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ABSTRACT

The aim of this study was to determine guidelines for estimating lot-

to-lot differences in the potency of calibrator materials or batches of

standards for radioimmunoassays. Thirty one lots of standards for

thirteen different analytes were compared to the previous lot for that

analyte with the relative potency computed by nine different meth-

ods. Assays were performed manually. The nine different calculation

methods included non-simultaneous fitting of pairs of standard

curves, full or partial simultaneous fitting, and least squares or
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robust minimisation. The simultaneous methods were found superior

to the non-simultaneous in minimising the variance of the relative

potency estimates, while robust fitting procedures did not result in a

lower variance than least-squares minimisation. The root mean

square coefficient of variation for the simultaneous estimation of

the relative potency by least squares was 6.1%. On this basis, it is

recommended that relative potency estimations in radioimmunoas-

say be based on at least eight independent pair-wise standard curve

comparisons. Additional guidelines for preparing and comparing

batches of standards are also given.

Key Words: Calibration; Potency; Immunoassay; Standardisation;

Radioimmunoassay.

INTRODUCTION

The long-term stability of the estimates of concentration obtained
by radioimmunoassay and similar techniques is critically dependent
on the ability to prepare successive lots of calibrators with low inter-lot
variation in potency. On a practical level, for example, in a longitudinal
study of a T4 radioimmunoassay, the most disconcerting finding was
the variability in successive lots of calibrator.[1] Further, it is readily
demonstrated, on theoretical grounds, that the errors in preparing
dilutions of a master lot of calibrator are unlikely to be negligible.[2,3]

The problem is particularly acute for those analytes for which calibrators
of essentially 100% purity are not available and, hence, determination
of amount by simple physical methods, such as weighing, is not
possible. This includes many peptides and proteins. Although radioim-
munoassays and similar limited reagent methods have been largely
supplanted in clinical laboratories by automated excess-reagent methods,
radioimmunoassay methods are still very important in research
laboratories such as ours because they are relatively easy to set up for
new analytes.

The most common approach to minimising the inter-lot variability of
calibrators appears to be to calibrate each lot against a previous lot. This
can be the immediately previous lot[1] or a master lot.[4] However, despite
its importance, there appears to be little published consideration of
how to do this in a statistically adequate manner. Sadler and co-
workers[1] compared the old and new lots of calibrators in at least
three successive radioimmunoassays, but their study demonstrated that
this was inadequate as the potency of successive lots varied by up to 5%
for T4 concentrations within the reference range and the total drift due
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to calibration variation over 29 months ranged from 6% at high concen-
trations to 18% at low concentrations.

The aims of this work were, firstly, to compare procedures for esti-
mating the relative potency of different lots of peptide radioimmunoassay
standards using real radioimmunoassay data. Then, secondly, on this
basis, to develop a statistically-based procedure for estimating the
potency difference between lots of calibrators that has adequate precision
to control long-term drift in calibration. In particular, guidelines for the
appropriate number of lot-comparison assays were sought and the poten-
tial benefit of using robust estimation methods was examined.

METHODS

Notation

For convenience in the following description of methods, we denote
the total number of different lots (or batches) of freshly prepared cali-
brator (or standard) material that were compared with a previous lot of
calibrator in this study as M, with the individual new lots being denoted
1, 2, . . . i, . . .M. The ith lot could be a new lot of standards for any one of
a variety of analytes, for example, C-peptide or IGF-1. Each new lot (i) is
to be compared to a previous lot, i 0, of standard material for the same
analyte in order to estimate the relative potency of the new lot compared
to the old.

Within the procedure for estimating the relative potency of the ith
pair of lots, that is to say comparing the potency of calibrator lots i and
i 0, a number of independent comparisons of pairs of standard curves (one
constructed from the new lot and one from the old) are performed.
Denote as ni the total number of such independent pair-wise comparisons
performed to estimate the relative potency of lots i and i 0. Hence N, the
total number of pair-wise standard curve comparisons performed, is
given by

N ¼
XM

i¼1

ni

Experimental Design

Preliminary simulations suggested that the number of independent
pair-wise standard curve comparisons (ni) required to determine relative
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potency with reasonable precision for one lot comparison would be
about eight. Consequently, the experimental approach adopted in
most cases was to perform, for each lot comparison, four separate
assays each containing two instances of the old and new lots of calibra-
tors in the design:

1. S1, QCs, S2, S2, QCs, S1
2. S1, QCs, S2, S2, QCs, S1
3. S1, QCs, S2, S2, QCs, S1
4. S1, QCs, S2, S2, QCs, S1

where S1 is a standard curve constructed from the old lot of calibrator
and S2 is a standard curve constructed from the new lot of calibrator.
QCs are quality control specimens and the numbers 1 to 4 refer to the
four independent assays. Taking the four assays together, this design
furnishes eight independent comparisons between S1 and S2 and is
balanced as regards the order of S1 and S2. For various practical reasons,
in some cases, greater or fewer than four assays of balanced comparisons
were made, or unbalanced comparisons (that is to say just S1, S2) were
incorporated into routine clinical assays. All standard concentrations
were run in duplicate and standard curves included from 6 to 11 dif-
ferent concentrations in addition to the zero standard, which was run in
quadruplicate.

Preparation of Standards

Dilutions of calibrators for use in standard curves were prepared by
diluting the concentrated calibrator by weight, rather than by volume, in
order to increase precision.

Radioimmunoassays

Brief details of the radioimmunoassays for aldosterone, AVP, BNP,
C-peptide, glucagon, IGF-1, N-terminal BNP, and VIP have been pub-
lished,[5] as have the procedures for adrenomedullin[6] and ANP.[7] Renin
activity was measured by an antibody trapping assay based on that of
Nussberger and colleagues[8] and endothelin by a radioimmunoassay
based on that of Kitamura and co-workers.[9] The radioimmunoassay
for N-terminal ANP was similar to that for N-terminal BNP except
that NT-ANP (1–30) was used as standards and the antiserum
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(Peninsular Labs., San Carlos, CA) was raised against NT-ANP. All
assays were performed manually.

Relative Potency Estimation

The relative potency (or potency ratio) of lots of calibrators was
estimated by nine different procedures based on four different basic meth-
ods. In methods 1 and 2, each pair of standard curves (one prepared from
the previous lot and one from the new lot) were fitted simultaneously by
the five-parameter logistic equations:

B1 ¼ d þ
ða� d Þ

ð1þ �x�1Þ
� ð1Þ

B2 ¼ d þ
ða� d Þ

ð1þ �ðrx2Þ
�
Þ
� ð2Þ

where B is the fraction of tracer bound to antibody, x is the concentra-
tion of calibrator, and a, d, �, �, � and r are adjustable parameters.
Equation (1) was fitted to the standard curve given by the previous lot
of calibrators and Eq. (2) to that given by the new lot. The fitted
value of parameter r was then an estimate of the relative potency of
the new lot of calibrator compared to the old. Parameters a and d
approximate the maximum and minimum binding, respectively, for
the standard curves. Finney[10] has shown that the five-parameter
logistic is a good approximation to RIA standard curve shapes and the
advantages of the simultaneous analysis of sigmoidal curves are outlined
by DeLean and colleagues.[11]

Equations (1) and (2) were fitted to the standard curve data by the
downhill simplex method[12] using a purpose-written computer program
(available from the authors). Downhill simplex minimisation was used so
that the fitting could be readily performed using a variety of minimisation
criteria.[12] If z represents the weighted residual after curve fitting, the
three criteria used were the minimisation of z2 (least squares), |z|1.25

and log(1þ z2/2).
The attempt was made initially to use the absolute deviation, |z|, as a

minimisation criterion, since it may be more robust against outliers than
least squares and, if the residuals are distributed as a double exponential,
it is the optimal criterion.[12] However, since convergence proved to be
poor for |z| for the present fitting problem, an exponent of 1.25 was
added. Convergence proceeded smoothly for |z|1.25 and this criterion
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will be referred to as the modified mean absolute deviation (MMAD)
fitting.

The minimisation of log(1þ z2/2) was used an alternative robust
estimator as it is optimal for a Cauchy distribution of the residuals
and the Cauchy distribution has even more extensive tails than
the double exponential.[12] This criterion will be referred to as Cauchy
fitting.

For the fitting of the logistic functions, the residuals were
weighted using the radioimmunoassay variance function (or response-
error relation):

�̂�2 ¼ h0 þ h1B
1:4

ð3Þ

where B is the fractional binding of tracer to antibody corresponding to
the residual and �̂�2 is the estimated variance of the residual. The par-
ameters h0 and h1 of the variance function were determined by iterative
weighted linear regression on all the squared differences between the
duplicate fraction bound values within the relative potency determination
assay. The exponential form of Eq. (3) follows the recommendation of
Dudley and co-workers[13] and the exponent of 1.4 is that used in this
laboratory for all radioimmunoassay calculations.

Outlying duplicates were rejected by calculating the kurtosis of
the standardised differences between duplicate values and successively
deleting the duplicates with the largest standardised differences until
the kurtosis was less than 5. Standardisation of the differences between
duplicate values was by division by �̂�.

In the first method (Method 1) for estimating r, all the parameters
in Eqs. (1) and (2) other than r were forced to take the same values in
both equations during the curve fitting. Or, in other words, the two
standard curves were assumed to be of identical shape, but to differ in
their positions on the x axis.

The second method (Method 2) for estimating r was the same as
Method 1 except that the value of a, as well as r, was allowed to differ
between Eqs. (1) and (2). This allowed for any drift of the maximum
binding within the assay.

The third method (Method 3) was to use the ‘optimal’ least squares
estimate. That is to say, using the least squares estimate from Method 1
unless the least squares estimate by Method 2 was significantly better
(by F test of the sums of squares of the residuals) in which case the
latter estimate was used.

The fourth method (Method 4) for estimating r was to fit Eq. (1),
independently, to all standard curves and calculate the ED50 for each
standard curve. The ED50 is the concentration of standard (x) for
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which the binding (B) equals (aþ d )/2. The estimate of r for a pair of
standard curves is then taken in this method to be the ratio of the ED50
values. Method 4A was to simply fit Eq. (1), method 4B was to fit Eq. (1)
then, if there was still significant deviation of the residuals from the fitted
line, to fit sequential straight-line segments.[14]

In all, nine different procedures for estimating relative potency were
performed for each pair of standard curves, namely Method 1 with three
different criteria for minimising the residuals (denoted 1LS, 1MMAD,
and 1Cauchy), Method 2 with the three different minimisation criteria
(denoted 2LS, 2MMAD and 2Cauchy), Method 3 (denoted 3LS), and
Methods 4A and 4B.

For each lot comparison for an analyte (comparison of the ith lot to
the i 0th lot), the ni independent comparisons of pairs of standard curves
resulted in ni estimates of the value of r for each of the nine different
estimation methods. The mean (�rr) and standard error of the mean (sem)
for each method was calculated from the ni values of r for that method.
The hypothesis that �rr¼ 1 was tested using the single sample Student’s
t test and the coefficient of variation for the estimates of r (denoted CVr)
for each of the nine methods was also calculated.

Parallelism

Parallelism of the standard curves S1 and S2 was checked by per-
forming a preliminary run of the simultaneous fitting of Eqs. (1) and (2)
to S1 and S2, respectively, with �¼ 1.0, while allowing the value of the
parameter � to differ between Eqs. (1) and (2). Only � and r differed
between Eqs. (1) and (2) (except that, when Method 2 was used, a differed
also). The ratio of the two values of �, here denoted by s, was taken to be
a measure of the similarity of the slopes of the two standard curves.

In a similar manner to the estimation of relative potency, s was
estimated by seven different procedures (the two ED50 methods were
not applicable). The mean (�ss) and its sem was calculated from the ni
values of s and the hypothesis that �ss¼ 1 was tested using the single
sample Student’s t test. The coefficient of variation for the estimates
of s (denoted CVs) for each of the seven methods was also calculated.

Weighted Coefficient of Variation Estimates

The weighted root mean square of the M independent estimates of
CVr for each of the nine estimation methods were calculated using
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weights of ni� 1 and the weighted 25th percentile, median, and 75th
percentiles for CVr calculated using weights of ni. Weighed summary
statistics were calculated similarly for the estimates of s.

Comparison of Variances

For each of the M lot comparisons, the variances of the estimates of
relative potency obtained by the nine different procedures, each applied ni
times to independent pairs of standard curves, were compared using the
median version of the Levene test for equality of variance.[15] In order to
combine the data from the lot comparisons, theM different probabilities
( pi) that the null hypothesis (all variances equal) was false, were com-
bined using the weighted Stouffer procedure.[16] In brief, each pi is
converted to a normal distribution Z score and the Z scores summed
over the M lot comparisons using weights of ni. The weighted sum is
divided by the square root of M and the resulting Z score converted
back to a probability value.

To determine which of the nine methods of computing the relative
potency showed the greatest variance in the estimates, the variance of
each method was compared in turn to that of the ‘optimal’ least-squares
(LS) estimate, again using the Levene test. The hypothesis tested in each
case was that the ‘optimal’ LS method had the lower variance of the
two. The resulting one-sided probabilities were combined over all the
M lot comparisons using the weighted Stouffer procedure.

Comparison of Mean Estimates

For each of the N pairs of standard curve comparisons (old lot versus
new lot), estimates of the potency ratio by methods 1LS, 1MMAD,
1Cauchy, 2LS, 2MMAD, and 2Cauchy were divided by the value of
the potency ratio estimated by method 3LS. The significances of the
differences between the means of each of these six ratios and unity
were determined using the one-sample Student’s t test.

Assay Characteristics and Correlations

For the purpose of summarising assay characteristics and perform-
ing correlation studies, the variability of the duplicates within an
assay was taken to be the variance calculated from Eq. (3) for a
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fractional binding of tracer to antibody of 0.25. Lot standard deviations
(denoted SD0.25) were the root mean square of the ni within-lot
variances estimated for each pair-wise comparison for the lot. The
binding of tracer to antibody at zero standard concentration (B0) was
expressed a fraction of the total tracer activity added to each assay
tube. Correlations were performed by the Spearman (non-parametric)
procedure.

Sample

All comparisons of lots of calibrators made in our laboratory over
a period of three years were included in this study.

RESULTS

Sample

New lots of standards had been prepared on 31 occasions, in total,
five times for BNP, four times for C-peptide, three times each for IGF-1,
N-terminal BNP and VIP, twice each for ANP, adrenomedullin, aldo-
sterone, AVP, and glucagon, and on one occasion each for endothelin,
N-terminal ANP, and renin activity. From the potency estimation assays
for these 31 lots, a total of 233 independent pairs of standard curves
(old lot versus new lot) were available for study. Thus, in terms of the
notation in the Methods section, M was 31 and N was 233. The mean
value of ni was 7.52 (minimum 4, maximum 11).

Assay Variability and Maximal Binding

The weighted RMS of the SD0.25 values for all 31 lot comparisons
was 0.00653 (median 0.00535, quartiles 0.00463, 0.00670) and the
weighted mean of the B0 values was 0.440 (median 0.413, quartiles
0.351, 0.509).

Mean Relative Potency Estimates

The means and medians of the ratios of the method 1 and method 2
estimates to the method 3LS estimate are given in Table 1 for relative
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potency estimates. Only the mean of the ratio of the 2Cauchy estimator
to the 3LS estimator (0.997) did not differ significantly from unity.
Although statistically significantly different ( p¼ 0.026 or less, n¼ 233),
the ratios of the estimates by the other methods to the 3LS estimates
were, nevertheless, also close to unity (range 0.990 to 0.997).

Coefficients of Variation of Relative Potency Estimates

The weighted estimates of the root mean square (RMS) values of CVr

for the nine different methods for estimating r, along with the weighted
median and the 25th and 75th percentiles are given in Table 2. The

Table 2. Summary of weighted coefficients of variation (CVr) for estimates of

relative potency (r) by different methods for 31 lot comparisons.

Method

1LS 1MMAD 1Cauchy 2LS 2MMAD 2Cauchy 3LS 4A 4B

RMS 6.10 6.06 6.15 6.22 6.39 6.51 6.07 16.98 16.65

Median 5.10 4.89 4.70 5.35 5.38 5.16 5.47 8.97 9.14

25th centile 3.08 3.46 3.25 3.69 4.33 4.09 3.50 5.28 6.09

75th centile 6.84 7.20 7.02 6.69 6.89 6.92 6.67 19.50 19.59

IQR 3.76 3.74 3.77 3.00 2.56 2.83 3.17 14.22 13.50

RMS¼ root mean square, IQR¼ interquartile range.

Table 1. Mean and median ratios of potency estimates by methods 1 and 2 to

the potency estimate by method 3LS. Student’s t and P relate to the differences

between the means and unity.

Method

1LS 1MMAD 1Cauchy 2LS 2MMAD 2Cauchy

Mean 0.9914 0.9900 0.9908 0.9971 0.9957 0.9973

SEM 0.0023 0.0024 0.0026 0.0015 0.0020 0.0023

N 233 233 233 233 233 233

t 3.78 4.08 3.46 1.94 2.13 1.19

P <0.0001 <0.0001 0.0003 0.026 0.017 0.12

Median 1.0000 0.9943 0.9960 1.0000 0.9968 0.9974
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RMS values range from 6.06 to 6.51 except that for the two method 4
procedures the RMS CVr was 17.0 and 16.6. The median CVr values were
lower than the RMS CVr values for all methods.

Comparison of the Variances of Relative Potency Estimates

The combined Levene test probabilities for the variance comparisons
from the 31 lots of standards showed that the variances of the nine
estimators for the relative potency (r) differed significantly (Z¼ 8.13,
p<0.0001) between the different estimation methods.

Comparison of the variances of the other eight estimators of r to the
variance of the ‘optimal’ LS method (method 3LS) in pairwise Levene
tests found that the variance of the ED50-based methods (4A and 4B) was
significantly greater than that of the ‘optimal’ LS method (Z¼ 5.36 and
5.79 respectively, both p<0.0001). In contrast, the variance of none of
the other six methods taken individually was significantly greater than
that of the 3LS method. The most negative Z value of the six was �0.64
for the 1LS estimator ( p¼ 0.26) and the most positive 1.32 for the 2C
estimator ( p¼ 0.094).

Applying the Levene test for homogeneity of variance only to the
potency ratio estimates by the seven non-ED50-based methods (3LS
and the LS, MMAD and Cauchy variants of 1 and 2), and combining
the thirty one p values as above, found that the variances of the estimates
did not differ significantly between these seven methods (Z¼ 0.90,
p¼ 0.19).

The variance of the 1LS estimator did not significantly exceed that of
the 2LS estimator when just these two methods were compared by Levene
test (Z¼�0.25, p¼ 0.40).

Mean Slope Ratio Estimates

The means and medians of the ratios of the method 1 and method 2
estimates to the method 3LS estimate are given in Table 3 for the
slope ratio (s). For each of the Method 1 estimators (1LS, 1MMAD,
1Cauchy) the means of the ratio to the 3LS estimator differed signifi-
cantly from unity (�ss¼ 0.995, 0.994, 0.995, p¼ 0.0007, 0.0005, 0.008
respectively, all N¼ 233), whereas, the ratios of the Method 2 estimators
to the 3LS estimator did not differ significantly from unity. The
differences from unity for the Method 1 estimators were, however,
small, being 0.6% or less.
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Coefficients of Variation of Slope Ratio Estimates

The weighted estimates of the RMS value of CVs for the different
methods for estimating s, along with the weighted median and the 25th
and 75th percentiles are given in Table 4 and range from 4.4 to 5.5%. The
median CVs values for the slope ratio were all lower than the correspond-
ing RMS values.

Comparison of the Variances of Slope Ratio Estimates

Applying the Levene test for homogeneity of variance to the
slope ratio estimates for each lot by the seven methods (3LS and

Table 3. Median and mean ratios of slope ratio estimates by methods 1 and 2 to

the slope ratio estimate by method 3LS. Student’s t and P relate to the differences

between the means and unity.

Method

1LS 1MMAD 1Cauchy 2LS 2MMAD 2Cauchy

Mean 0.9954 0.9943 0.9952 0.9998 0.9979 0.9994

SEM 0.0015 0.0017 0.0020 0.0010 0.0015 0.0020

N 233 233 233 233 233 233

t 3.18 3.32 2.40 0.18 1.40 0.29

P 0.0007 0.0005 0.008 0.43 0.081 0.39

Median 1.0000 0.9980 0.9967 1.0000 0.9990 0.9990

Table 4. Summary of coefficients of variation (CVs) for estimates of slope ratio

(s) by different methods for 31 lots weighted according to the number of pair-wise

comparisons within each lot comparison.

Method

1LS 1MMAD 1Cauchy 2LS 2MMAD 2Cauchy 3LS

RMS 4.39 4.55 4.70 5.18 5.29 5.48 4.52

Median 3.97 4.08 4.23 3.99 4.30 4.93 3.59

25th centile 2.26 2.49 2.10 2.46 2.85 2.78 2.80

75th centile 5.41 5.29 5.58 6.51 6.19 6.04 5.59

IQR 1.44 1.21 1.35 2.52 1.89 1.11 2.00

RMS¼ root mean square, IQR¼ interquartile range.
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the LS, MMAD and Cauchy variants of 1 and 2), and combining the
thirty one p values as above indicated that the variances of the estimates
did not differ significantly between the seven estimators (Z¼ 1.13,
p¼ 0.13).

Comparison of the variances of the other six estimators of r to
the variance of the ‘optimal’ LS method (method 3LS) in pairwise
Levene tests found that the variance of none of the other six
methods taken individually was significantly greater than that of the
3LS method. The most negative Z value of the six was �0.92 for
the 1LS estimator ( p¼ 0.18) and the most positive 1.07 for the 2C esti-
mator ( p¼ 0.14).

The variance of the 1LS estimator was significantly lower than
that of the 2LS estimator when just these two methods were compared
by the Levene test (Z¼�1.98, p¼ 0.024).

Correlations

There was no significant correlation between the mean within-lot
variability of duplicates within assays (SD0.25) and the coefficients of
variation of either the 3LS estimates of potency (CVr) or slope (CVs)
(r¼ 0.05, 0.13; p¼ 0.77, 0.48, n¼ 31, 31, respectively). However, despite
a tendency for SD0.25 to increase with B0 (r¼ 0.32, p¼ 0.083), both CVr

and CVs were significantly negatively correlated with B0, the maximum
standard curve binding, ( r¼�0.49, �0.47, p¼ 0.0056, 0.0072, n¼ 31, 31
respectively), as shown in Fig. 1.

DISCUSSION

This study has been performed using real, rather than simulated,
data so that conclusions can be based on the actual rather than the
idealised variability of endocrine radioimmunoassays as performed
under routine conditions in the research and clinical laboratory.
The standard curve comparisons were performed by eight different
technicians with varying experience in radioimmunoassay and the assay
procedures used included both polyethylene glycol precipitation and
solid-phase second antibody for separating ‘bound’ from ‘free’ tracer.
Hence, the results are likely to be relevant to assays performed by a
variety of staff and methods.

The ED50-based methods were included in the study because they
might have constituted a quick way of estimating relative potency
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from routine RIA calculations without having to run data through a
separate formal potency comparison procedure. However, we found
the ED50-based methods to have a significantly greater variability in
the estimation of relative potency than did the ‘optimal’ least-squares
method using the Levene test. This is presumably because two entirely
independent fits of Eq. (1) have, between them, 10 adjustable
parameters, whereas, in the simultaneous fits (methods 1, 2, and 3),
there are only five or six adjustable parameters. The fewer degrees
of freedom in the latter estimates probably result in the greater

Figure 1. Relationship between the maximal standard curve binding (B0) and

the coefficient of variation of the mean 3LS estimate for (a) the relative potency

(CVr) and (b) the slope ratio (CVs). Correlations coefficients are (a) �0.49

( p¼ 0.0056, n¼ 31) and (b) �0.47 ( p¼ 0.0072, n¼ 31). The lines show the linear

regressions of CVr and CVs on B0.
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precision. Consequently, the present work indicates that less variable
potency estimates can be obtained by constraining all or most parameters
(apart from relative potency) to be identical for the two standard curves
being compared.

The mean relative potency estimates by method 3 and the variants
of methods 1 and 2 were all very similar, with the mean method 1 and 2
estimates differing by 1 percent or less from the mean 3LS estimates
(Table 2). Although all these differences, except for method 2Cauchy,
reached statistical significance (Table 2), they are probably too small to
be of practical importance.

The finding that the variability of the potency estimates by method 3
and the variants of methods 1 and 2 do not differ significantly between
these seven methods suggests, firstly, that there is no advantage in
using robust fitting procedures (the MMAD and Cauchy procedures)
compared to least-squares and, secondly, that for the least-squares
procedures, the variability of the potency estimates is similar whether
strict simultaneous fitting is used (1LS), whether B0 is assumed to vary
(2LS) or whether an optimal combination of these is used (3LS). It,
thus, appears for our radioimmunoassays that the distribution of the
residuals (z) after fitting Eqs. (1) and (2), and the variability of B0, are
such that neither the type of residual minimisation technique used nor the
variant of least-squares used is critical for the estimation of relative
potency.

The mean slope ratio estimates by the seven different procedures
were all very similar (Table 3). The variants of methods 1 and 2 differed
from those by method 3LS by less than 0.6% and, although statistically
significant differences were found (Table 3), they are probably too small
to be of practical importance.

The Levene test finding that there was no significant difference
between the variances of the seven estimators of relative slope suggests
again that the distribution of the residuals (z) in the curve fitting
for real radioimmunoassays is such that robust procedures offer no
advantage over least-squares procedures. Among the least-squares
procedures for relative slope estimation, while neither the variance of
the 1LS or the 2LS procedure differed significantly from that for the
3LS procedure, a direct comparison of the variances of the 1LS and
the 2LS methods suggested that the former was preferable to the latter.
It, thus, appears that the slope ratio is best estimated by either the 1LS or
3LS procedure.

Our observation that the variance of estimates of both relative
potency and the slope ratio are negatively correlated with the standard
curve binding for the zero standard (r¼�0.49 and �0.47, respectively,
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Fig. 1) suggests that care should be taken to adjust assay conditions
so that B/B0 is at least 0.5 in order to obtain the most precise estimates.
The virtual lack of a relationship between the variance of the assay
duplicates (as indicated by SD0.25) and the variance of the potency and
slope estimates (r¼ 0.05 and 0.13, respectively), is somewhat surprising
and suggests that factors other than the goodness of assay duplicates
largely determine the variability of the estimate of relative potency.

To determine guidelines for the practical estimation of the relative
potency of lots of standard materials, it is reasonable to assume that the
estimate of the relative potency of a new lot, compared to the previous
lot, should be within 5% of the true value 95% of the time. For peptide
radioimmunoassays in endocrinology, errors smaller than this are likely
to be of little research or clinical consequence. For the relatively small
number of pair-wise standard curve comparisons likely to be made, say
about eight, Student’s t is approximately 2.3. Hence, the coefficient
of variation for the mean of the eight individual estimates must be
approximately 5/2.3 (¼ 2.2%) if the above criterion is to be met. The
RMS of the CVr values found in this study is 6.1% for the 1LS and
3LS methods (Table 1) so that n independent potency estimates must
be averaged where

2:2 ¼
6:1

n0:5
ð4Þ

From Eq. (4), n is about 7.7, indicating that as a rule-of-thumb eight
independent comparisons should usually be performed when estimating
relative potencies. Since Table 4 shows that the variance of slope
ratio estimates is generally less than that of relative potency estimates
(Table 2), eight independent standard curve comparisons should also
suffice for estimating the slope ratio with adequate precision.

Recently, it has been suggested that at least 20 comparison assays
should be run when calibrating secondary standards against primary
standards[17] but, on the basis of our work, this number of comparisons
is probably excessive if the preparative and computational methods
described here are used. The same author[17] suggested the hand-drawing
of calibration curves, which may account for the high number of
comparisons recommended.

For analytical systems, possibly automated, where a CVr of better
than 6.1% is routinely obtainable, fewer than eight independent relative
potency estimates will be required to obtain a 95% confidence of the
mean estimate being within 5% of the true value. In this case, the analyst
can choose either to perform less than four comparison assays, if this
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level of accuracy is acceptable, or to perform all four (or more) compar-
ison assays to increase the accuracy of the estimate.

On the basis of this study and our experience, we make the following
recommendations for preparing peptide standards and estimating the
relative potency of different lots of calibrator material.

1. If weighing out peptide in powder form, it should be dried
before use if it has not been stored with desiccant. Freeze-
drying will rapidly reduce the water content.

2. Where the standard material is sufficiently stable, prepare a
sufficient number of aliquots of concentrated stock standard
solution to last many years. Store these at �40�C or �80�C
in suitable air-tight, largely filled vials or freeze-dried.

3. Make dilutions of working standards as required from the stock
aliquots using as few serial dilutions as practicable; a fewer
number of higher dilutions are more accurate and precise
than a larger number of smaller ones.

4. The number of different concentrations comprising the
standard curve should be between 8 and 12 (including zero).

5. The diluent must contain sufficient inert protein or surfactant
to prevent significant losses by adsorption.[18]

6. Use weighing rather than volumetric procedures for prepara-
tion and dilution of standards; the precise concentrations of
the working standards can then be calculated from the record
of the weighings.

7. The lots of working standards should be as large as practicable,
generally lasting at least a year at the usual rate of performing
assays. Depending on stability, store the working standards
at �20oC or below. Again use air-tight, largely filled vials.

8. To estimate the potency of the newly diluted lot of standards
compared to the previous lot, set up four radioimmunoassays
of the balanced design described above under Experimental
Design.

9. For each of the eight independent pairs of standard curves,
compute the slope ratio and the relative potency using the
1LS or the 3LS procedure.

10. Using the one-sample Student’s t test compare the mean of
the eight slope ratio estimates to 1.000. If the mean slope
ratio does not differ significantly from unity, proceed to the
next step.

11. Using the one-sample Student’s t test, compare the mean of the
eight relative potency estimates to 1.000. If it does not differ
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significantly from unity, the new lot of standards can be
considered to be equipotent with the previous lot.

12. If the mean relative potency estimate differs significantly from
unity, the nominal concentration values of the new lot of stan-
dards must be adjusted by multiplying them by the estimated
mean relative potency.

13. The coefficient of variation of the mean relative potency should
ideally be about 2.2% or less in order to obtain adequate pre-
cision. Alternatively, a CV of 2.7% or less will give 90% con-
fidence that the mean is within 5% of the true value. If the CV
of the mean of the eight relative potency estimates initially
obtained is greater than the desired CV of 2.2 or 2.7%,
additional balanced comparisons must be performed until the
CV of the mean relative potency is sufficiently low.

Adoption of these recommendations when preparing standards
for peptide radioimmunoassays should help to reduce lot-to-lot variation
in potency and, thus, reduce the long-term variability and drift in
results obtained by radioimmunoassay techniques. This is important
for large scale or long-term research studies, for adherence to previously
established reference ranges and for reducing that portion of total
measurement uncertainty that is due to uncertainty in the calibration
traceability chain.[19]

CONCLUSIONS

In summary, this work suggests that when calculating the relative
potency of standard materials for peptide radioimmunoassay:

1. Simultaneous fitting of two standard curves gives less variable
estimates of potency than do calculations based on indepen-
dently fitted standard curves.

2. Robust fitting techniques offer no advantage over least-squares
for potency estimation.

3. Strict simultaneous least-squares fitting, or allowing B0 to vary,
or a combination of these, are equally efficient for estimating
relative potency.

4. The slope ratio is best estimated by either the 1LS or 3LS
procedures with robust techniques offering no benefits.

5. The binding of tracer to antibody (B/Bo) should be at least 50%
to obtain the most precise relative potency estimates.
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6. Factors other than the variance of duplicates within an
assay largely determine the variance of potency and slope
estimates.

7. At least eight independent comparisons are probably desirable
when estimating relative potency.

SYMBOLS

� Scale parameter in logistic function (Eqs. (1) and (2))
� Slope parameter in (Eqs. (1) and (2))
� Asymmetry parameter in logistic function (Eqs. (1)

and (2))
�̂�2 Variance of duplicates within an assay
a Parameter in logistic function (Eqs. (1) and (2)).

Approximates B0

B Fraction of tracer bound to antibody
B0 Value of B when x¼ 0
CVr Coefficient of variation of r
CVs Coefficient of variation of s
d Parameter in logistic function (Eqs. (1) and (2))
ED50 Value of x for which B¼ (aþ d)/2
h1, h2 Parameters in variance function (Eqs. (3))
M Total number of new lots of calibrators �i

i The ith new lot of calibrator
i 0 The previous (or master) lot of calibrator with which the

ith lot is to be compared
N Total number of pair-wise standard curve comparisons

ð�nÞ
ni Number of pair-wise standard curve comparisons for lots

i and i 0

pi Probability that the variance of two or more estimators of
s or r are the same for the ith lot

r Relative potency of calibrator lots i and i 0

�rr Mean of ni values of r
s Slope ratio (the ratio of the � values in equations 1 and 2)
�ss Mean of ni values of s
SD0.25 Within-lot standard deviation of assay duplicates at

B¼ 0.25
sem Standard error of the mean
x Concentration of calibrator

Radioimmunoassay Calibrators 261

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
6
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

z Residual in curve fitting
Z Normal distribution Z score
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