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ABSTRACT 

An extensive survey of radioirmnunoassay calibration data for predni- 
solone , prednisone and digoxin indicated that the common practice of 
preparing calibration curves with individual subject's pre-dose plasma 
or serum, and using this to estimate unknown concentrations for the same 
subject, is not supported by statistical considerations. Preparation of 
calibration plots from pooled data is better because this introduces less 
bias in estimated concentrations. Such a method also saves a great deal 
of time, since it is not necessary to repeat the calibration procedure 
each time "unknowns" are being assayed. The data suggest that there is 
no optimum calibration plot for all radioimmunoassays. Rather, each 
antibody-drug combination should be investigated thoroughly to determine 
the best calibration plot for the particular combination. We found that 
the best calibration plots are: the logistic-logarithmic plot for pred- 
nfsolone; nonlinear least squares fit to a polyexponential equation for 
predlnisone; and a weighted least squares regression of normalized X 
bound versus concentration for digoxin. The error in the radioimmuno- 
assay Gaily concentration-dependent, and, in certain regions of the 
standard curve, is larger than the literature indicates, since, frequent- 
ly, the error has been gauged from Z bound values, but should be gauged 
from inversely-estimated concentrations. 

INTRODUCTION 

Plasma concentrations of corticosteroids or digoxin are frequently 

measured by radioimmunoassay (1,Z) or a modification of the competitive 

protein binding method of Murphy et al. (3). In either situation the 

investigator requires a calibration curve that is often prepared at the 

same time that "unknown" plasma samples are analyzed. A calibration 

curve is prepared by adding known amounts of unlabeled drug to the sub- 

jects' own pre-dose plasma. '*Unknown" plasma concentrations of drug are 

then calculated in one of the following ways: (a) from least squares 

parameters obtained from logistic-logarithmic plots (4); (b) the X bound 

or counts per minute (cpm) values versus concentration data are fitted 

to a polyexponential equation and "unknown" plasma concentrations are 

calculated by an iterative process (5); or (c) the data are linearfeed 
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by dividing X bound values in the absence of drug, B(O), by the 7. bound 

values in the presence of drug, B(X). This ratio is plotted against 

concentration, and “unknown” concentrations are estimated from least 

squares parameters obtained from such plots (6). Often, the choice of 

the method utilized in presenting “saturation analysis” data depends on 

the investigator who msy choose any of the methods discussed without 

giving any scientific reason why one method was chosen over the others. 

In the process of performing large numbers of radioimmunoaesays for 

prednisolone (lls,17,2l-trihydroxy-l,4-pregnadiene-3,20-dione), predni- 

sone (17~,2l-dihydroxy-l,4-pregnadiene-3,11,20-trione) and digoxin, it 

was necessary to find the optimum methods of presenting calibration data. 

This article summarizea analyses of extensive radioimmunoassay calibra- 

tion data for these three compounds. The extension of such statistical 

analyses to data obtained by the competitive protein binding method is 

obvious. The analyses of variance reported in this paper were performed 

on a digital computer using the BMD Biomedical Computer Programs des- 

cribed by Dixon (7). 

RADIOIMMUtQASSAY PROCEDDRl?S 

Plasma concentrations of prednisolone were assayed by a modifica- 
tion of the radioissnunoassay method of Colburn and Buller (1) reported 
by Sullivan et al. (5). -- Plasma concentrations of prednisone were mea- 
sured by the method of Sullivan et al. (8). Plasma digoxin levels were 
measured by the method of Stoll zx. (2) using commercial antiserum. -- 

RESULTS 

Analysis of Radioisssunoassav Data for Prednisolone, Prednisone and 

Digoxin . 

The prednisolone data (Tables l-3 and 6 and Figures 7 and 8) were 

based on average duplicate B(0) and B(X) values, corresponding to concen- 

trations of 0.4, 0.8, 2, 4, 6 and 10 ng of prednisolonefml of plasma, for 

12 subjects’ pre-dose plasma (after dexamethaeone suppression of endoge- 

nous cortisol) taken on the same day--a total of 168 individual values 

and 84 averages. The prednisone data (Tables 1, 3 and 6 and Figures l- 

4) were based on average duplicate B(0) and B(X) values, corresponding 

to concentrations of 0.0505, 0.253, 0.505, 1.01 and 2.01 ng of predni- 

sane/ml of plasma, for 12 subjects’ pre-dose plasma (after dexametha- 

sone suppression of endogenous cortiaol) taken on four different days 



at one week intervals--a total of 576 individual values and 288 aver- 

ages. The digoxin data (Tables 1, 3 and 5 and Figures 5 and 6) were 

based on average duplicate B(0) and g(X) values, corresponding to con- 

centrations of 0.08, 0.4, 1.2 and 2.0 ng of digoxinlml of plasma, for 

8 subjects’ pre-dose plasma taken twice with an intervening period of 

two <weeks--a total of 160 individual values and 80 averages. 

Formerly, the authors had fitted X bound values to a triexponential 

or bfexponential equation, then estimated the concentration of 

“unknowns” for each subject by an iterative method using an electronic 

calculator. Hence, the data for each subject were treated separately. 

Although the mean squares for “Between Subject’s Plasma Samples” are 

sign:ificant (see Table 1) analyses of the partitioned corrected sums of 

squares of the X bound, B(X), values indicated that intersubject varia- 

tion contributed only 0.7, 2.28 and 0.8% to the total variability for 

predniaolone, prednisone and digoxin, respectively (Table 1). On the 

other hand, different concentrations accounted for 98.6, 93.6 and 97.87, 

of the total variability for prednisolone, prednisone and digoxin, 

respactively (Table 1). Thus, single or duplicate B(X) values for an 

individual subject are just one or two members of a distribution of such 

values corresponding to a given concentration of compound. Preparation 

of a calibration curve from such data obtained at several different con- 

centrations most probably introduces considerable bias into concentra- 

tions estimated for unknowns. 

Usually B(X)/B(O) ratios are more homogenous than the B(X) values 

thems’elves, where B(X) is the 2 bound at a known concentration of com- 

pound. and B(0) is the % bound in the absence of the compound. Table 2 

gives $$+ x 100 values for prednisolone after averaging duplicate B(X) 

and B(0) values. Since the success of the radioimmunoassay depends so 

much on the accuracy with which B(0) values are determined, currently it 

is the policy of our laboratory to obtain at least four B(0) values for 

each subject using pre-dose plasma and measuring binding on the same day 

that the “unknowns” for the same subjects are assayed. The normaliaa- 

tion process is then carried out with the average of the four B(0) 

values. Analyses of variance of B(X)/B(O) values given in Table 3, 

shows that the sums of squares attributed to “Between Subjects’ Plasma 
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Samples" contribute very little to the total sum of squares; the bulb of 

the variability is contributed by concentrations. Therefore, the pool- 

ing of data for the calibration curves of prednisolone, predniaone and 

digoxin appears to be justified. 

Table 2 

Normalized 7. Bound Values W 
' B(O) 

x 100, Calculated From Average 

Calibration Data for Prednisolone Radioirawnoassay of Plosms 

Samples of Prednfsolone Study Do. 2 Using Ottawa Antiserum 

x 100 at Prednisolone Plasma 

E'laema Assay 
Subject 

_ Concentration (&ml) of 
Phase Operator 0.4 0.8 2 4 6 10 ------ 

1 1 T 60.2 43.5 22.8 13.1 9.88 5.62 
2 1 H 54.5 44.9 24.8 14.6 11.1 8.60 
3 1 S 61.0 45.6 28.2 18.1 13.9 9.06 
4 1 T 58.1 47.0 24.3 14.2 11.7 7.34 
5 1 s 63.1 45.9 26.2 16.3 12.6 8.87 
6 1 x 57.3 45.4 24.3 13.9 12.1 8.81 
7 1 H 55.0 44.0 23.6 14.7 11.7 8.13 
8 1 S 68.4 53.4 30.8 19.3 14.8 10.7 
9 1 H 61.0 44.0 26.0 16.8 12.4 8.23 
10 1 H 60.2 45.0 25.0 14.7 10.8 8.01 
11 1 S 61.8 45.7 26.5 15.8 11.8 7.55 
12 1 S 55.2 41.5 23.0 14.5 10.7 7.50 

Ave. 59.7 45.5 25.5 15.5 12.0 8.20 
C:VD&) 3.97 6.65 2.86 6.29 2.29 9.01 11.8 1.83 11.4 1.37 14.9 1.22 

-ration of Prednisone Concentration from Three Different Types of 

Calibration Plots 

The results of statistical analyses of data obtained by the predni- 

sone radioimmunoassay are shown in Table 4. Three different calibration 

metholds were studied. It is clear that the best method (i.e., the one 

that is associated with the lowest coefficients of variation in the back- 

calculated values of prednisone over the entire range of concentrations 

and the lowest bias) is the nonlinear least squares fit of the calibra- 

tion data to a triexponential equation (Fig. 1). Although the parabola 

(Fig. 2) actually gave the lowest coefficients of variation It is much 

less desirable because of the lack of information at lower concentrations 

of drug and the higher bias. The coefficients of variation of the esti- 

mated1 concentrations obtained for prednisone by the triexponential equa- 

tion were 46.0, 15.3, 8.42, 14.2 and 27.6% 0.0505, 0.253, 0.505, at 1.01 

and 21.02 ngfml, respectively. 
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Fig. 1. - Calibration curve for the prednisone radioimmunoassay 
based on the nonlinear least squares fitting of 240 points to a 
triexponential equation. Data were obtained from the pre-dose 
plasmas of 12 subjects for each of four phases of a crossover 

study. %I2 The circles are the mean B(OI x 100 values. The bars 

mark off the ranges of the same values. The equation of the 

fitted Line is: $ = 52.627e -0.6724x * 51.669e-i'gg9x 

- 3.652e*4'66gx1 where 9 is the estimated value of g(C] x 100 !!.Sk 

and x is the concentration of prednisone in ng/mL. -x-r 

The logistic-logarithmic plot (Fig. 3) gave coafficients of varia- 

tion (Table 4) that are comparable to thoee given for the triexponentiat 

equation, but in this case the mean estimated concentrations show exces- 

sive bias at both the lowest concenttatlone and the highest concentra- 
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Averages, Standard Deviations , Coefficients of Variation and Bias 
of Inversely Estimated Concentrations from Three Different Types 
of Calibration Plots For Prednisone 

Equations for 
Calibration Plot l- 

For y at Actual Concentration (ng/ml) 
0.0515 0.253 0.505 1.01 2.02 ----- 

A y = 52.627e-0.6724x Meana 0.0526 0.250 0.507 1.07 2.10 

+51,66ge-2.889x S.D. 0.0242 0.0383 0.0427 0.152 0.580 

- 3,6520e-4*668x C.V.(7.) 46.0 15.3 8.42 14.2 27.6 

where -0.003 MI.002 +0.06 iQ.08 
A Y - U&L B(0) x 100 -1.19 a.4 +5.94 +3.96 

x f concentration of 
prednisolone (ng/ml) _ 

For y at Actual Concentration (r&ml) 
0.0515 0.253 0.505 1.01 2.02 ----- 

y = 1.2366x + 0.9032 Meana 0.0636 0.257 0.499 1.04 2.40 
where 

0.0262 0.0360 0.0410 0.154 . 

' + 10$~;;]Bias;$~:;121 ::;4 ;:" !:;3 ,I, 

x = In (concentra- . . . . . 
tion of prednisone, 

1 

t 

ng/ml) 

For y at Actual Concentration (ng/ml) 
0.0515 0.253 0.505 1.01 2.02 -- 

$ = 3.3200 - 0.9275x c Meana b 0.2735 0.491 0.988 2.13 

- 0.1762 x2 
where 

y = In $#xlOO 

x = In (concentra- 
tion of prednisone, 
ng/ml) 

S.D. 0.0317 0.0375 0.141 0.897 

C.V.(%) 11.6 7.64 14.3 42.1 

iC.0205 -0.014 -0.022 +O.Ll 

ffl.1 -2.8 -2.2 +5.4 

a Each mean is based on 48 observations. 
b 
Values not calculated since, on inverse estimation, high x 100 

values gave negative numbers under the square root sign for the roots 

of the quadratic equation. 
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c = CONCENTRATION OF PREDNISONE (NG/ML) ON A LOGAPITHMI~ SCALE 

Fig. 2 - Calibration curve for the prednisone radioimmuno- 
assay based on fitting to the equation of a parabola. Same 
data as used for preparation of Fig. 1. The equation of the 
fitted line is: ,n x 100 - 3.3200 - 0.9275 In c 

- O.l762(1n c)~. 

tions (Fig. 2). This plot failed the linearity test over the entire 

ranrge of concentrations. Fig. 4 shows the marked heteroscedasticity for 

the logarithmic-logistic transformation applied to prednisone. Hence, 

the logistic-logarithmic transformation is optimum for prednisone only 

in the very narrow range of drug concentrations where this plot (Fig. 4) 

shows a minimum. 

Estimation of Digoxin Concentrations from Different Types of Calibration 

Plots -_ 
The best calibration plot for digoxin radioimmunoassay is the 
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-3 -J . 1” -L -s ” 1 

x = in ~CONCENTRAT~ON 0~ PRE~ISONE, NGIML) 

Fig. 3 - Calibration curve for the prednisone radio~~assay 
baaed on the logarithmic-logistic function. Same data as used 
for preparation of Fig. 1. The equation of the weighted least 
squareq_is: 9.0 1.2366x +_0.9032, where 9 = the estimated value 

and x = the natural logarithm of the concentration 
in &ml.. 

of prednisone 

weighted least squares regression of g(C)/B~~) versus concentratfon 

(Table 5 and Pkg. 5). The equation of the line is of the form: 

+g 
-afbC BP. (1) 

where “a” and %*’ are constants and “C” ta the concentration of digozin. 

For thfs type of calibration plot for digoxin, the calculated coeffi- 

cients of variation of concentratione and the bias values are given in 

Table 5. Fig. 6 shows the non-uniformity of variance of the B(O)/B(X) 

values over the range of concentrations utilized. In the case of digox- 

in the variance of the B(O)/B(X) parameter appears to be a linear 
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Averages, Standard Deviations, Coefficients of Variation 
and Bias of Inversely Estimated Concentrations for DigOxin 

Actual Concentration (&ml) 
0.08 0.4 1.2 2.0 

Ba [ 

Ave. 0.0802 0.399 1.20 2.00 
S.D. 0.0261 0.0429 0.0901 0.113 

Eqaa tion C.V.(X) 32.5 10.7 7.48 5.65 
Bias ( ngiml +0.002 -0.001 0 0 

x +0.25 -0.25 0 0 

a Equation B is: m = 0.974 + 1.361 c 
B(X) 

Inverse estimation was performed with the equation: 

Table 6 

Averages, Standard Deviations, Coefficients of Variation and Bias of 
Concentrations Estimated Inversely Using the B(0) and B(X) and the 

&It Squares Regression Equationa Which Fits Each Set of Data 

Actual Concentration (&ml) 
0.4 0.8 2 4 6 10 ------ 

0.770 2.12 4.29 6.02 9.79 

Aa 
0.0725 0.0906 0.266 0.625 0.843 1.99 

Equation 11.8 12.6 14.6 14.0 20.3 
-0.003 +0.120 +0.29 +0.02 -0.21 
-3.75 f6.0 +7.25 M.33 -2.1 

'Equation A is: l In C + In Q where S = 0.8853 
and In Q - 0.4209 

Inverse estimation was performed with the rearranged equation: 

100 - 9 x 100 

a x 100 

C=e B(0) 

funcltion of the mean value of the parameter over the concentration range 

tested (Fig. 6). 

mnation of Prednisolone Concentration from Different Types of 

Calibration Plots 

A summary of the results of analyses of calibration data for the 

prednieolone radioimmunoassay are given in Table 6 and Figs. 7 and 8. 
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Fig. 4 - Showing the marked heteroscedasticity of the logit 
function derived from prednisone radioimmunoassay data. 

(Fig. 8 is drawn to the same scale as Fig. 4, for the purposes of com- 

parison). The logistic-logarithmic plot (Fig. 7) is the best transfor- 

mation to use for estimating plasma concentrations of prednisolone. Fig. 

8 shows that the variances are essentially homogenous over the entire 

concentration range of the logistic-logarithmic plot. The coefficients 

of variation associated with this plot average 15.2X, with a range of 

11.8 to 20.811, (Table 6). It is interesting that these coefficients of 

variation for the prednisolone radioimmunoassay are much more concentra- 

tion independent than those obtained in either the digoxin or predniaone 

radioimmunoasaays. 
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B(o) 
B(X) 

L 
0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 1.6 2.0 

CONCE~~ATION 0~ DIGOXIN (NGAIL) 

Fig. 5 - Calibration curve for the digoxin radioimmunoassay 
based on 16 points at each concentration or a total of 64 points. 
The circles are the mean B(O)/B(X) values and the bars mark off 
tha ranges of the values. 
line has the equation: 0 

The weighted least squares regression 
- 0.974 f I.361 x, where 9 is the estf.- 

mated value of B(O)fB(X) and x is the concentration of dfgoxin 
in &ml. 

The authors believe that if anyone running radioimmunoasssys col- 

lects as much data as exists in this laboratory, comparable coefficients 

of varriation would be found in concentrations calculated by inverse esti- 

mation. Also, supportive evidence for the upooling concept” was obtained 

when parameters for the logistic-logarithmic equation for prednisolone, 

based on six subjects, were found to be essentially the same as those 

obtained for twelve subjects. 
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Fig. 6 - Showing the heteroscedasticity of the parameter 
B(O)/B(X) detLved from digoxin ~adio~~noassay data. Here 
the variance is a linear function of the mean. 

DISCUSSION 

Various measures of precision of radioimmunoassays have been dis- 

cussed in the literature (9-14). Among these are: (a) the standard 

deviations calculated from duplicate % bound values; (b) the standard 

deviations and coefficients of variation of % 
x 100 values; (c) the 

standard deviations and coefficients of variation of the transformation 

used on the ordinate to linearize the data; and (d) lastly, the standard 

deviations and coeffictents of varkatton of the inversely estimated con- 

centrations. The standard deviations and the coefficients of varkation 
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Fig. 7 - Calibration curve for the prednisolone radioimrmno- 
assay based on the logarithmic-logistic function. Plot is 
based on total& 12 different subjects’ pre-dose plasma at 
each of the 6 concentrations. The circles are the mean 
parameter values and the bars mark off the ranges. 

of the inversely estimated concentrations are the most valid criteria of 

preclision. This method also yields estimates of bias (Tables 4, 5 and 6). 

Many laboratories prepare individual subject calibration curves at 

the same time that “unknown” plasma samples are being analyzed for a par- 

ticullar drug by a radioimmunoassay method. Data presented in this paper 

show that intersubject variation contributes very little to the total sum 

of squares. Also, the normalized % bound values were compared with the 

B(X) values themselves. Normalizing the data with respect to B(0) 

reduced the coefficients of varfation in the case of prednisone and 
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Fig. 8 - Showing the homoscedasticity of the logit function 
derived from prednisolone radioimmunoassay data. (Drawn to 
the same scale as Fig.4 for comparison purposes). 

digoxin, but not for prednisolone. Normalizing also reduced the fraction 

of the total sum of squares accounted for by the “between plasma samples” 

sum of squares in the case of prednisone and dlgoxin, but not in the case 

of prednisolone. The statistical survey of calibration curve data also 

indicated that: (a) even a slight degree of curvature on a supposedly 

linear calibration plot Introduces considerable bias in estimated concen- 

trations, particularly at the lower and upper concentration range (e.g., 

Fig. 3). (b) The coefficients of variation calculated from duplicate X 

bound values, or X bound values observed on different days, are much 

smaller than coefficients of variation obtained from inversely estimated 

concentrations. Particular attention should be paid to the relationship 

between the variance and the mean for the parameter to be used on the 



ordinate of the calibration plot (e.g., Pigs. 4, 6 and 8). Finally, 

the error in the radioimmunoassay is much larger than the literature 

indicates. 
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