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To the Editor,

The Latin phrase ‘primum non nocere’ which means ‘first, 
do no harm’ is the cornerstone of bioethics and of medical 
practice in general. Unfortunately, in reality this is not 
always the case in the healthcare sector. The report To Err 
is Human: Building a Safer Health System by Kohn et al. 
is a milestone in the history of quality and safety in the 
healthcare sector. The report stated that, “Each year, more 
than 1,000,000 preventable injuries and 44,000–98,000 
preventable deaths occur in the US alone” [1]. These errors 
are caused mainly by healthcare staff.

To analyze the errors arising from clinical laboratories 
and identify possible solutions, the total testing process 
(TTP) is divided into sub-phases. Traditionally, the TTP is 
divided into pre-analytical, analytical, and post-analytical 
phases. However, TTP does not begin and end with the 
laboratory procedures but with the needs of the patient 
[2]. Therefore, Lundberg introduced the concept of brain-
to-brain loop for clinical laboratory testing [2]. According 
to this concept the generation of any laboratory test result 

consists of nine steps, including test ordering, sample 
collection, identification, transportation, preparation, 
analysis, reporting, interpretation, and action [2]. For sim-
plicity, these nine steps can be re-arranged in five phases: 
pre-pre-analytical, pre-analytical, analytical, post-analyt-
ical and post-post analytical phases. It has been shown 
that the pre-pre-analytical (selection of tests) and post-
post-analytical (interpretation of test results) phases are 
particularly prone to errors [3]. Unfortunately, in prac-
tice, with a few exceptions, laboratory scientists are not 
involved in the pre-pre- and post-post-analytical phases. 
Although the evidence is insufficient, it seems that the 
bulk of laboratory errors originate from the pre-pre- and 
post-post-analytical phases [3, 4]. These phases should 
thus be considered, particularly in terms of patient safety. 
In this context, the objective evaluation of error rates (or 
defect rates) is critical, for which the Six Sigma methodol-
ogy can be used.

The Six Sigma strategy is the latest version of total 
quality management (TQM) [5] and represents an evolu-
tion in quality that is being implemented widely, partic-
ularly in business and industry. Six Sigma strategies are 
based on two important principles: (a) statistical evalu-
ation of process performance and (b) problem-solving 
methodology. The latter is useful for improving organiza-
tional performance. Although these two phases comple-
ment each other, statistical evaluation has priority over 
problem-solving methodology. This is because the current 
performance of the process must be determined before it 
can be improved in the problem-solving stage.

In the Six Sigma concept, the performance of a labora-
tory or instrument can be evaluated in the following two 
ways, depending on the type of data. If the data are para-
metric and normally distributed, the Sigma metric (SM) 
can be calculated [6], otherwise defects per million oppor-
tunities (DPMO) should be used. In clinical laboratories, 
the performance of the analytical phase can be expressed 
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by SM and the performance of the other four phases by 
DPMO. Using reverse transformation, DPMO can readily 
be converted to SM. For objective performance evaluation 
we should take the sum of DPMOs of the five phases and 
then convert it to SM.

In daily practice, SM is preferred due to its simplic-
ity. However, the SM value obtained from the analytical 
phase does not represent that of the entire laboratory-test-
ing process. Furthermore, compared with DPMOs, the SM 
value is more prone to misinterpretation. It should be noted 
that there are two different SMs: short-term (without 1.5 SD 
shift) and long-term (with 1.5 SD shift) SMs. The DPMOs 
corresponding to short- and long-term SMs are markedly 
different (Table 1). In industry and business, the long-term 
SM is preferred. In this approach, it is accepted that the 
mean of the data produced by the process shifts by 1.5 SD 
during long-term observations. Thus, numerically long-
term Six Sigma corresponds to 4.5 sigma of short-term 
both having the same DPMO [6]. We use standard normal 
(z) distribution curve to compute DPMO. In comparison 
to SM, DPMO is more objective, because it covers the area 
under the curve from lower to upper acceptable limits [6]. 
In practice, less variation is expected in the short term, 

Table 1: For a realistic evaluation of laboratory performance, a 
decimal scale for Sigma metric level should be used.

Sigma metric 
 

DPMO corresponds to

L-SM  S-SM

2.0   308,300  45,500
2.1   274,200  35,700
2.2   242,000  27,800
2.3   211,900  21,400
2.4   184,000  16,300
2.5   158,700  12,400
2.6   135,700  9300
2.7   115,000  6900
2.8   96,800  5100
2.9   80,800  3700
3.0   66,800  2700
3.1   54,800  1900
3.2   44,600  1370
3.3   35,900  960
3.4   28,700  670
3.5   22,800  460
3.6   17,900  315
3.7   13,900  215
3.8   10,700  144
3.9   8200  96
4.0   6200  63

The table can be extended from 0.1 to 6.0 sigma. L-SM, Long-term 
Sigma metric, including 1.5 SD shift; S-SM, short-term Sigma metric, 
not including 1.5 SD shift.

whereas in the long term more variation is expected. This 
is the reason why the extra 1.5 SD is included in the long-
term SM. For long-term observation, 1.5 SD shift on either  
side is accepted as ‘fudge factor’, or a way to allow for 
unexpected errors or movement over time. In clinical labo-
ratories the 1.5 SD shift should however, be questioned. 
If we measure the long-term variations – and take these 
into account in our SM calculations – we do not need to 
include the extra 1.5 SD. Additionally, laboratory equip-
ment is frequently calibrated; if reference materials are 
used, the real bias can be measured and corrected. Again 
the additional 1.5 SD shift is not needed, and we should 
use the short-term sigma.

In the Six Sigma methodology, the goal of an 
improvement project should be consistent with the 
actual performance of the laboratory method in ques-
tion. For example, if the performance of a method is 
three sigma, we may consider to improve it to four sigma 
level or more. One sigma level does not seem a marked 
difference and this improvement seems to be achievable 
using standard laboratory procedures. In reality this is 
however, not the case, as the relationship between SM 
and DPMO is not linear but exponential (Figure  1). A 
small difference in SM may correspond to a major change 
in DPMO. For example, as shown in Table 1, the DPMO 
corresponding to three and four sigma levels are 2700 
and 63, respectively. For a one sigma level increase, the 
error rate must be reduced by ~43-fold. Consequently, 
increasing the performance level of a laboratory method 
from three to four sigma is more difficult than is appar-
ent at first sight. Qualified staff and sufficient time and 
resources are required to decrease the error rate ~43-fold 
(i.e. 4300%). However, if the current performance of the 
laboratory method is three sigma, a goal of 3.2 sigma is 
achievable, as this would involve a decrease in the DPMO 
from 2700 to 1370 (i.e. 49.3%).
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Figure 1: The exponential relationship between the short-term SM 
and DPMO means that a small difference in SM can correspond to a 
considerable difference in DPMO.
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A decimal scale for the sigma metric level would facil-
itate a realistic performance evaluation in clinical labora-
tories (Table 1). An increase in laboratory performance at 
the decimal sigma level should be considered as a success.

Importantly, as stated above, the error rate does 
not increase linearly with increasing sigma level and 
the numerical changes in SM can be misinterpreted. For 
example, the difference between both 2.1–2.2 and 3.1–3.2 
sigma is 0.1 sigma. However, the corresponding error rates 
are 22.1% and 27.9%, respectively. To overcome these prob-
lems of interpretation, we propose to use a new symbol 
to express both show the sigma level and corresponding 
DPMO. The following notation can be used for a labora-
tory method with a performance of three sigma:

DPMO( 2 0) )70(SM  3=

In conclusion, a very small change in SM may corre-
spond to a major change in DPMO. For a realistic evalua-
tion of laboratory performance, we should use a decimal 
scale of SM level, and DPMO should be used in addition to 
SM to evaluate process performance. We advise to use the 
short-term SM that does not include the 1.5 sigma shift.
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