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Abstract Six Sigma® is a popular quality program that
has been applied to clinical laboratory assays. Sigma is
calculated as (TEa — bias)/CV and these sigma numbers
are often claimed as a sole measure of quality based on
medical requirements. But these sigma calculations do not
account for all results. An additional set of wider limits
must be added, such that all data are accounted for. This
gives a minimum of three zones: zone A, where 95% of the
data should be; zone C, where there should be no data; and
zone B, where 5% of the data is allowed. An additional
problem is that sigma calculations are often based on valid
analytical data, meaning that pre-analytical and post-ana-
lytical errors are excluded. Also, samples that are flagged
by the system and produce no results are, of course,
excluded, but delayed results can cause patient harm. A
better measure of assay quality can be provided by a failure
mode effects analysis (FMEA), which attempts to assess
the probability of failure and its severity for every possible
failure mode. In this paper, an example of what is entailed
is described for two failure modes and the overall process
is outlined. The amount of effort required for a full FMEA
is beyond virtually any clinical laboratory. Some compro-
mises are suggested. Calculating sigma values, which have
little meaning about patient harm, is not recommended.
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At a recent conference [1], there were several presentations
about Six Sigma for clinical laboratory assays. To recall [2,
3], sigma is calculated as sigma = (TEa — bias)/CV
where:

TEa is the total allowable error
Bias is the inaccuracy of the measurement procedure
CV is the imprecision of the measurement procedure

The problem with Six Sigma is that it is often presented
as a sole measure of quality—that is, a high sigma value
(>6) is said to guarantee high quality for an assay. This
article explains issues with this claim and suggests
alternatives.

The first problem with Six Sigma is that the TEa limits
are often equated with medically acceptable limits. For
example, the ISO 15197 standard for glucose [4] states that
the limits are:

13

. the minimum acceptable accuracy criteria are
based on the medical requirements for glucose
monitoring.”

The implied meaning of medically acceptable limits is
shown in Fig. 1 (dashed line), whereby all values within
the limits are totally acceptable (have a low probability of
causing patient harm) and all values outside of the limits
are totally unacceptable (have a high probability of causing
patient harm).

The solid line, based on Taguchi [5], is a more realistic
model, which shows that the probability of causing patient
harm is lowest for zero error and, as one observes error,
there is a quadratic increase in the probability of causing
patient harm. Thus, data points A and B, which fall on
different sides of the total error limits, are close in the
amount of error and are almost equally likely to either
cause or not cause problems. It is only when one retreats
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Fig. 1 Total allowable error limits for a clinical assay. The dashed
line is implied by some authors who calculate sigma, the solid line is
more realistic

farther away from the limits in Fig. 1 that one is almost
certain to have results that can cause harm. This is shown
with points C and D in Fig. 2, which are at these limits,
called the limits of erroneous results (LER). Note that there
is always a “gray zone.” Thus, points B and C are in this
gray zone, although point C is much more likely to cause
patient harm than point B.

Figure 3, taken from FDA guidance regarding CLIA
waiver methods [6], is a way of representing an error grid
and also incorporates the concepts in Fig. 2. In the error
grid, the traditional TEa limits are shown as the boundary
between the light gray and white areas. This boundary is
often called the zone A region (gray), where 95% (or in
some cases 99%) of the results should be. Zone B (white)
can contain up to 5% of the results and zone C (dark gray)
should contain no results. The error grid contains more
information than the TEa alone, since the two sets of limits
in an error grid can be different for each concentration.
Error grids have been used for glucose assays [7, 8], but are
otherwise uncommon.

Thus, sigma only accounts for zone A, but patients are
harmed by values in zone C! Now, one might argue that
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Fig. 2 Total allowable error limits for a clinical assay. The new lines,
limits of erroneous results (LER), where point D is just outside of, are
limits that, when exceeded, are likely to cause medical harm
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Fig. 3 An error grid for a clinical assay. The error grid divides assay
results into at least three zones. Most results are desired to fall in the
innermost zone and, ideally, no results should be in the outermost
zone. WM (waiver method) is the test method and CM (comparative
method) is the reference method

there is, nevertheless, a relationship between sigma and the
three zones, meaning that assays with high sigma values
are unlikely to have values in zone C. This is also not
necessarily true for the following reasons:

1. Often, incorrect models are used to assess the total
error [9].

2. In estimating bias and CV, outliers—the very values
that cause harm—are often discarded.

3. Sigma calculations are based on the assumption that
the data are normally distributed. Most data do not
fulfill this criterion. There are often more values in the
tails of the distribution (zone C) than that expected by
calculations based on the normal distribution.

4. And, perhaps most important of all, values can occur in
zone C that have nothing to do with the analytical
process. If a patient sample mix-up is detected, these
values are excluded from virtually all analytical
evaluations, as one argues that one is evaluating the
analytical properties of the assay.

For an example to illustrate these points, consider two
assays for which sigma has been calculated. Assay A has
95% of observations within the TEa limits. This provides a
sigma of about 3.1, which would not be considered as a
good assay, as it is much lower than a sigma of 6. But if the
remaining 5% of the results were close to the TEa limits
with no results in the LER zone, then it is unlikely that this
assay would cause patient harm. Assay B also has 95% of
results within the TEa limits, but 0.5% of the results are in
the LER zone. This is equivalent to 5000 dangerous results
per million—a much worse condition than assay A, even
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though both assays have the same sigma. Even for assays
with sigma greater than 6, one must consider the possibility
of shifted results, since, by definition, sigma includes a 1.5-
sigma shift. Klee has shown how small shifts in the mean
can have clinical consequences [10]. The bottom line is
that calculating the percentages of observations in each
zone in an error grid (such as that of Fig. 3), as well as
plotting the data in the error grid, is more informative than
calculating sigma.

Six sigma is used in other industries to measure the
number of defects. Perhaps this is one of the problems. The
distance from the target required for a defect is not as easy
to establish for a diagnostic assay. Given these problems
with six sigma, some alternative methods to estimate the
quality of an assay are suggested, using hCG (human
chorionic gonadotropin) as an example assay.

First, when the total analytical error is calculated to
estimate the percentage of values in zones A—C in an error
grid, one should use conservative methods, such as the
empirical distributions suggested by the CLSI EP21A
method [11], and where no data are deleted. Assume that a
clinical laboratory has carried out this method comparison
evaluation with 40 patient samples for a new method and a
reference method and found no results in zone C for an
hCG assay. What can one conclude? Although there are 0%
of the values in zone C, the 95% confidence interval
extends to 7.2%. This means that, for every million hCG
results performed, up to 72000 results could be in zone C.
Thus, these types of evaluations do not prove much,
although one suspects that the 7.2% rate is unlikely
(because if this rate occurred, it would be noticed).

Failure mode effects analysis (FMEA) is an approach
that will provide a more complete answer to the quality
question, but in its complete form, FMEA requires con-
siderable effort. To complete an FMEA analysis, one has
to start by postulating all possible reasons as to why a
result could fall into zone C or a result that could be
delayed (if delay is a severe event). To get an idea of
what is involved, take two possible failure modes, human
antimouse antibodies (HAMA) interference and a patient
sample mix-up.

HAMA interference To estimate the likelihood of a zone
C result from HAMA interference, one needs to know the
level of HAMA that will cause erroneous results in the
assay and the probability of such levels in the population
being sampled. Contacting the manufacturer might yield
the level of HAMA that is problematic for the assay. I am
unaware of data that informs about the distribution of
HAMA in patient samples. Yet, one knows that HAMA
interference occurs and causes patient harm [12].

Patient sample mix-up There are some data available
for patient sample mix-ups [13]. However, it seems that

these cases are caught within the laboratory. One would
need to determine how many cases are actually not
caught within the laboratory. One could then model the
likelihood of a zone C result by sampling from the
empirical distribution of hCG results that are observed in
the laboratory in order to see the likelihood of a mix-up
causing a zone C result.

Because there are so many existing data in a clinical
laboratory, one may also have the opportunity to use
existing data to help with this modeling.

One must then continue with the FMEA:

— With each other possible failure mode, calculate the
probability of zone C results

— Calculate the overall probability of zone C results
(from all failure modes) and determine if that risk is
acceptable

— Special algorithms are typically used to perform
these calculations to combine probabilities [14]

— Construct a Pareto table, which ranks for all potential
errors, the combination of severity, and the likelihood
of error

— If the overall probability of zone C results is too high,
propose control measures to lower the overall risk to
an acceptable level for items at the top of the Pareto
table:

— The control measures must, of course, be affordable

At this point, one can see the idea that this level of effort
is out of reach for clinical laboratories, since the level of
expertise and work needed to just estimate the likelihood of
a zone C result is huge. Even if a clinical laboratory could
perform this task, it makes no sense to require every
clinical laboratory to do so.

One possibility is to have a standards group tackle such
a task, although this too has limitations, as was shown for a
(universal) control measure to prevent wrong site surgery
[15].

Whereas a complete FMEA may be out of reach of
most clinical laboratories, every clinical laboratory could
perform the FMEA by qualitatively (instead of quanti-
tatively) assessing probabilities such as likelihood on a
scale of 1-4, where the numbers correspond to the fre-
quency of occurrence, as suggested by the Veterans
Administration [16]. There is a great deal of actual
failure data to help with these qualitative assessments.
The steps in this type of FMEA have been reviewed
[17].

There are no easy answers to preventing severe, low-
frequency failures that cause patient harm, but estimating
“sigma” for an assay is also not the answer. And nor is
doing nothing.
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