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Background: A small shift in high-sensitivity cardiac troponin T (hs-cTnT) assays can lead
to different result interpretation and consequent patient management. We explored whether
a small bias could be detected using conventional internal quality control (QC) procedures,
evaluated the performance of moving average (MA)-based QC procedures, and proposed

a new QC procedure based on the moving rate (MR) of positive patient results of hs-cTnT

assays.

Methods: The ability of conventional QC to detect a 5 ng/L bias was examined using thelsy/
225/Ras multi-rule procedure as deviation rules.We developed MA and MR procedures for
the hs-cTnT assay using eight months of patient data. The performance of different MA or
MR procedures was investigated by calculating the median number of patient samples af-
fected until a bias introduced into the dataset was detected (MNPed). After comparing the
MNPed across different procedures, we selected an optimal MA or MR procedure for vali-
dation. Validation graphs were plotted using the minimum, median, and maximum num-
ber of results affected until bias detection.

Results: Our conventional QC procedures could not detect a positive bias of 5 ng/L. When
a positive bias was introduced, MNPed was much higher using MA than using MR, with
cut-off values of 5 ng/L and 14 ng/L, respectively. MR validation charts for optimal proce-
dures provided insight into the MR performance.

Conclusions: The MR procedure could detect different errors with few false alarms. In the
hs-cTnT assay, the MR procedure with a smaller cut-off value outperformed MA and con-
ventional QC procedures for small bias detection.
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INTRODUCTION

ces may substantially differ from patient-derived serum samples

[1]. Despite the numerous QC procedures for guiding laborato-

Internal quality control (QC) plays a significant role in a clinical
laboratory. Conventional QC procedures rely on the periodic mea-
surement of commercial QC materials with a known concentra-
tion prepared in matrices; however, these artificial serum matri-

https://doi.org/10.3343/alm.2021.41.1.51

ries to determine the most appropriate QC testing frequency [2], in
China, many laboratories analyze only two concentrations of QC
materials once a day [3].This frequency may be insufficient to
rapidly detect analytical errors [4].
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In response to these shortcomings,another QC procedure was
proposed based on patient results, which can provide real-time
error monitoring [5-12]. This patient-based real-time QC (PBRTQC)
is performed by monitoring patient population parameters, such
as the mean, median, or standard deviation (SD) of analyte val-
ues [11,13,14]. PBRTQC does not require the use of QC mate-
rials and testing, and instead relies only on calculations using
existing patient results, thus avoiding commutability problems
and minimizing cost. Fleming, et al. [15] Reported that PBRTQC
could decrease the utilization of conventional QC materials by
about 75-85%. Among the several types of PBRTQC proce-
dures, the moving average (MA) was the first and has been used
most widely. However, the MA procedure cannot detect all types
of biases for a broad range of analyte distributions. For example,
van Rossum and van den Broek [12] and Liu, et al. [16] sug-
gested that the MA procedure cannot rapidly detect a small
positive bias for prostate-specific antigen and carcinoembryonic
antigen assays, respectively.

In 2015, the European Society of Cardiology guidelines pro-
duced rule-in and rule-out algorithms using high-sensitivity car-
diac troponin T (hs-cTnT) assays in patients with suspected non-
ST segment elevation myocardial infarction [17]. For such as-
says, even a small shift can lead to quite different interpretations
of results and consequent patient management, thereby requir-
ing further invasive investigations and corrective actions. There-
fore, new QC procedures other than conventional QC or MA QC
proceduresare needed to detect a small critical bias for highly
sensitive assays such as the Elecsys hs-cTnT assay (Roche Di-
agnostics, Mannheim, Germany), which is used in most labora-
tories. Liu, et al. [16] first demonstrated that the moving rate
(MR) of prostate-specific antigenresults larger than 30 ng/L as a
QC tool could be used to rapidly detect a positive bias of 30 ng/
L, which went undetected using conventional QC procedures.
However, they did not study whether MR QC procedure was ap-
propriate to detect a larger bias, and the performance of MR QC
procedure has not been validated.

We explored whether conventional QC procedures, the MA
procedure, or a new PBRTQC procedure based on the MR of
positive patient results could be used to rapidly detect a small
critical bias (e.g., 5 ng/L) for the hs-cTnT assay. This is the first
study to comprehensively explore the ability of the MR procedure
to detect biases of different sizes and to use bias detection
curves and validation graphs for comparing MR procedures with
different parameters and validate the performance of the opti-
mal MR procedure.
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MATERIALS AND METHODS

Patient data and hs-cTnT assay
We retrospectively reviewed 37,047 hs-cTnT assay results dur-

ing eight months (January 1 to August 30, 2019) after excluding
the results from 56 research samples, five proficiency samples,
and 496 internal QC samples from the laboratory information
system (LIS) of the Second Affiliated Hospital of Guangzhou
University of Chinese Medicine, Guangzhou, China. We then or-
ganized the hs-cTnT assay results according to the reporting
time to the LIS. hs-cTnT concentrations were measured from
patient plasma samples in our hospital using Elecsys on the
Roche Cobase 602 analyzer (Roche Diagnostics). There were
three out-of-control points, which triggered the 13 rule (a run is
rejected when a single control measurement exceeds the mean+3
SD control limit) over the eight months. One of the out-of-control
points was due to the degradation of subpackaged QC material;
to resolve this issue, we tested the new redissolved QC material.
The other two out-of-control points were caused by bubble for-
mation in controls during sample preparation; therefore, we re-
tested the controls and retrained the new employee to avoid this
issue. There was no out-of-control point caused by the hs-cTnT
analyzer, method, or reagent in the internal QC chart using the
134/226/R4s multi-rule procedure [18] in our laboratory, and the
clinicians did not question the hs-cTnT concentrations obtained.
The hs-cTnT concentrations exhibited skewed distribution. All
data were analyzed using Microsoft Excel 2007 (Microsoft, Red-
mond, Washington, USA). Since fewer samples were obtained
on weekends and holidays, the daily run size of hs-cTnT assay
was calculated only for working days. Overall, 29,989 patient re-
sults were obtained on 167 working days from January to Au-
gust, resulting in a daily run size of 180 patient results.

Use of conventional QC procedures to detect a critical bias
The commercial QC materials were produced by Bio-Rad Labo-
ratories (Hercules, CA, USA). In our laboratory, two concentra-
tions of QC materials were analyzed once a day. The means of
eight months of QC results for the two concentrations of QC ma-
terials were 254 ng/L and 995 ng/L, and the analytical coeffi-
cients of variation (CVa, calculated as SD/mean) were 3.9% and
4.0%, respectively. The ability of conventional QC procedure to
detect a 5 ng/L bias at these two concentrations was then exam-
ined using thelsy/22/Ras multi-rule procedure as deviation rules.
To obtain the probability of a positive bias of 5 ng/L triggering
one QC rule, the standard z-value was first calculated. First, we
assumed that the QC concentrations follow a Gaussian distribu-

https://doi.org/10.3343/alm.2021.41.1.51



Li T, et al.
Moving rate as an internal QC tool

tion. Then, the standard z-value for the probability of obtaining a
QC concentration larger than the N SD (N=1, 2, or 3) in the
presence of a critical bias was calculated as follows [16]:

N X Mean, g4 X CVa — critical bias
Z =
Meanye,, X CVa

where Mean,q and Mean,e,, denote the mean concentration
of a specific QC result before and after introducing critical bias,
respectively.

Next, the probability of obtaining a QC concentration smaller
than N SD can be obtained by referring to the z-table, which is
denoted as p; accordingly, the probability of obtaining a concen-
tration larger than N SD under the critical bias is 1-p, and the
probability of obtaining two consecutive QC concentrations ex-
ceeding N SD (i.e., the 2xs rule) is calculated as (1-p)2. Simi-
larly, the probability of obtaining four consecutive QC concentra-
tions exceeding N SD (i.e., the 4xs rule) is calculated as (1-p)*.
We did not calculate the probability of triggering the Ras rule (a
run is rejected when 1 control measurement in a group exceeds
the mean plus 2 SD and another exceeds the mean minus 2 SD
within a run), which is mainly used to monitor random error.

Finally, we would select an appropriate low QC concentration
(denoted as Meaniw) that could detect a small critical bias of
5 ng/L. For example, if the desired power of detection for critical
bias is set to 95% and the QC rule is 1z, then the low QC con-
centration could be calculated as:

N X Meany,,, X CVa — critical bias
Z =
(Meany,,, + critical bias) x CVa

Rearranging the above formula, we obtain:

critical bias x (1 + z x CVa)
(N —1z) xCVa

Meany,,, =

where z=-1.65 for a 95% power of detection.

As an example, we illustrate the method of obtaining the
probability of triggering 415 for a low concentration of 254 ng/L.
First, we calculate the standard z-value as follows:

1x 254 x0.0394 -5

- = 0.490
2= 7254 + 5) x 0.0394

Based on the z-table, the p-value is 0.6879; therefore, the prob-
ability of triggering the 1:s rule is 1-p=0.3121, and the proba-
bility of triggering the 415 rule is 0.31214=0.0014.

To choose the appropriate low QC concentration for detecting
the positive bias of 5 ng/L, we assumed that the CVa was the
smaller of 3.9% and 4.0% (i.e., 3.9%). Hence, the low QC con-
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centration was calculated as:

_ 5%(1-1.65%0.0394) _
Mean,,, = 2T L65)x0.039% 32.5 (ng/L)

Determination of MA QC procedure parameters

The MA QC procedure settings can be divided into three parts:
(1) inclusion and exclusion criteria by applying truncation limits
to exclude all values that are above or below a certain threshold;
(2) MA calculation method, including the MA calculation algo-
rithm and the block size,defined as the number of patient re-
sults to average in the algorithm; and (3) control limits.

When there were no truncation limits in the MA QC proce-
dure, “extreme” patient results (e.g., critical values) that differed
substantially from the mean analyte concentration could not be
excluded, which would lead to a higher false rejection rate [11,
13, 15]. In our preliminary analysis, where no truncation was
used, the false rejection rate reached up to 23%. Since hs-cTnT
concentrations higher than 150 ng/L are considered critical val-
ues in our laboratory, these results were truncated to improve
the performance of the MA procedure. The false rejection rate
was calculated as the proportion of unaffected results that fell
outside the control limit. Approximately 19% of the raw data
were truncated, which were considered excessive, and block
sizes of 20, 50, 100, 200, 500, and 1,000 were investigated.
MA was then calculated as:

_ Xy ¥ X1y T X(—z) + -+ Xins1)
block size

Zg)

where Z) denotes the calculated mean for hs-cTnT result i,
and X denotes the hs-cTnT result for sample i. The MA proce-
dure was operated in continuous mode, so that a new MA value
was calculated for every new hs-cTnT assay result. The control
limits were set using the mean and SD of the MA as follows:

control limit = Meany, + 3 X SDya

Determination of MR QC procedure parameters

The MR QC procedure settings can be also divided into three
parts, like the MA procedure. However, because of the robust-
ness of the MR QC procedure algorithm, no truncation limits are
used in this QC procedure.

For the MR QC procedure, the hs-cTnT concentrations should
be converted into a binary status (negative=hs-cTnT concentra-
tion below the cut-off value; positive=hs-cTnT concentration
above the cut-off value). We chose medical decision points of
hs-cTnT concentrations [17] (5, 14, and 52 ng/L) as cut-off val-
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ues. After converting negative and positive results to O and 1, re-
spectively, we calculated the MR of 1 (denoting positive results)
in block sizes of 20, 50, 100, 200, 500, or 1,000 as follows:

The sum of values Ty, T(i_1), - Tj—n4+1) that are equal to 1

MR = block size

where MR denotes the calculated moving rate for hs-cTnT
result i and Ty denotes the converted binary value (1 or 0) of
the hs-cTnT concentration for sample i. A new MR value was
obtained for every new hs-cTnT assay result with the MR proce-
dure operated continuously. The control limits were set using
the mean and SD of the MR for positive results as follows:

control limit = Meanyg + 3 X SDyr

MA or MR bias detection simulation and validation

MA or MR bias detection simulation and validation were per-
formed as described by van Rossum and Kemperman [9,10]
and van Rossum [19]. Bias detection simulation was conducted
to investigate the performance of different MA or MR procedures
by calculating the median number of patient samples affected
until a bias introduced into the dataset was detected (MNPed).
Bias detection was defined as an MA or MR value falling outside
of control limits. Biases ranging from 1 ng/L to 150 ng/L were
introduced at nine random positions and differed by at least
2,000 assay results. In addition, before bias introduction, all MA
or MR procedures were run for 2,000 hs-cTnT raw results. The
number of patient samples affected by the introduced bias was
then calculated as the number of patient samples falling between
the point of bias introduction and the first MA or MR value ex-
ceeding the control limits. Maximum, minimum, and median
(i.e., MNPed) numbers of patient samples needed for bias de-
tection were determined. After comparing the MNPed across
different MA or MR procedures with different block sizes, we
selected an optimal MA or MR procedure for validation.

Bias detection curves and validation graphs were plotted as
described by van Rossum and Kemperman [9, 101, with the in-
troduced error on the X-axis and the MNPed on the Y-axis. Vali-
dation graphs were generated by plotting MNPed as bars, with
the introduced error on the X-axis and the number of results
needed for bias detection on the Y-axis; the maximum and mini-
mum number of patient samples affected until bias detection
was plotted as error bars. The validation graph was used to re-
flect the performance of a specific QC procedure. For PBRTQC
procedures, we expected the error to be detected between the
daily scheduled internal QC measurements. Therefore, we com-
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Table 1. Probabilities of triggering different QC rules when a posi-
tive bias of 5 ng/L appears at two QC concentrations

Concentration 254 ng/L 995 ng/L
Probability of triggering 1:s rule 31.21% 19.22%
Probability of triggering 125 rule 7.08% 3.07%
Probability of triggering 2,5 rule 0.50% 0.10%
Probability of triggering 1ss rule 0.71% 0.21%
Probability of triggering 4:s rule 0.95% 0.14%

Abbreviation: QC, quality control.

pared the MNPed with the average daily run size.

RESULTS

Use of conventional QC procedures to detect a critical bias
of 5 ng/L

The probabilities of triggering different QC procedures when a posi-
tive critical bias of 5 ng/L appeared are summarized in Table 1.

Determination of MA or MR QC Procedure Parameters
Parameters of the MA or MR procedures are presented in Table
2. We did not investigate QC procedures for cases with the CVa
larger than 20% owing to the wide control limits. The false re-
jections of these PBRTQC procedures were all <1%, with some
even lower than 0.1%.

MA or MR bias detection simulation
To compare bias detection for a small systematic error corre-

sponding to 5 ng/L hs-cTnT across MA or MR procedures, we
used the MNPed values (Table 3). The MNPed of MA proce-
dures with a corresponding block size were much larger than
those of MR procedures when using a cut-off value of 5 ng/L or
14 ng/L. In addition, the MNPed of MR procedures with a cut-
off value of 52 ng/L were all larger than 2,000.

As shown in Fig. 1, the MNPed of various QC procedures were
plotted against increasing error. Based on these plots,we chose
a block size of 100 for the MAand MR procedures with cut-off
values of 5 and 14 ng/L, respectively, and a block size of 200 for
MR procedures with a cut-off value of 52 ng/L as the optimal QC
procedures. A randomly selected MR procedure to detect the
introduced bias for hs-cTnT concentration measurement is pre-
sented in Fig. 2, which illustrates how the MR QC procedure
detects a systematic error.

MA or MR validation
As shown in Fig. 3, in four optimal PBRTQC procedures, the

https://doi.org/10.3343/alm.2021.41.1.51
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Table 2. Parameters of MA or MR procedures with different block sizes

PBRTQC procedures™ Block size Mean CV (%) Lower control limit ~ Upper control limit False rejection (%)
MA procedure 100 21.39 ng/L 16.75 10.59 ng/L 32.14 ng/L 0.63
200 21.37 ng/L 13.45 12.68ng/L 30.04 ng/L 0.40
500 21.36 ng/L 11.22 14.17 ng/L 28.47 ng/L 0.86
1,000 21.34 ng/L 10.32 14.74 ng/L 27.94 ng/L 0.00
MR procedure with a cut-off value of 5 ng/L 100 75.82% 10.52 51.89% 99.76% 0.40
200 75.83% 8.82 55.78% 95.89% 0.48
500 75.87% 7.76 58.21% 93.53% 0.75
1,000 75.90% 7.31 59.24% 92.55% 0.00
MR procedure with a cut-off value of 14 ng/L 100 42.82% 17.15 20.81% 64.83% 0.07
200 42.81% 10.96 28.73% 56.90% 0.25
500 42.81% 8.13 32.38% 53.26% 0.04
1,000 42.82% 6.47 34.52% 51.12% 0.00
MR procedure with a cut-off value of 52 ng/L 200 18.27% 20.00 1.20% 29.35% 0.01
500 18.28% 15.43 9.82% 26.74% 0.01
1,000 18.28% 13.24 11.03% 25.53% 0.01

*MA procedures were performed using 3 ng/L and 150 ng/L as the lower and upper truncation limits, respectively, and the truncation rate was 19.15%. For

MR procedures, there was no truncation limit.

Abbreviations: PBRTQC, patient-based real-time quality control; MA, moving average; MR, moving rate; CV, coefficient of variation.

Table 3. MNPed of different MA or MR procedures with different block sizes

PBRTQC procedures
Bias Block size VA procedure MR procedure with a cut-off MR procedure with a cut-off MR procedure with a cut-off
value of 5 ng/L value of 14 ng/L value of 52 ng/L
+5ng/L 100 1,310 94 191 ND
200 1,806 132 212 ND
500 ND 293 414 ND
1,000 ND 534 580 ND
—5ng/L 100 ND 221 366 ND
200 ND 201 446 ND
500 ND 457 1,163 ND
1,000 ND 848 972 ND

Abbreviations: PBRTQC, patient-based real-time quality control; ND, not detected (the error cannot be detected within 2,000 patient results); MA, moving
average; MR, moving rate; MNPed, median number of patient samples affected until error detection.

detection of negative and positive bias was not equal. For the
MA procedure, the MNPed increased again as bias grew larger
than =20 ng/L. However, for the MR procedure, MNPed de-
creased with the increase in the negative bias and became con-
stant when the positive bias was greater than the cut-off value.
Hence, in the three optimal MR procedures, MR with a cut-off
value of 52 ng/L could obtain the smallest MNPed for positive
bias, while MR with a cut-off value of 5 ng/L could detect a very
small bias (such as 5 ng/L) faster.

https://doi.org/10.3343/alm.2021.41.1.51

When comparing the MNPed with the average daily run size,
only a positive bias of >20 ng/L was consistently detected by the
selected MA procedure. The possibility of detecting a bias of 10
ng/L within a given day was 50% (Fig. 3A). For the MR proce-
dure with a cut-off value of 5 ng/L (Fig. 3B), a positive bias of
>5 ng/L and a negative bias of >—10 ng/L were consistently
detected. There was an approximately 50% chance of detecting
a bias of -8, -7, and —6 ng/L within a day. For the MR proce-
dure with a cut-off value of 14 ng/L, a positive bias of >7 ng/L
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Fig. 1. Bias detection curves for hs-cTnT MA and MR procedures. Median number of patient samples affected until error detection
(MNPed) needed for bias detection using (A) MA procedure, (B) MR procedure with a cut-off value of 5 ng/L, (C) MR procedure with a
cut-off value of 14 ng/L, and (D) MR procedure with a cut-off value of 52 ng/L. For the MA curves, 3 and 150 ng/L were used as lower and
upper truncation limits, respectively. Numbers in the keys within each panel represent the applied block size for the MA or MR calculation.
The dashed line represents the average daily run size of 180 patient results.

Abbreviations: hs-cTnT, high-sensitivity cardiac troponin T; MA, moving average; MR, moving rate.
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Fig. 2. Graphical illustration of how MR QC procedure detects a systematic error. The horizontal green line in the middle of the graph rep-
resents the mean of the MR of positive patient results (negative results=hs-cTnT below 5 ng/L; positive results=hs-cTnT above 5 ng/L).
The horizontal red lines represent the upper or lower control limits.

Abbreviations: hs-cTnT, high-sensitivity cardiac troponin T; MR, moving rate. QC, quality control.
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Fig. 3. Validation charts for selected optimal patient-based QC procedures for the hs-cTnT assay. (A) MA procedure,(B) MR procedure
with a cut-off value of 5 ng/L, (C) MR procedure with a cut-off value of 14 ng/L, and (D) MR procedure with a cut-off value of 52 ng/L. The
graphs show the median number of assay results needed for bias detection (MNPed) as bars, and the minimum/maximum number of re-
sults needed for bias detection as error bars. The introduced bias is plotted on the X-axis and the MNPed on the Y-axis. Graphs in panels
A-C used block sizes of 100, and those in D used a block size of 200. The lower and upper truncation limits for MA procedure are 3 and

150 ng/L, respectively. The dashed line represents the average daily run size of 180 patient results.
Abbreviations: hs-cTnT, high-sensitivity cardiac troponin T; MA, moving average; MR, moving rate; QC, quality control.

and a negative bias of >-50 ng/L were consistently detected.
There was an approximate 50% chance of detecting a bias rang-
ing from —16 to —10 ng/L within a day (Fig. 3C). For the MR pro-
cedure with a cut-off value of 52 ng/L, only a positive bias of
>40 ng/L was consistently detected (Fig. 3D).

DISCUSSION

We demonstrated that the MR procedure with different cut-off
values enables the rapid detection of different critical biases
with a small chance of false alarms. MR procedures with a
small cut-off value outperformed MA and conventional QC pro-
cedures for the rapid detection of a small bias.

https://doi.org/10.3343/alm.2021.41.1.51

Based on these results, there was only a small possibility (< 10%)
of detecting a positive bias of 5 ng/L by conventional QC proce-
dures. To detect such small biases at 95% probability, the con-
centration of the QC material should be lower than 32.5 ng/L,
which is often lower than that of available commercial QC mate-
rials. Consequently, laboratories may need to prepare for their
QC samples in-house to meet the low concentration required.
This requires pooling of patient samples, necessitating significant
logistic planning and evaluation of stability and homogeneity,
which may be difficult for some laboratories [20]. Like our find-
ings for hs-cTnT, Liu, et al. [16] reported that conventional QC
procedure could not detect a positive critical bias of 0.03 pg/L
for a prostate-specific antigen assay. Therefore, it is likely that
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other assays with similar sensitivity will be drastically affected by
even a small shift in the result, which could alter clinical inter-
pretation. Thus, there is a need to develop a new QC procedure
to make up for this defect in conventional QC procedure.

Although PBRTQC procedure has not been widely used in
clinical laboratories, slow but continuous improvements have
been made in its understanding and methodology, especially
the MA procedure, corresponding with efforts toward achieving
continuous analytical quality assurance in the last 50 years [21].
Recently, Ng, et al. [13] described a method for optimizing the
MA procedure using a simulated annealing algorithm, and van
Rossum and Kemperman [9] reported the use of bias detection
curves and MA validation charts to choose an optimal MA pro-
cedure. These methods enable a laboratory to design an MA
procedure objectively. In this study, we chose bias detection
curves to select the optimal MA settings and used MA validation
charts to validate the selected MA procedure. The MNPed was
large for the detection of small bias of 5 ng/L, indicating that the
conventional MA procedure may not be suitable for detecting
bias in analytes with a skewed distribution [22].

Although other PBRTQC procedures, such as the average of
delta, moving median analysis, and the exponentially weighted
MA [7, 14, 23, 24],were not investigated in this study, the de-
veloped MR procedure not only rapidly detected a small critical
bias (5 ng/L) but also showed that the MNPeds for detecting
larger bias were smaller than the average daily run size. These
MR procedures employed existing patient results and were easy
to implement. Since hs-cTnT concentrations were converted
into a binary status, the MR procedure was sensitive to changes
in concentration close to the cut-off value, while being robust
against excessively large concentrations. Therefore, we consid-
ered it unnecessary to use optimized truncation limits, allowing
the inclusion of all the results.

MR procedures with a small cut-off value showed superior
detection of a small bias but required more results to detect a
large bias. In contrast, MR procedures with a large cut-off value
showed superior detection of a large bias but could not detect a
very small critical bias. Preferably, QC procedures should be
able to detect all critical biases. For this reason, MR procedures
with several cut-off values may address the needs of a robust
QC system, like Westgard’s multi-rules with different perfor-
mances [18]. In this study, we chose only three medical deci-
sion points derived from clinical guidelines [17] as the cut-off
values. In the future, we will design a method for selecting an
appropriate cut-off value for the MR procedure to meet the re-
quirement of patient safety assurance.
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The main limitation of our study was that we implemented the
MR procedure for hs-cTnT assay only and did not include other
analytes that might have a different distribution. Another limita-
tion of our strategy is that we could not exclude the possibility of
undetected systematic errors in our dataset, which might de-
crease the sensitivity of the QC procedure. Ideally, the raw data
in a dataset are obtained after maintenance and calibration of
instruments to ensure that the analyzer is in a good state for
providing reliable results. Since we used Excel software, we per-
formed only nine bias detection simulations on the dataset.
Therefore, the obtained results, including the maximum, mini-
mum, and median concentrations, may not be accurate, espe-
cially for some results with larger error bars. Clearly, more accu-
rate data would have been obtained with more simulations per-
formed, which further motivates us to develop a software that
can be used to design and optimize the MR procedure (e.g.,
determining the need for truncation limits).

Given the high complexity of testing environments in clinical
laboratories, the use of a single QC procedure may not be enough
to detect different types of errors. We suggest considering PBRTQC
procedure when the performance of the conventional QC proce-
dure is limited, which was also recommended by van Rossum
and van den Broek [12]. MA-based QC procedure could be ex-
amined and optimized using the web-based application, MA
Generator (https://www.huvaros.com/) [12, 25]. However, labo-
ratories are limited to using Excel to determine MR QC parame-
ters owing to a lack of specific software for this purpose. After
integrating the parameters and calculation algorithm into LIS,
we will obtain a QC chart like that shown in Fig. 2.

We showed that the MR procedure is superior to the MA pro-
cedure in detecting a small bias. Use of the MR procedure with
a smaller cut-off value may detect a small bias more rapidly. Al-
though MR procedure with a larger cut-off value may detect a
large bias, it may not effectively detect a small bias. Hence, MR
procedures can be designed with different cut-off values to de-
tect different biases more rapidly.
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