkâ€•the relative random rate
of platelet destruction, and â€œTâ€•the potential age dependent
platelet survival time. The mean platelet survival time was
given by:

Td [1 â€”exp(â€”kT)]/k.

Meuleman Function (17)
The Meuleman function, Hm(t), was calculated by:

Hm(t) Hm(0)( 1 â€”t/T) exp(â€”kt),

where Hm(0) was the y-intercept, â€œkâ€•the random rate of
platelet destruction, and â€œTâ€•the potential age dependent
survival time. The mean platelet survival time is given by:

Tm T/(1 + kT).

presence of obvious outliers, and the shape of the
platelet survival curve. This will alert the investigator
to the possibility of an imbalance between platelet
production and destruction, to problems with the la
beling and harvesting of the platelets, and to the possi
bility offaulty techniques ofblood sampling or counting
of radioactivity. It is advisable to use at least one other
mathematic model to facilitate the recognition of above
mentioned pitfalls. The Dornhorst, Meuleman, alpha
order, or polynomial models are equally satisfactory for
the detection of a concave shaped platelet survival
curve, while the alpha order is recommended for the
detection of higher order functions in patients with a
very short mean platelet survival time.

APPENDIX

MAThEMATIC FUNCI1ONS TO FIT PLATELET
SURVIVAL CURVES

The following mathematic functions were fitted to the
platelet survival curves.

Linear Function (11,12)
The linear function was calculated by:

H,(t) = H,(0) â€”at,

where H,(t) represented the linear regression line, H,(0) the y
intercept, and â€œaâ€•the rate ofplatelet disappearance. The mean
platelet survival time, T,, was given by:

T, = H,(0)/a.

Exponential Function (10,11)
The exponential regression curve, H,@(t),was calculated by:

H.@(t)= H@(0)exp(â€”kt),

where H,@(0)was the y-intercept and â€œkâ€•the relative rate of
platelet disappearance. The mean platelet survival time was
given by:

T@ 1/k.

Weighted Mean Function (11, 12)
The weighted mean regression curve, H@(t),was calculated

H,@(t)= [S@H,(t)+ S,H@,(t)]/[S@+ S,J,

where S, and S@were the residual sum of squares associated
with linear and exponential regression curves. The residual
sum of squares was calculated by:

SI = @:[(H,@â€”N]2 and

SC = @:t(H@)@â€”N]2,

where (H ,)@and (H@)1were linear and exponential regression
curve points corresponding to data points N.

The weighted mean survival time was calculated by (10):

T,. = [SET,+ S,T@]/[S@+ S,J.

by:

FOOTNOTE
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