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Abstract

Background—Describing assay error as percent coefficient of variation (CV%) fails as
measurements approach zero [1]. Results are censored if below some arbitrarily chosen lower
limit of quantification (LLOQ). CV% gives incorrect weighting to data obtained by therapeutic
drug monitoring (TDM), with incorrect parameter values in the resulting pharmacokinetic models,
and incorrect dosage regimens for patient care.

Methods—CV% was compared with the reciprocal of the variance (1/var) of each assay
measurement. This method [2] has not been considered by the laboratory community. A simple
description of assay standard deviation (SD) as a polynomial function of the assay measurement
over its working range was developed, the reciprocal of the assay variance determined, and its
results compared with CV%.

Results—CV% does not provide correct weighting of measured serum concentrations as
required for optimal TDM. It does not permit optimally individualized models of the behavior of a
drug in a patient, resulting in incorrect dosage regimens.
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The assay error polynomial described here, using 1/var, provides correct weighting of such data,
all the way down to and including zero. There is no need to censor low results, and no need to set
any arbitrary lower limit of quantification (LLOQ).

Conclusion—Reciprocal of variance is the correct measure of assay precision, and should
replace CV%. The information is easily stored as an assay error polynomial. The laboratory can
serve the medical community better. There is no longer any need for LLOQ), a significant
improvement. Regulatory agencies should implement this more informed policy.

INTRODUCTION — The Problem with CV%

The percent error of an assay has long been used as the customary measure of assay
precision. One measures replicate samples, calculates the mean and SD of those replicates,
and expresses this SD as a percent of the measurement itself. This is how CV% has been
found.

Laboratories, the FDA, and the College of American Pathologists (CAP), have censored
laboratory results when they are below the LLOQ. This, and the regulatory policies based on
this erroneous idea, have limited the ability of the laboratory to serve the medical
community optimally.

METHODS

Calculating the assay CV%

One obtains replicate samples and measures the concentration of drug present in each. One
calculates the mean and standard deviation for each sample, divides each sample SD by the
mean sample value, and expresses the result as the percent of the mean (the percent
coefficient of variation — CV%) at each measurement. If CV% is greater than 15 or 20%,
that result is usually censored because it is believed to be unacceptably imprecise.

Since CV% increases as the measurement approaches zero, when it exceeds the acceptable
CV%, the assay is said to have reached the lower limit of quantification (LLOQ). The result
is then deliberately withheld (censored), and is reported only as being “less than” the LLOQ.
The CAP, to evaluate laboratory quality worldwide, sends out samples of known
concentration, receives their results back, and publishes them as measures of quality control,
including the SD of the overall sample results.

The relationship between CV%, SD, and the assay measurement can be described as

CV%=(Assay SD/mean assay measurement) x 100 (1)

The key to this relationship is the assay SD, which is obtained by rearranging the above
expression as shown in eq (2) below.

Assay SD=A,C (2
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Where A; is a number representing the fraction of the assay measurement represented by the
CV%, and C is the mean measured concentration. For example, if the CV were 10%, the
value of A; would be 0.1. In that case, SD =0.1C

However, Figure 1, and equations 1 and 2, are not realistic, because the CV% increases as
the measured concentration approaches zero. The laboratory community has erroneously
believed that when CV% increases as the measurement becomes low, that precision is being
lost. Because of this erroneous belief, intuitive rather than scientific judgments have been
made about what constitutes an “acceptable” CV%. Measurements below these values, with
higher CV%, are regarded as being below the lower limit of quantification (LLOQ) of the
assay. The upper acceptable limit of CVV% is often arbitrarily taken to be 15 or 20 percent.
Measurements below the LLOQ currently are censored, and are reported as being below the
LLOQ of the assay.

Jusko [3] discussed the significance of data below the LLOQ. He stated “low concentrations
are meaningful and should not be neglected”, and “Repeated measurements below the
LLOQ can be assigned a lesser weight based on the actual or expected larger CV% of the
analytical method”. However, he did not offer any specific way to determine these weights.

The problem is that as the measurement approaches zero, one enters the region of the assay
noise present when the true measurement is zero. This is not accounted for with the above
concept of constant CV% as shown in Figure 1 or equations 1 and 2.

However, it is easy to take this into account. One can simply describe the assay SD when a
blank sample is measured in replicate, and can call this Ag. Now we have the expression,

Assay SD=Ao+AC (3)

where Ay is the SD of the blank sample, Ay is defined as above in egn 2, and C is the mean
measured concentration.

This simple addition of a second term describing the SD of a blank sample has a most
profound result. One now can accurately describe the assay SD all the way down to and
including the blank. There is no longer any need to censor low values. There is, in fact, no
LLOQ anymore at all. By introducing Cgp, one can describe the SD of an assay all the way
down to and including zero. We can see that the entire illusory concept of LLOQ has in fact
existed solely because of the incorrect custom of describing assay error as CV%.

The assay CV% is usually not constant over the entire range of the assay. It may change
with higher measurements. In this case, one can easily add other terms to this relationship.
For example, one can use the expression for a third degree polynomial:

Assay SD=Ag+A;C+AC2+A3C (1)

where Ag, A1, Ay and Ag are coefficients to be estimated, and C, C2, and C3 are the
concentration, the concentration squared, and the concentration cubed, respectively. Instead
of calculating CV%, we are now calculating the assay SD itself, in the same units as the
assay.
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If one makes the reasonable assumption that assay noise is normally distributed, the correct
way to describe the width of such a Gaussian bell shaped curve is by the reciprocal of the
variance of that measurement [2]. The key here is the assay SD. Find the assay SD, square it
to get the variance (var). The reciprocal of the variance (1/var) is the correct way to describe
assay precision [2].

Calculating the reciprocal of the variance

First, one must measure enough replicate samples to get a reasonable estimate of each
sample standard deviation. To do this, we suggest at least five replicates per sample (not just
2 or 3), just as do the FDA Guidelines for Industry [4]. More are always better. The
relationship between the number of replicates and the error in the estimate of the sample SD
[5,6] is described in egn (5) and shown in Figure 3.

1
ERR S —
°of R = ©
Or, after rearranging, as
ERR _ 1
o /2 (n—1) ©

Where ERR is the standard error of the estimate of the SD (a number from 0 to 1.0), o is the
true value of the SD, n is the number of replicate samples, and ~ means “approximately
equal to”. The more replicates measured, the more precise is the estimate of the SD [5,6].
For 3 samples, ERR is 0.5 or 50%. For n=5, it is 0.353 or 35.3%. For n=9, it is 0.25 or 25%.
It seems prudent to use at least five samples for a reasonable estimate of the SD of each
sample.

There must be a zero-concentration blank sample to determine the SD of the blank, the
machine noise of the assay. Additionally, there should be at least a low sample, a medium
one, a high one, and a very high one, to cover the entire working range of the assay.

The relation between the mean assay concentrations and assay SD can be fitted with a
polynomial equation as shown in eqgn (4). Many software packages do this, including the
makeErrorPoly routine in the USC Pmetrics package for population pharmacokinetic (PK)
modeling [7]. This polynomial equation can then be stored in the USC Bestdose clinical
software [8], (or any similar software) to calculate the SD for each assay sample, square it to
get the variance, and calculate 1/var to provide correct weighting of the assay data for the
pharmacokinetic (PK) analysis of that drug. In this way, the optimal PK model, either for an
individual patient or for populations of patients receiving a drug, can be made from drug
assay data, permitting optimal individualized drug dosage for each patient [7-10]. Use of
such a polynomial provides an easy and practical way to describe and store the correct error
pattern of any assay.
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RESULTS — APPLICATION TO REAL ASSAY DATA

Examining an Assay for Vancomycin

A Caveat

Figure 4 illustrates this process for vancomycin. The data shown are taken from CAP
samples sent to participating clinical laboratories [11]. It shows the results of fifteen
vancomycin quality control samples which were measured by the chemiluminescence assay
and reported by 198 to 202 laboratories (not all laboratories reported on all 15 samples).
Sample concentrations ranged from 5.61 to 33.383 ug/ml. Figure 4 shows the relationship
between the assay measurements and the SD’s of the reported results.

Just as with CV%, it is dangerous to extrapolate any polynomial equation beyond the range
of its raw data. For example, there is significant doubt from the above vancomycin data
about what the assay SD is at the blank, and especially at concentrations over 33 ug/ml.

The SD of the vancomycin blank here may be between about 0.1 and 0.3 ug/ml. This is why
one needs specifically to determine the SD at the blank.

Peak vancomycin concentrations are often greater than 33 ug/ml. If we use the first degree
polynomial, a concentration of 60 ug/ml has an estimated SD of 3.547 ug/ml. If we use the
second, it is 2.8828 ug/ml. If we use the third, it is only 1.4618 ug/ml. This is due to the
downward curvature shown in Figure 4 as the concentrations increase, because of the
negative coefficients in the second and third degree polynomials. All SD estimates above 33
ug/ml are therefore questionable based on this data.

For example, if we estimate the SD for an assumed measurement of 100 ug/ml, a not
uncommon peak value, the first degree polynomial estimates the SD at 5.723 ug/ml.
However, that found with the second degree is only 3.001 ug/ml. and the third degree
polynomial results in a total impossibility, as the estimated SD has become negative, minus
8.787 ug/ml! That simply cannot be. All values of SD must be greater than zero. We now
see the dangers. Polynomial estimates, just like CV%, cannot be trusted outside the ranges
of their raw data.

Another example — Voriconazole

At Children’s Hospital of Los Angeles, therapeutic drug monitoring (TDM) of voriconazole
employs an Absciex LCMS-MS assay [12,13], a nonparametric population pharmacokinetic
model of voriconazole [14], and the USC Bestdose clinical software [7,8]. The assay It is a
quantitative MRM analytical method by ESI-LC/MS/MS (ABSiex 400 Q-Trap) which was
developed utilizing Positive mode to quantitate VVoriconazole (m/z 350.1/281.20) using D3-
Voriconazole (m/z 353.1/284.2) as an internal standard. The assay is linear from 0.0 to 30
pg/ml.

The error pattern of this assay was analyzed using 7 samples, each measured in
quintuplicate. The samples were a blank, 0.02 ug/ml, 0.5 ug/ml, 5.0, 12.5, 30, and 40 ug/ml.
These seven samples gave mean values + standard deviations (SD’s) of 0.00592 + 0.000239,
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0.177 £ 0.00118, 0.487 £ 0.0121, 5.364 + 0.8385, 13,94 + 0.1342, 29.58 + 0.642, and 38.54
+ 0.381 ug/ml respectively.

When that data was analyzed with the makeErrorPoly function in Pmetrics [7] the following
relationships were found, as shown in Figure 5.

In thisfigure, the third degree polynomial fits the data best, as expected, but has a marked
downward curve at the high end, dangerous if extrapolated any higher. The second degree
polynomial has a less pronounced downward curve, and may perhaps be useful, as not many
measurements are to be expected to be over 40 ug/ml. However, it may well overestimate
the assay SD in the more frequent range from 10 to 25 ug/ml. Because of this, and because
the data point at 30 ug/ml is the only one departing from the otherwise general tendency for
a straight line relationship, we chose to employ the first degree polynomial, in this particular
case, as providing a reasonable and safe description of the error pattern of this assay. Again,
other assays [15] have higher order polynomials that fit their particular error data well,
which in their cases provide better information for those assays than the first order
polynomials shown in the present report.

of Gentamicin

In the Emit gentamicin assay from the Los Angeles County Medical Center, more was done
to capture the information over what was then taken to be close to the full working range of
the assay. Both SD and CV% are shown in Figure 6. The polynomial relationship between
the assay and its SD was:

SD (ug/ml) =0.56708 — 0.10563C+0.016801C%  (8)

In this figure, the 2.0 and 4.0 ug/ml measurements have almost the same SD, and therefore,
both measurements are almost equally precise. However, the higher measurement has a CV
of only 10.3%, while the lower one has a CV% essentially twice as large. This illustrates
well the danger of using CV% as a measure of assay precision.

DISCUSSION

It is prudent to examine data covering the entire range of the assay. The assay SD’s must
always be positive and realistic. If that is done, one can feel safe using the polynomial fitting
the data best. Sometimes the full third degree polynomial is good, especially if its plot is
concave upward at the high end. Sometime one may settle for a second degree polynomial if
it also is straight or concave upward. Examples of this can be seen from CAP data from an
earlier report [15]. Further, in that earlier data, the CAP had covered much more of the
working ranges of several assays. They often tended to show a gentle upward concavity
which again shows the utility of this method of describing assay errors [15].

The above CAP data for vancomycin provide an estimate of assay precision only over the
range of their chosen samples, where measurements are made most often. There is no
evidence here to suggest any systematic effort by the CAP to examine assay precision over
its full working range.

Ther Drug Monit. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jelliffe et al. Page 7

Within-day and between-day variability

It has been common to report within day and between day variability. However, it is
impossible to use this information any further. It is probably most useful to incorporate all
data into an overall general assay error polynomial, to develop an error model of the many
random events to which a single drug sample is subjected as it goes through a laboratory’s
assay system.

Assay error analysis can be repeated whenever desired. New data can be evaluated with
respect to the previous error polynomial. If the relationship between sample means and SD
has changed, the assay has drifted. One may develop a new polynomial, or re-evaluate the
assay itself. On the other hand, if it is similar, it can be included with the previous data,
developing a still richer and more informative understanding of the assay.

Those who individualize drug dosage regimens for patients need to fit serum concentration
data having the correct quantitative measure of precision so that the optimal
pharmacokinetic model can be made for that patient, yielding the drug dosage regimen to hit
a clinically selected target serum concentration goal for each patient most precisely,
especially using the method of multiple model (MM) dosage design, for example [9,10].

Some vancomycin monitoring guidelines have stated that peak concentrations have no
clinical significance [16]. We strongly feel that this is not correct. Vancomycin has toxicity
as well as therapeutic effect. Its bacterial killing is non-concentration-dependent [17], but
this probably is not the case at all for toxicity. Peak concentrations, while having some
further effect on killing the organism, clearly represent increased exposure of the patient to a
toxic drug. Well known general strategies for the design of optimal TDM protocols [18]
show that even a minimal drug model always has at least 2 model parameters (volume and
either elimination rate constant or clearance) and that a minimum of 2 samples is therefore
required to make an optimal 1 compartment individualized clinical pharmacokinetic model
of drug behavior. Vancomycin peak concentrations are needed as well as troughs to evaluate
possible toxicity and to better estimate area under the concentration curve (AUC) even with
minimal precision. Ignoring these general principles leads to less informed strategies for
individualized dosage regimens of any drug. In addition, vancomycin has at least 2
compartment behavior, and such a model is required to obtain realistic estimates of its serum
concentration profile over time, and the resulting AUC.

Defining the Lower Limit of Assay Detection (LLOD) is improved

Because the SD of the blank is determined, rather than setting the smallest possible
movement of the detector, one can set a desired criterion of probability (number of blank
SD’s above the blank, often 2, 3, or 5, for example, for 95 or 99% or greater probability)
with which one decides to accept a forensic result as indicating that a substance is present in
the sample or not.
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CONCLUSION

Reciprocal of measurement variance is the correct measure of assay precision

Assay measurements errors consist of additive noise, which is assumed to be independent
from one measurement to another, and from the model PK parameter values to be estimated.
Because of this, if one fits a PK model to assay data, its most likely parameter estimate will
be obtained only if each data point is correctly weighted by the reciprocal of its variance [2].
This is easy to do, with no significant change in cost or effort over determining the usual CV
%. This approach was first described in [19], and was expanded in [15]. The present paper
now provides full, rigorous, mathematical, statistical and visual support for this improved
approach [1,2,5,6].

The Assay Error Polynomial provides a practical way to store the error data

After one has obtained the standard deviations of the assay data from the replicate samples,
It is easy and practical to store that error pattern in the form of a polynomial for easy
reference is reporting the results of any measurement.

Relationship to other clinical sources of error in the therapeutic environment

To determine the additional contribution of the other errors in the clinical environment in
which drug therapy takes place, one can calculate an additional noise term in the population
PK model of the drug. Such a model describes past experience with the drug, and provides
the Bayesian prior for the process of planning, monitoring, and adjusting drug dosage
regimens specifically tailored for each individual patient [9,10]. In the Pmetrics population
modeling package [7], the additional noise present in the clinical environment is called
lambda. Using both 1/var and lambda, clinical and laboratory uncertainties can be
independently determined in Bayesian individualization of drug dosage regimens for
optimally precise patient care, with optimal knowledge about and management of both the
laboratory and the clinical sources of uncertainty.

One can stop censoring low measurements

Using 1/var rather than CV% also eliminates the erroneous perceived need to censor low
values below some arbitrarily assigned LLOQ. Eliminating LLOQ is a most significant
benefit, avoiding wasted samples or ad hoc methods to compensate for arbitrarily censored
data [20,21].

This approach is not limited to drug assays. HIV and HCV PCR results can also be reported
in this more informed manner. Clinicians now can follow these results all the way down to
zero, to document whether or not the illness is optimally treated. If a patient with HIV has a
value reported as <50 copies, one patient might have a value of 45, another only 3, for
example. This important result has been deliberately withheld from those ordering the test,
simply because of the erroneous belief in CV%. Instead of reporting a result as “less than 50
units/ml”, for example, one can report it both ways, as “16 units/ml, below the old lower
limit of quantification of 50 units/ml” for example. The SD of that result can always be
obtained from the laboratory if the clinician wishes, and, better yet, the TDM personnel have
what is needed (and optimal!) for correct drug dosage individualization.
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The awkward use of CV% can now be replaced by a more informed and correct measure of
assay precision. 1/var is based on sound mathematical and statistical methods and should
replace CVV%. It provides the correct measure of assay precision. Further, 1/var eliminates
the need to censor low data. It eliminates the need for having any LLOQ at all. It also
improves the ability of any assay to provide more rigorous criteria for forensic detection of
the presence of a substance in a sample. FDA regulations dealing with this subject [4], and
the quality control policies of the CAP [11], for example, can easily be updated to be in
accord with modern statistical and mathematical practice. Dr. Jusko’s intuition [3] was on
the right track.
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Diagram of an ideal assay with a constant CV%. The assay SD gets smaller and smaller as

the measurement approaches zero, and ideally is zero when the measurement is zero.
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dy

Standard Deviation

(0.0)

Concentration

Figure2.
Diagram of an ideal assay with a constant C\VV%, but with an extra coefficient describing the

assay SD (the measurement noise) when the true measurement is actually zero. The assay
SD decreases as the measurement approaches zero, but still remains positive and finite as the
blank value is encountered.
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Figure 3.
Plot of the standard error of the estimate of the true sample SD versus number of sample

replicates [4,5]. Probably at least 5 replicates should be measured, the more the better. Nine
replicates, for example, have only half the error of three replicates. The vertical line shows
that for 5 replicates, the ERR is 35.3%.
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Figure4.
Relationship between measured serum vancomycin concentrations in CAP quality control

samples [10] and the assay SD’s. Horizontal axis — measured vancomycin concentrations
(ug/ml). Vertical axis — Standard deviation (ug/ml).
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Figureb5.
Plot of Voriconazole measured concentrations (horizontal), and assay standard deviation

(vertical). The solid line represents the graph of the first degree polynomial, the dashed line
the second degree polynomial, and the dotted line the third degree polynomial.
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Figure®6.
Relationship between measured gentamicin concentrations and SD, and CV%. Solid squares

and Left hand vertical scale — assay SD. Solid circles and Right hand vertical scale — CV%.
Note that the relationship between concentrations and CV% is at least as nonlinear as is that
between measurement and SD. Note also that the 2 and 4 ug/ml measurements have almost
the same SD’s, and yet the CV% of the lower one is about 20% (unacceptable?) while that
of the higher measurement is only about 10% (acceptable?). This is a good example of how
CV% breaks down as the measurements get smaller.
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