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A B S T R A C T

Background and aim: This study applied Six Sigma metrics to facilitate the quality control (QC)
review for hospital glucose meters.
Materials and methods: QC data from a period of six months on all hospital glucose meters were
extracted from the data management system. Sigma values for each meter at two QC levels were
calculated and evaluated each month by combining the imprecision, the absolute bias between
the meter mean and all-meter mean, and the standards from ISO 15179:2013. The effectiveness of
using Sigma values in identifying meters with possible quality problems for further Levey-
Jennings QC chart review was assessed.
Results: More than 80 % of the meter’s Sigma values within the six months were greater than 4 at
either QC level. At the high QC level, twice as many Sigma values were below 4 than the low QC
level. Including Sigma values 4, 3.5 or 3 in the criteria for the QC review reduced the number of
chart review to 32.8 %, 11.2 % or 3.5 %, respectively.
Conclusions: The majority of the glucose meters examined in this study demonstrated optimal
Sigma values. The Sigma metrics-based approach could be a valuable tool to guide an effective QC
review of glucose meters for quality improvement.

1. Introduction

Glucose meters are a common type of point-of-care testing (POCT) device used to monitor patient glucose concentrations for
glycemic control. Errors related to operator competency, strip storage, or device stability can occur during the testing process and
affect the measurement of glucose meters in service [1–3]. After glucose meters have been fully validated by the POCT program and
implemented into clinical units, a quality control (QC) strategy must be established to regularly monitor the stability of their analytical
performance [4,5].

A well-planned QC strategy for glucose meters should be similar to that for core laboratory tests. Two or more levels of internal QC
materials, containing different concentrations of glucose are tested on the meters at a defined frequency. Meter operators are trained to
review the results and troubleshoot the failures as needed. Patient samples should not be tested when a QC result falls outside of the
acceptance range [6,7]. Additionally, QC performance of all glucose meters should be regularly reviewed and monitored (e.g.
monthly) to ensure the long-term stability of their measurement. During this review, QC statistics, including imprecision and bias of
QC results, are reviewed alongside meters’ Levey-Jennings QC charts plotted with daily QC results. Increased imprecision and/or bias
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beyond the fixed standard deviation (SD), as well as specific QC patterns in the Levey-Jennings QC charts, may indicate poor analytical
performance, possible measurement changes, or other quality problems, requiring further investigation [6,7]. A mini-validation using
patient samples or reference materials may be conducted on these meters. The types of errors identified may necessitate additional
operator training, physician notification, or returning the meters to the manufacturer for further evaluation.

Although this QC strategy has been proven to be successful for core laboratory tests, its application to POCT glucose meters poses
challenges. In current practice, the total number of meters used across all clinical units in a tertiary hospital can reach hundreds,
making it difficult for POCT specialists to determine meter specific acceptance ranges for Levey-Jennings QC charts as is done for core
laboratory tests. Instead, the acceptance ranges established by the manufacturer are commonly relied to set the low, high limits, as well
as the fixed SD to determine whether the QC results pass or fail during daily QC check. However, the manufacturer’s acceptance ranges
are often broad and could be 6–13 times larger than the meter’s actual running SD [8], leading to the overlooking of problematic
meters in monitoring and investigation. Meanwhile, POCT specialists are unable to assess the analytical performance of meters and
identify the meters with quality problems when the imprecision or bias on these meters fall within the manufacturer’s SD. Moreover,
reviewing QC charts for hundreds of meters in a limited timeframe is unfeasible for POCT Specialists, resulting in incomplete quality
reviews of glucose meters. Currently, there are no recommendations for establishing QC acceptance ranges on hundreds of glucose
meters using meters’ running SDs, nor for conducting a monthly QC review for glucose meters, as is available for core laboratory
instruments. Our literature search has not yielded any studies addressing the facilitation of QC review for glucose meters.

For safe glucose control, it is essential to establish an effective approach to overcome the existing deficiencies in current QC settings
and QC review of glucose meters. Implementing a QC review based on Sigma metrics may serve as an effective approach to address
these deficiencies. The Six Sigma metrics offer a promising tool for evaluating the quality of testing processes. This approach has been
used to assess the analytical performance of core laboratory tests by combining the total allowable error (TEA), imprecision, and bias of
QC data [9,10]. It has been also used to evaluate the analytical performance of POCT devices, such as blood gas analyzers and glucose
meters [11,12]. According to the established standards, tests with a Sigma value above 6, 5, 4, and 3 are considered to demonstrate
world-class, excellent, good, or minimal acceptable quality, respectively [9,10]. Hospital-used POCT glucose meters are typically
connected to a data management system (DMS) that records various data related to patients, operators, samples, reagents, testing, and
results from glucose measurements [13,14]. QC data from each meter, including the mean, imprecision, and bias can be easily
extracted from the DMS on a monthly basis and used to calculate Sigma values. During regular QC reviews, these Sigma values may
allow POCT specialists to assess the analytical performance of each glucose meter by considering TEAs, the imprecision, and the bias,
rather than relying solely on the manufacturer’s wide QC acceptance ranges.

In this study, we extracted QC results generated on more than one hundred glucose meters over a six month period from the DMS.
Sigma values at two QC levels (low and high levels) were evaluated for each glucose meter each month. Additionally, we investigated
the effectiveness of using Sigma values to identify the meters with poor analytical performance during the QC review. The Sigma
metrics-based approach was established in this study for regular QC review of glucose meters to ensure the quality of glucose meters.

2. Materials and Methods

2.1. POC glucose meters and QC material

The hospital glucose meters (Nova StatStrip, Nova Biomedical, Mississauga, ON, Canada) were implemented under the quality
management of the POCT program. The meters use electrochemistry methodology and are monitored by testing low and high levels of
liquid quality control material from the manufacturer every 24 h. In current service, the manufacturer’s QC acceptable ranges are
employed in the QC settings. The typical assigned values are 3.4 mmol/L (SD 0.4 mmol/L) for the low level of QC material and 16.65
mmol/L (SD 1.38 mmol/L) for the high level of QC material. The acceptable ranges are 2.6–4.2 mmol/L and 13.93–19.40 mmol/L for
the low and high QC materials when QC rule is 12S, respectively. The QC check fails if a result falls outside the QC acceptance range.
The operators address the outliers following laboratory standardized procedures: verifying the level, quality, and expiration of QC
material, reviewing the QC testing procedure, performing a retest with fresh material if necessary, and reporting unresolved outliers to
the POCT specialists.

2.2. Data management system and data collection

Each hospital glucose meter is connected to the DMS (Telcor QML, Telcor Inc., Lincoln, NE, USA) for documentation. QC data from
February 2022 to July 2022 was extracted for all meters by the POCT specialist and Clinical Biochemist, including the meter’s serial
number, location, and number of QC results. The mean, SD, and coefficient of variation (CV) of QC results were calculated by the DMS
at two QC levels for each meter in each month. In addition, Levey-Jennings QC charts were generated by the DMS for all glucose
meters, displaying QC results, fixed SD and running SD.

In this study, the majority of the meters performed QC testing every 24 h and accumulated more than 20 QC results per month for
review and monitoring. A small number of meters had fewer than 20 QC results due to occasional change in the lot of QC material
(usually once a year) or infrequent use. The statistical QC data was calculated by DMS for each meter by the lot number. To obtain
reasonable quality of statistic QC data and monitor as many glucose meters as possible, only glucose meters with 15 or more QC points
per month, using test strips from the same lot, were included in the data analysis.
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2.3. Total allowable errors for glucose meters

The TEAs for the glucose meters were derived from the recommendations provided by the International Organization for Stan-
dardization (ISO) 15197:2013 [15], which allows for a variation of±0.83mmol/L when glucose concentration is less than 5.6 mmol/L
or ±15 % when glucose concentration is greater than or equal to 5.6 mmol/L.

2.4. Calculation of Sigma values of glucose meters

A monthly Sigma value was calculated for each glucose meter using the following formula: Sigma value = (TEA-bias)/SD for QC
low level, and (TEA% - bias%)/CV for QC high level. Here, SD of each meter was calculated by the DMS for each month. Bias was
determined as the absolute difference between the QC mean of each meter in the particular month and the QC mean of all meters over
the six months. Bias percentage was calculated relative to the mean of all meters.

2.5. Statistical analysis

Data sorting was performed in Excel (Microsoft, 2010). The meter’s unique identification numbers were used to track them across
the six months. The comparison of the mean of Sigma values and the comparison of categorical difference of Sigma values among
multiple groups were conducted by one-way ANOVA and Chi-Square tests, respectively, in SPSS (IBM SPSS Software, version 28).
Linear regression analysis between the Sigma values and the variables was also performed using SPSS. Differences were significant if p
< 0.05. Sensitivity analysis was performed using what-if analysis in Excel to optimize meters’ imprecision and bias and to achieve the
best Six Sigma values. The data table was created by all-meter imprecision from mean-3SD to mean+3SD and all-meter bias from the
5th to 95th percentile.

3. Results

3.1. Overall QC performance and Sigma values of glucose meters in six months

Table 1 shows the overall QC performance and Sigma values of themeters within the six-month period. The QCmean in eachmonth
consistently fell below the manufacturer’s assigned value at both QC levels. The average imprecision (SD for the low QC level, CV for
the high QC level), average bias (value for low QC level, percentage for high QC level), and the median of absolute bias at both QC
levels remained stable across the six months. The average Sigma value of all includedmeters throughout the study period at the lowQC
level was 5.61, which exceeded that of the high QC level at 4.91. The average Sigma values per month at both QC levels had no
significant difference across the six months.

3.2. Sigma values at low and high QC levels

Sigma values of the glucose meters ranged from 2.75 to 12.92 at the low QC level and 1.86 to 10.16 at the high QC level across the
six-month period. Fig. 1 shows the distribution of Sigma values throughout the study period. 90.5 % of Sigma values at the lowQC level
and 80.1 % at the high QC level were greater than 4. Furthermore, at the high QC level, there were half the amount of Sigma values
observed greater than 6 (14.3 % vs. 34.1 %), and double the amount of Sigma values observed less than 4 (18.8 % vs. 9.4 %) compared
to the low QC level. These differences were found to be statistically significant (p < 0.001).

Table 1
Overall QC performance and Sigma values of the glucose meters in the six months.

Low QC level (mmol/L) High QC level (mmol/L)

Month Number of
Meters

Mean SD Bias Absolute
bias

Sigma
value

Number of
Meters

Mean CV Bias% Absolute
Bias%

Sigma
Value

1 103 3.22
± 0.05

0.15
± 0.04

0.00
± 0.05

0.04 5.83 ±

1.79
101 15.71

± 0.18
2.94
± 0.65

0.03 ±

1.17
0.85 5.04 ±

1.24
2 102 3.21

± 0.05
0.15
± 0.03

0.00
± 0.05

0.04 5.69 ±

1.39
104 15.68

± 0.19
3.01
± 0.69

− 0.03
± 1.20

0.75 4.88 ±

0.96
3 98 3.23

± 0.05
0.15
± 0.03

0.00
± 0.05

0.03 5.74 ±

1.49
97 15.73

± 0.21
3.08
± 0.91

0.02 ±

1.29
0.80 4.85 ±

0.93
4 102 3.25

± 0.06
0.15
± 0.03

0.00
± 0.05

0.03 5.40 ±

1.23
105 15.79

± 0.20
3.01
± 0.70

− 0.00
± 1.25

0.81 4.92 ±

1.24
5 101 3.25

± 0.06
0.16
± 0.04

0.00
± 0.06

0.04 5.38 ±

1.39
108 15.77

± 0.20
3.01
± 0.63

− 0.03
± 1.25

0.81 4.86 ±

1.05
6 88 3.27

± 0.05
0.15
± 0.03

0.00
± 0.05

0.04 5.57 ±

1.40
96 15.75

± 0.20
2.98
± 0.56

− 0.00
± 1.25

0.78 4.88 ±

1.00

Data were expressed as mean ± SD, except that absolute bias was expressed as median. Manufacturer’s assigned value: low QC level 3.40 mmol/L,
high QC level 16.65 mmol/L. QC; quality control. SD; Standard deviation. CV; correlation coefficient.
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3.3. Variation of Sigma values on the same glucose meter in six months

There were 64 meters at low QC level and 74 meters at high QC level that had more than 15 data points in all six months. None of
the meters consistently had Sigma values ≥ 6 across the six months at either QC level. Only 6.3 % of the meters maintained Sigma
values≥ 5 across the six months at the low QC level. Additionally, 53.1 % (low QC level) and 25.7 % (high QC level) of the meters had
consistent Sigma values ≥ 4 across the six months. The majority of the meters (95.3 % and 87.8 % at the low QC level and the high QC
level, respectively) had Sigma values that varied greatly between 3 and≥6 across the six months. It seems that low Sigma values could
occur randomly in any month on the meters, as most of the meters (93.3 % at the low QC level and 87.3 % at the high QC level) had
Sigma value< 4 only in one or two out of six months (Fig. 2). Several meters (2 meters at the low QC level and 7 meters at the high QC
level) had Sigma values < 4 in three or four months. Furthermore, only 3 meters had Sigma values < 4 in two or more months at both
the low and high QC levels.

3.4. Sigma values and meter QC performance

Table 2 illustrates the distribution of meters’ imprecision and the bias compared to the six-month aggregate meter SD at different
Sigma values. Meter SD/all-meter SD describes the difference between a meter’s imprecision and the all-meter imprecision, while
meter bias/all-meter SD, as the number of standard deviations from the overall mean, displays how far a meter’s mean is from the all-
meter mean. For the group of Sigma values ≥ 4, the imprecision in 60.9 % and 70.9 % of the meters fell within the all-meter SD at the
low and high QC level, respectively. The imprecision of the remaining meters was within 1.5 times the all-meter SD. No meter with
imprecision greater than 1.5 times the all-meter SD was found in the group of Sigma values ≥ 4. Most of the meters with Sigma values
< 3 exhibited imprecision greater than 1.5 times the all-meter SD at both levels (4 out of 4 at the low QC level, 10 out of 12 at the high

Fig. 1. Distribution of Sigma values of the glucose meters at the low and high QC levels in the six month period. QC; quality control.

Fig. 2. Sigma values on the same glucose meter across the six months. QC; quality control.
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QC level). However, the majority of meters (99.2 % at the low QC level and 98.2 % at the high QC level) had their absolute bias within
the all-meter SD at both QC levels. Only 16 meters included in both QC levels, had an absolute bias of 1–1.5 times the all-meter SD and
were distributed in different groups of Sigma values. No meter’s absolute bias exceeded 1.5 times the all-meter SD.

3.5. The use of Sigma values to identify meters with possible quality problems for Levey-Jennings QC chart review

In our current monthly QC review, following the local regulatory requirements [7], if the meter’s imprecision exceeds the all-meter
SD of the overall mean and/or the meter’s absolute bias (mean shifts up or down) exceeds the all-meter SD of the overall mean, the
meter’s Levey-Jennings QC charts for that month need to be thoroughly reviewed for the causes [7]. From Table 2, although only 16
meters had an absolute bias greater than the all-meter SD, more than 40% of the meters at either QC level had imprecision greater than
the all-meter SD. Therefore, up to 543 QC charts during the study period needed to be reviewed if all-meter SD instead of the man-
ufacturer’s SD was used in QC review. When the criteria included Sigma value less than 4, 3.5 or 3, the number of QC chart requiring
review in both QC levels greatly reduced to 32.8 %, 11.2 %, and 3.5 %, respectively (Table 3).

3.6. Sigma values and associated QC patterns in Levey-Jennings QC chart review

A total of 172 Levey-Jennings QC charts with Sigma values less than 4 were reviewed to understand the QC patterns that might be
associated with poor Sigma values (Table 4). A common pattern observed in the QC chart review was 1–3 outliers per month at either
QC levels. 75–80 % of the outliers were located above or below ±4SD of the QC charts when the meters’ Sigma values were below 3.
With an increased number of charts without outliers (from 25 % to 62 %), and more QC outliers located between ±3SD and 4SD than
above or below ±4SD (from 25 % to 83 %), the meters’ Sigma values increased. The decrease in the number of outliers and the
decrease in the number of extreme outliers (above or below ±4SD) led to the reduction in the meters’ imprecision from 1.95 to 1.21
(average of meter SD/all-meter SD). However, similar bias among the different Sigma values was observed. The significant association
(p < 0.001) of Sigma values with the meters’ imprecision was confirmed by linear regression analysis, but not with the meters’ bias.
Furthermore, in the sensitivity study (Fig. 3), we found that as long as the meters’ imprecision did not exceed +2SD of the all-meters’

Table 2
Glucose meters’ QC performance at different Sigma values.

Number of meter Sigma value ~<3 Sigma value ~<3.5 Sigma value ~<4 Sigma value ≥ 4

QC low level, meter SD/all-meter SD ~ ≤ 1 327 0 0 0 327
~ ≤ 1.5 248 0 4 34 210
>1.5 19 4 12 3 0

QC low level, meter Bias/all-meter SD ~ ≤ 1 589 4 16 35 534
~ ≤ 1.5 5 0 0 2 3
>1.5 0 0 0 0 0

QC high level, meter SD/all-meter SD ~ ≤ 1 350 0 0 0 350
~ ≤ 1.5 247 2 22 78 145
>1.5 13 10 3 0 0

QC high level, meter Bias/all-meter SD ~ ≤ 1 599 7 25 80 487
~ ≤ 1.5 11 3 1 0 7
>1.5 0 0 0 0 0

All-meter SD of the six months at the low QC level was 0.15 mmo/L, at the high QC level 0.47 mmol/L. QC; quality control. SD; Standard deviation.

Table 3
Number of Levey-Jennings QC charts needed to be reviewed for the investigation.

Criteria for QC review QC level Number of QC chart Total

Bias > all-meter SD Low 5 543
high 11

Imprecision > all-meter SD Low 267
high 260

Bias > all-meter SD + Sigma value < 4 Low 2 178
high 4

Imprecision > all-meter SD + Sigma value < 4 Low 57
high 115

Bias > all-meter SD + Sigma value < 3.5 Low 0 61
high 4

Imprecision > all-meter SD + Sigma value < 3.5 Low 20
high 37

Bias > all-meter SD + Sigma value < 3 Low 0 19
high 3

Imprecision > all-meter SD + Sigma value < 3 Low 4
high 12

QC; Quality control. SD; standard deviation.
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Table 4
QC outliers on the glucose meters with Sigma values less than 4 in the QC chart review.

Sigma
value

QC
level

Number of QC
chart

Chart without
outlier (%)

Outlier between
±3SD and 4SD (%)

Outlier above or
below ±4SD(%)

Average of meter SD/
all-meter SD

Average of meter
bias/all-meter SD

~<3 Low 4 25 25 75 1.81 0.39
High 12 27 20 80 1.95 0.68

~<3.5 Low 16 31 67 33 1.56 0.45
High 25 22 30 70 1.42 0.39

~<4 Low 37 57 68 32 1.37 0.38
High 78 62 83 17 1.21 0.45

Absolute bias was used in the calculation of average meter bias/all-meter SD to eliminate the effect of the direction of bias. QC; quality control. SD;
standard deviation.
A.

Fig. 3. Sensitivity analysis for optimizing meters’ imprecision and bias. A. Low QC level. B. High QC level. The all-meter imprecision on the X-axis
from left to right represented mean+3SD, mean+2SD, mean+1SD, mean, mean-1SD, mean-2SD, and mean-3SD. The different bins represented the
5th, 25th, 50th, 75th, and 95th percentiles of all-meter absolute bias, respectively. The biases were 0.00, 0.01, 0.04, 0.06, and 0.11 mmo/L for the
low QC level; 0.08, 0.37, 0.80, 1.38, and 2.47 % for the high QC level. QC; quality control. SD; standard deviation. CV; correlation coefficient.

Y. Huang et al.



Heliyon 10 (2024) e36651

7

mean imprecision, the meters’ bias, ranging from the 5th to 95th percentile of the all-meter bias did not prevent the meters’ Sigma
values from reaching 4.

4. Discussion

This study comprehensively evaluated the Sigma values of the glucose meters used in our hospitals during a six-month period and
assessed the effectiveness of Sigmametrics-based approach in meter QC review. Themajority of the Sigma values on the glucose meters
were greater than 4 when ISO15197:2013 standards were used as TEAs. Sigma values varied between the two QC levels, and they also
varied randomly from 3 to >6 on the same meter across the six-month period. When Sigma values were included in the criteria for QC
review, the number of QC charts requiring further investigation was greatly reduced to a manageable level. Additionally, high
imprecision resulted from extreme outliers might contribute to the meters’ poor Sigma values in our hospitals.

In our study, more than 80% of the Sigma values on the glucose meters were greater than 4 at both QC levels, respectively, aligning
with the improved analytical performance of the new generation glucose meters [3,17]. The Sigma values appear to be better than
those reported in two studies that used different glucose meters from a similar generation [12,16]. The primary reason could be the
application of different total allowable errors that have not been standardized for glucose meters [10]. The ranges of total allowable
errors in recently published international guidelines and the local accreditation agency are from 0.67 to 1.0 mmol/L when glucose is
below 5.6 mmol/L and 12 %–20 % when glucose is greater than or equal to 5.6 mmol/L, [15,18,19]. We used the standards from ISO
15197:2013 as did Fei’s study, which is used globally [12]. The second factor that frequently affects Sigma values is the determination
of bias [9]. Previous studies used assigned values of different testing material as the targets [12,16]. Our glucose meters showed
consistent negative bias at both QC levels when compared to the QC assigned values from the manufacturer (Table 1). When we used
the assigned values as the targets, the Sigma values could be falsely increased if the QC results were shifted up from the meter mean to
the assigned value. Therefore, we used the groupmean of all meters in the six months at each QC level as the target to calculate the bias
for every meter as this would better reflect the shift or bias of the glucose meters in our study [6]. Additionally, in Fei’s study the
imprecision data was collected frommeters used in various hospitals participating in a Proficiency Testing Program, so the imprecision
might be affected greatly by inter-lab variation [12].

The average Sigma value at the high QC level was generally lower than the low QC level (4.91 vs 5.61). Additionally, at the high QC
level, twice as many Sigma values were below 4, and half as many Sigma values were above 6 compared to the low QC level. The
difference of Sigma values among analyte concentrations have been also observed when Sigma metrics was used to evaluate core
laboratory chemistry tests [20]. It is likely attributed to the glucose measurement at different concentrations (3.24 at the low QC level
vs. 15.74 mmol/L at the high QC level) and the use of different total allowable errors (0.83 mmol/L vs. 15 %) [16,20].

Sigma values also exhibited a large variation on the same glucose meter across the six months in this study. The number of meters
that consistently had Sigma values≥ 4 in all six months were limited. The Sigma values on most of meters (95.3 % for the low QC level
and 87.8 % for the high QC level) varied from 3 to >6 over the six months. This variation seems to follow a random pattern due to
outliers, as most meters had Sigma value below 4 in only one or two out of six months at one of the QC levels. With more QC points
included in the calculation of Sigma values during long-term monitoring, the variation may be reduced.

Sigma values can be used to evaluate QC performance quantitatively by considering the total allowable error, meters’ imprecision,
and the bias. Even if imprecision or bias is slightly increased, the overall analytical performance of the meters may still be acceptable as
long as the Sigma values are kept at an acceptable level. If our current QC review criteria were followed, up to 543 QC charts in the
period of study may require QC chart review for an investigation, which is impossible to complete with the limited time and staff. After
we included Sigma values in the criteria for QC review, the number of QC chart needing review for both QC levels was greatly reduced
to 32.8 % (Sigma 4), 11.2 % (Sigma 3.5) and 3.5 % (Sigma 3). These QC charts were able to be reviewed by our POCT specialists in a
timely manner.

A thorough QC chart review allows us to identify the QC patterns that relate to types of errors in the testing process [21,22]. In this
study, the Levey-Jennings QC charts of all meters with Sigma values less than 4 were reviewed, which provided us more details about
the causes of poor Sigma values. It is worth noting that the glucose meters used in this study were a newer generation, resulting in
remarkably small biases when compared to the group mean of all meters. The majority of meters had the mean shift within the SD of
all-meter mean at both QC levels, which might have minor effect on the Sigma values in our study. However, more than 40 % of meters
showed increased imprecision at both QC levels, which might be mainly associated with the number and the level of outliers. With a
reduction in the number and level of outliers, meters’ Sigma values were increased (Table 4). Moreover, from the sensitivity analysis, if
the meters’ imprecision did not exceed +2SD of the all-meter mean imprecision, the meters’ bias, ranging from the 5th to 95th
percentile of the all meter bias did not prevent the meters’ Sigma values from reaching 4. These information indicated that random
operator errors in QC sample preparation or testing process might be an important cause of poor meter Sigma values in our hospitals [2,
3]. Therefore, improving imprecision of glucose meters should be a focus for quality improvement. More details about meter locations
or operators can be identified for planning retraining and audits [16].

Applying the Sigma metric-based approach to the QC review of glucose meters could be easy, robust, and applicable to other
laboratories or POCT Programs. The approach can be included as a part of standardized QC review procedures. However, we should
note that using different total allowable errors and different sources of bias make the Sigma values incomparable between the studies
or hospitals. In addition, laboratories may have different criteria or procedures for the QC review of glucose meters based on meters’
analytical performance, common types of errors in the testing process, capacity of quality management, and risk to patient safety.
Therefore, implementing the Sigma metrics-based approach in glucose meter QC review should be optimized to fit the quality targets,
special needs, and operation procedures of individual laboratories. When interpreting meters’ Sigma values, a meter with a Sigma
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value of 4 or greater doesn’t mean there are no errors, but it indicates better analytical performance than a meter with a Sigma value of
3 or less. Meanwhile, the error risk would be lower on the meters with a Sigma value of 4 or greater compared to those with a Sigma
value of 3 or less. Nevertheless, if a meter shows unusual QC pattern, it must be investigated regardless of the Sigma value. Moreover,
data sorting for the large amount of QC results cannot be completed manually; the POCT specialists may require training to obtain
proficient Excel skills.

The Sigma metrics-based approach established in this study does not solve the issues in the QC settings of glucose meters, but it
facilitates the QC review for glucose meters to identify the meters with possible quality problems. This study was conducted based on
one brand of glucose meters used in a single healthcare center, therefore, more studies using different meters in different POCT
programs are warranted. Additionally, the Sigma values were calculated with monthly QC data points, which may be inadequate to
reflect meters’ stable performance. This may result in the variation of Six Sigma values observed on the same meter during the six-
month period.

To improve the QCmonitoring for glucose meters in the future, we would expect to set up hospital- or meter-specific QC acceptance
ranges and QC rules to glucose meters, similar to those for core laboratory tests. This requires an appropriate data management system
or middleware due to the large number of meters in service. We should forward these demands to the manufacturers so that these
features can be integrated to the existing middleware to support comprehensive QC processes. Additionally, we could consider
establishing long-term Six Sigma performance metrics for each glucose meter, possibly on an annual basis. This approach may help in
interpreting the monthly Sigma values of the meters and reduce confusion caused by monthly variations.

5. Conclusions

The majority of the glucose meters in our hospitals displayed optimal Sigma values. Including Sigma metrics in the QC review of
glucose meters allows for better identification of meters with possible quality problems out of hundreds of hospital meters and enable
the completion of QC chart review to investigate the causes of poor performance in a timely manner so that corrective actions can be
established accordingly. Therefore, this approach would enhance quality monitoring of glucose meters with imperfect QC settings,
especially in the situations with limited availability of POCT Specialists, to meet the requirements of quality management for POCT.
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