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Abstract

Background: The six sigma model has been widely used in clinical laboratory quality
management. In this study, we first applied the six sigma model to (a) evaluate the ana-
lytical performance of urinary biochemical analytes across five laboratories, (b) design
risk-based statistical quality control (SQC) strategies, and (c) formulate improvement
measures for each of the analytes when needed.

Methods: Internal quality control (IQC) and external quality assessment (EQA) data
for urinary biochemical analytes were collected from five laboratories, and the sigma
value of each analyte was calculated based on coefficients of variation, bias, and total
allowable error (TEa). Normalized sigma method decision charts for these urinary
biochemical analytes were then generated. Risk-based SQC strategies and improve-
ment measures were formulated for each laboratory according to the flowchart of
Westgard sigma rules, including run sizes and the quality goal index (QGI).

Results: Sigma values of urinary biochemical analytes were significantly different at
different quality control levels. Although identical detection platforms with match-
ing reagents were used, differences in these analytes were also observed between
laboratories. Risk-based SQC strategies for urinary biochemical analytes were formu-
lated based on the flowchart of Westgard sigma rules, including run size and analyti-
cal performance. Appropriate improvement measures were implemented for urinary
biochemical analytes with analytical performance lower than six sigma according to
the QGlI calculation.

Conclusions: In multilocation laboratory systems, a six sigma model is an excel-
lent quality management tool and can quantitatively evaluate analytical perfor-
mance and guide risk-based SQC strategy development and improvement measure

implementation.
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1 | INTRODUCTION

Urinary quantitative biochemical analytes mainly include potassium
(K), sodium (Na), chloride (Cl), calcium (Ca), phosphorus (P), glucose
(GLU), urea, creatinine (Crea), total protein (TP), and microalbumin
(mALB), and their clinical applications are becoming increasingly
widespread.’ The levels of K, Na, CI, Ca, and P reflect the excretion
and reabsorption functions of the kidneys.®” The detection of GLU
levels is mainly used for the auxiliary diagnosis of diabetes.® The lev-
els of urea, Crea, TP, and mALB mainly reflect the degree of kidney
damage caused by various diseases.”** With the widespread appli-
cation of urinary biochemical analytes in clinics, the testing capabili-
ties of laboratories are increasingly becoming a challenge. Therefore,
laboratories urgently need to design a quality evaluation strategy to
evaluate the analytical performance of urinary biochemical analytes.

As an important quality management tool, the six sigma model
was first introduced to clinical laboratories by Nevalainen et al¥? to
evaluate the performance of an analytical process. As an important
parameter for evaluating the analytical performance of laboratories,
the sigma metric has a significant advantage in quantitative evalua-
tion.® Once the analytical performance of the laboratory achieves
six sigma, there are only 3.4 errors per one million test results (the
defect rate per million is 3.4), and the detection capability of the lab-

oratory has reached the "world-class" level.1*

The six sigma model is
mainly composed of three variables: the total allowable error (TEa),
bias, and coefficient of variation (CV). Bias reflects the trueness of
analytes, and CV reflects the imprecision of analytes, both of which
represent the analytical performance of the laboratory analytical
system. However, TEa is closely related to the quality goal selected
by the laboratory and is not directly related to the analytical perfor-
mance of the analytical system itself.!>® At the Milan Conference
in Europe in 2014, the European Federation of Clinical Chemistry
and Laboratory Medicine (EFLM) and other organizations described
three models of performance specifications: a model based on clini-
cal results (model 1), a model based on biological variation (model 2),
and a model based on state-of-the-art instrumentation (model 3).%”
Since the data of model 1 are difficult to obtain, model 2 is widely
promoted and applied by laboratories. However, the performance
specifications of urinary biochemical analytes have no data about
biological variation, so we selected a quality goal of urinary bio-
chemical analytes based on model 3 in the present study. Therefore,
we chose the external quality assessment (EQA) standard of China
as the quality goal. The data were based on the overall urinary bio-
chemical analyte testing capabilities of laboratories in China. The
National Center for Clinical Laboratories of China has collected all
the data of laboratories participating in the urinary biochemical ana-
lyte proficiency test and finally determined the quality goals (TEa) of
each analyte based on the baseline of more than 80% of the labora-
tories passing the proficiency test.

Previous studies have shown that the six sigma model has been
widely used to evaluate the analytical performance of serum bio-
chemical markers, immunological markers, and other analytes and
to guide laboratories in designing risk-based SQC strategies and
improvement measures.'®-?2 However, the application of six sigma
models in urinary biochemical analytes is rare at present. Therefore,
we aimed to use the six sigma model to evaluate the analytical per-
formance of urinary biochemical analytes across five laboratories,
design risk-based SQC strategies and quality improvement mea-
sures, and provide more accurate and reliable analytical results for

clinical application.

2 | MATERIALS AND METHODS

2.1 | Materials

This study was conducted in five laboratories in China, which are
simply labeled Lab A, Lab B, Lab C, Lab D, and Lab E. The urinary
biochemical analytes involved in this experiment included K, Na, Cl,
Ca, P, GLU, urea, Crea, TP, and mALB.

All the experiments were conducted with the AU5800 biochemi-
cal analyzer (Beckman Coulter, Brea, USA) detection platform and its
original supporting reagents. The internal quality control (IQC) mate-
rials were provided by Bio-Rad Laboratories (Bio-Rad Inc., California,
USA), including the following two levels: the normal level (level 1,
lot: 68581) and high level (level 2, lot: 68582). Additionally, two EQA
samples that were similar to the IQC materials were selected and

provided by the National Center for Clinical Laboratories of China.

2.2 | Methods

The methods for detecting urinary biochemical analyte levels are
briefly described as follows: K, Na, and Cl levels were detected using
the indirect ion selective electrode method; Ca levels were detected
using the azo-arsenic Il method; P levels were detected using phos-
phomolybdic acid colorimetry; GLU levels were detected using the
hexokinase method; urea levels were detected using urease col-
orimetry; Crea levels were detected using the enzymatic method;
TP levels were detected using the dye (pyrophenol red-molybdate)
binding method; and mALB levels were detected using the immuno-
turbidimetric method.

2.2.1 | Calculation of sigma metrics

Referring to the following formula, sigma = [TEa (%) - |bias (%)|]/
CV (%), the sigma metrics of each analyte were calculated.?® TEa
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represents the quality goal chosen by the laboratory. In the present
study, based on the Milan consensus and the fact that the TEa of the
urinary biochemical analytes was not provided in the biological vari-
ation database, we selected the EQA standard of China as the quality
goal according to model 3.242¢

The CV data represent the imprecision of each analyte and
were derived from six consecutive months of IQC (two levels)
analysis from April to October 2020. The five laboratories all ad-
opted the same IQC scheme, and the operation steps are briefly
described as follows: under normal conditions, two levels of IQC
were analyzed by the instrument at the same time twice a day, and
all the samples were detected in a continuous manner (two lev-
els of IQC were analyzed before sample testing, and when all the
samples had been tested, two levels of IQC were analyzed once
again); the mean value of each analyte was determined by the lab-
oratory based on actual measurement results, and the mean value
provided by the kit manufacturer was used only for reference; the
CVs of urinary biochemical analytes for both IQC levels were cal-
culated based on the actual measurement results of each labora-
tory (Table S1).

Bias represents the trueness of each analyte, and it was deter-
mined based on EQA samples of urinary biochemical analytes in
2020.

Two EQA samples with similar analyte concentrations in the IQC
materials (level 1 and level 2) were selected. The EQA report pro-
vided by the National Center for Clinical Laboratories showed that a
total of 140 laboratories, including the five laboratories in this study,
used the same analytical platform for the measurement of urinary
biochemical analytes. The target value of the urinary biochemical
analytes was derived from the average value measured by all the lab-
oratories (n=140). Moreover, each laboratory repeatedly measured
the EQA sample five times in the same batch and calculated the
single percentage difference according to the following formula. In
addition, the average absolute value of the above single percentage
difference was defined as the bias of that analyte and used for the
calculation of its sigma metrics (Table S2). The formula for calculat-

ing bias is briefly described as follows:

. Valuemeasured - valuetarget
Bias, =

n

x 100%.

Value,gges

(n=first, second, third, fourth, and fifth)

B 13S4verage = 5

2.2.2 | Normalized sigma method decision charts
for urinary biochemical analytes

The normalized sigma method decision charts were generated
through the Laboratory Medicine Information Network website
(www.clinet.com.cn). In this study, the analytical performance of
each analyte (level 1 and level 2) of the five laboratories was visually

|Biasgyst| + |BiaSsecona| + |Biasiina| + |BiaSiourin| + |Biasssn|
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displayed in a normalized sigma method decision chart, where the
y-axis represents the Bias/TEa (%) and the x-axis represents the CV/
TEa (%). This chart was divided into six areas by five diagonal lines.
Each area represents the level of the analyte's analytical perfor-
mance. The sigma values are as follows from the bottom left to the
top right: sigmaz6, 6>sigma25, 5>sigmax4, 4>sigma>3, 3>sigmaz2,

and sigma<2.?”

2.2.3 | Designing risk-based SQC strategies and
formulating improvement measures

According to the flowchart of Westgard sigma rules, run sizes
(Figure 1) and the analytical performance of urinary biochemi-
cal analytes were utilized to guide the laboratories in designing a
risk-based SQC strategy. In addition, for analytes with analytical
performance less than six sigma, it was necessary to calculate the
quality goal index (QGl), analyze the reasons for the observed poor
performance, and prioritize formulating corresponding improve-
ment measures. The formula for calculating the QGI was as follows:
QGl=bias(%)/1.5xCV(%). When the QGl is less than 0.8, the preci-
sion is not good and needs to be improved first; when the QGlI is
more than 1.2, the trueness is not good and needs to be improved
first; when the QGl is between 0.8 and 1.2, the precision and true-
ness are both poor, and corresponding improvement measures need

to be taken at the same time.?”

3 | RESULTS

3.1 | Sigma metrics for urinary biochemical
analytes across five laboratories

In the present study, we evaluated the analytical performance of
urinary biochemical analytes in five laboratories based on the six
sigma model, and it was observed that when the same analyte was
detected at different levels, the sigma levels were different. For ex-
ample, Lab A showed a sigma level of 11.77 for urinary Cl at IQC
level 1, but it was 16.43 at IQC level 2. Moreover, although this study
was based on the detection of urinary biochemical analytes with the
same analytical platform, its analytical performance showed sig-
nificant differences among different laboratories. Taking urine urea
levels as an example, the analytical performance of Lab B ranged
from four sigma to five sigma, the analytical performance of Lab A
and Lab D was between five sigma and six sigma, and the analytical
performance of Lab C and Lab E both reached six sigma. In addition,
this study also found that the analytical performance of urinary Na
and Cl in the five laboratories all reached six sigma. However, the
analytical performance of urinary P only reached six sigma in Lab
A, while the analytical performance of other laboratories was be-
tween 4 sigma and 6 sigma. The analytical performance of urinary
biochemical analytes in the five laboratories is detailed in Table 1.
In addition, the analytical performance of each analyte in the five
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FIGURE 1 Flowchart of Westgard sigma rules with run sizes (cited from website http://www.clinet.com.cn/sigmapv/#sgm4). Sigma metric
= [TEa (%) - |bias (%)[]/CV (%). First, the sigma value of each assay was calculated according to the above formula. Second, according to

the sigma scale at the bottom of the flowchart, the corresponding quality control rules, the number of quality control materials (N) and the
length of the analytical batch (run size) were selected. "Yes" indicates that that the quality control rules were violated, so the results were
rejected and corrective measures were taken. "No" indicates that the quality control rules were not violated, so the results were accepted

and reported

TABLE 1 Sigma metrics of urinary biochemical analytes at two quality control levels for five laboratories

Sigma metrics of Sigma metrics of

Sigma Metrics of Sigma metrics of Sigma metrics of

Lab A Lab B LabC LabD Lab E
Analyte TEa Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 Level 1 Level 2
K 29% 5.94 597 7.14 7.46 9.84 10.89 11.61 12.60 10.69 10.90
Na 26%  13.56 16.89 16.05 17.19 17.50 18.50 11.40 12.96 9.70 11.98
Cl 26%  11.77 16.43 11.54 14.04 16.31 16.37 9.91 12.03 7.04 6.90
Ca 31% 11.23 10.23 8.44 8.58 5.66 5.98 6.03 6.74 9.33 9.86
P 23% 5.14 577 4.77 4.98 571 5.73 5.90 571 6.16 8.13
GLU 20% 11.14 13.61 6.08 6.95 5.36 5.80 5.72 5.06 5.59 5.95
Urea 21% 5.69 516 4.09 4.87 7.44 7.04 5.48 5.85 6.21 6.59
Crea 17% 6.16 7.78 5.27 5.87 5.24 5.80 6.06 6.39 5.25 5.67
TP 44%  10.28 17.83 5.47 5.86 516 592 9.81 11.97 5.30 5.94
mALB 30% 10.63 14.61 7.03 8.40 5.05 5.85 6.16 8.67 5.55 5.83

Abbreviations: Ca, calcium; Cl, chloride; Crea, creatinine; GLU, glucose; K, potassium; mALB, microalbumin; Na, sodium; P, phosphorus; TEa, allowable
total error, which was derived from the EQA standard of China; TP, total protein.

laboratories is visually displayed in normalized sigma method deci-
sion charts based on the levels of these urinary biochemical analytes
(Figures 2 and 3).

3.2 | Formulation of risk-based SQC strategies and
improvement measures

In this study, risk-based SQC strategies were designed based on a
flowchart of Westgard sigma rules with run sizes (Figure 1) and the
analytical performance of urinary biochemical analyte detection.
For example, the sigma metrics of urinary K in Lab A were 5.94 for

IQC 1 and 5.97 for IQC 2, so it was recommended that the 1,./2, /
R, (N =2, R= 1) multirules with a run size of 450 samples be applied
as a risk-based SQC strategy for urinary K detection. However, the
analytical performance of urinary K(QC 1 and QC2) in Lab B reached
six sigma; therefore, the single rule of 1, (N=2,R=1)witharunsize
of 1000 samples was recommended as a risk-based SQC strategy for
urinary K. The risk-based SQC strategies of the urinary biochemical
analytes for five laboratories are detailed in Table 2.

In addition, we calculated the QGI of the urinary biochemical an-
alytes (Sigma<®) to further determine the potential factors affecting
analytical performance. Taking urinary Ca (Lab C) as an example, its
QGl was 1.27 at IQC 1 and 1.47 at IQC 2, indicating that trueness
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was the main factor affecting its analytical performance; therefore,
it is necessary to improve its trueness first. However, for urinary
urea detection in Lab A, since its QGIl was less than 0.8 at both IQC
levels, precision improvement measures should be conducted first
to improve its analytical performance. The improvement measures
of the urinary biochemical analytes for the five laboratories are de-
tailed in Table 3.

4 | DISCUSSION

To the best of our knowledge, this study is the first systematic evalu-
ation of the analytical performance of urinary biochemical analytes
based on the six sigma model. The urine biochemical analytes in-
cluded in this study were K, Na, CI, Ca, P, GLU, urea, Crea, TP, and
mALB, which basically cover most of the routine analytes measured
in most laboratories. This was a multicenter study involving five

laboratories in China, and all the experiments were conducted on
the same analytical platform, which minimized the deviation caused
by system differences, thereby improving the comparability of ana-
lytical results among the different laboratories.

Our study shows that the sigma values differ for different con-
centrations of a given urinary biochemical analyte. In other words,
there is a potential relationship between the analytical performance

1.8 conducted a

of the analyte and its concentration. Wang et a
single-center study to evaluate the analytical performance of uri-
nary albumin based on sigma metrics, and the results showed that
the sigma values of urinary albumin at IQC level 1 and IQC level
2 were 4.28 and 6.14, respectively. Zhou et al.?? applied six sigma
management to evaluate the analytical performance of 16 clinical
biochemical analytes. This study also indicated that the sigma val-
ues of clinical biochemical analytes were significantly different at
different quality control levels. The results of these previous reports

are consistent with the findings of this study, and they all completely
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TABLE 3 The quality goal index and quality improvement measures for urinary biochemical assays with sigma metrics <6

Sigma metrics QGI
Analyte Laboratory Level 1 Level 2 Level 1 Level 2 Improvement measures
K Lab A 5.94 5.97 0.85 1.15 Imprecision and trueness
Ca Lab C 5.66 5.98 1.21 1.47 Trueness
P Lab A 5.14 5.77 2.61 2.44 Trueness
P Lab B 4.77 4.98 4.76 3.68 Trueness
P Lab C 571 5.73 1.61 2.22 Trueness
P Lab D 5.90 571 1.79 1.36 Trueness
GLU LabC 5.36 5.80 4.46 4.96 Trueness
GLU Lab D 5.72 5.06 2.25 1.35 Trueness
GLU LabE 5.59 5.95 1.73 1.56 Trueness
Urea Lab A 5.69 5.16 0.23 0.35 Imprecision
Urea LabB 4.09 4.87 1.71 1.30 Trueness
Urea Lab D 5.48 5.85 1.53 1.72 Trueness
Crea LabB 5.27 5.87 171 3.00 Trueness
Crea LabC 5.24 5.80 1.23 1.43 Trueness
Crea Lab E 5.25 5.67 0.99 0.92 Imprecision and trueness
TP LabB 5.47 5.86 2.05 2.60 Trueness
TP LabC 5.16 5.92 4.28 4.63 Trueness
TP Lab E 5.30 5.94 4.40 3.16 Trueness
mALB LabC 5.05 5.85 3.15 2.95 Trueness
mALB Lab E 5.55 5.83 2.08 2.01 Trueness

Abbreviations: Ca, calcium; Cl, chloride; Crea, creatinine; GLU, glucose; K, potassium; mALB, microalbumin; Na, sodium; P, phosphorus; QGI, quality

goal index; TP, total protein.

of reducing patient risk in real time. These previous reports and our
results have completely demonstrated that the six sigma model, as a
simple and practical quality management method, is very beneficial
to the design of risk-based SQC strategies in the laboratory. In addi-
tion, we also calculated the QGI of the urinary biochemical analytes
(Sigma<é) to further identify the main factor that negatively impacts
analytical performance, which helps a laboratory establish priorities
for enhancing the laboratory's testing capabilities.

According to the QGI of the present study, we recommend that
the laboratory adopt the following measures to improve the labora-
tory's testing capabilities: (1) standardize the performance of oper-
ating procedures by laboratory personnel and reduce experimental
errors caused by human factors; (2) improve the management of
the reagents to avoid the alternate use of new and old reagent lots;
(3) monitor the calibration cycle of the detection system to reduce
system errors; and (4) improve the maintenance of the instrument,
replace old parts in a timely fashion, and improve the stability of the

126 showed

detection system. The research carried out by Goel et a
that QGI was very helpful for guiding a laboratory in determining
the reasons for the poor performance of routine chemistry analyses
and for guiding the adoption of appropriate improvement measures.

Peng et al.%’

also calculated the QGI of assays with sigma values less
than 5 and provided clear measures for the improvement of their an-

alytical performance. The above results are consistent with those of

our study, and they completely confirmed that QGl, as an important
parameter of quality improvement measures, can provide an import-
ant reference for the formulation of specific improvement plans for
laboratories.

There are several limitations in this study that need to be men-
tioned. First, TEa, as an important parameter for evaluating the
sigma value, is a prerequisite for the efficient operation of the lab-
oratory quality system. As the biological variation data of urinary
biochemical analytes cannot be obtained at present, the quality
goal of this study was based on model 3 (state of the art), which
is the EQA standard of China. The data were based on the statis-
tics of the current laboratory's testing capabilities. The National
Center for Clinical Laboratories of China collected the test results
of all laboratories that participated in the proficiency testing ac-
tivities of urinary biochemical analytes and finally determined
the quality goals (TEa) of each analyte based on the baseline of
more than 80% of the laboratories passing the proficiency test.
Therefore, the sigma value of urinary biochemical analytes is lim-
ited by detection technology and cannot provide an objective
basis from the perspective of biological variation. Second, as one
of the variables of sigma metrics, certified reference materials or
reference measurement procedures should be used as the first
choice for evaluating the trueness of the analyte. However, for
clinical laboratories, reference materials are expensive, and the
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feasibility of reference measurement procedures is insufficient.
Therefore, referring to our previous studies,?”%® EQA specimens
and feedback data provided by the National Center for Clinical
Laboratories were used to evaluate the trueness of urinary bio-
chemical analytes. It should be noted that the target values of uri-
nary biochemical analytes obtained in this study were not the true
values but were derived from the average values calculated by all
the laboratories that participated in the EQA program. Third, this
was a cross-sectional study, and there was no evaluation of the
analytical performance in the five laboratories after the improve-
ment measures were implemented, but the analytical performance
of the analytes was dynamically changing. Therefore, we will con-
tinue to collect follow-up data to provide additional reference in-
formation for the application of the six sigma model in laboratory

quality management.

5 | CONCLUSIONS

In conclusion, this is the first application of the six sigma model to
quantitatively evaluate the analytical performance of urinary bio-
chemical analytes and design risk-based SQC strategies and quality
improvement measures in five laboratories. It was confirmed that
the six sigma model can be used as an important quality manage-
ment tool to promote the continuous improvement of laboratory

testing capabilities.
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