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Oz

Arka plan: Belediye suyunun mikrobiyolojik kalitesi, insan faaliyetleri, tiiketimi ve sonraki islemler i¢in
giivenli kabul edilebilir suyun teslim edilmesini saglamak i¢in dikkatle izlenmesi ve kontrol edilmesi
gereken dnemli bir denetim 6zelligidir. Vaka sunumu: Mevcut vaka, bir saglik tesisinde farkli kullanim
noktalarindan su dagitimina iligkin uzun vadeli veri egilimlerinin incelenmesi ve analizi igin 6zel bir
nitelik kontrol ¢izelgesi tiiriiniin uygulanmasini gostermistir. Tim veri kiimeleri, Spesifikasyondan
gozlemlenebilir sapmalar (OOS) olmaksizin tek aralikli yiiksek degerlere isaret eden, saga ¢arpik bir
veri dagilim modeli gosterdi. Higbir su hatti, normalligi iyilestirip veri kiimelerinden aykir1 degerleri
kaldiracak doniisime ihtiyag duymadan, bilinen herhangi bir dagitim modelini takip edemedi.
Mikrobiyolojik sonuglarin kaydini gorsellestirmeye yonelik dogrudan yaklagim, Laney Oznitelik
cizelgeleri kullanilarak gerceklestirilmistir. Tartisma: Her kullanim noktasi; ortalamay1, diizeni, Ust
Kontrol Limitini (UCL) ve alarm tiirlerini gérsellestirerek kendine 6zgii veri egilimine sahipti. Tesisteki
su dagitim sisteminin net kalitesi, ortalamasi alinan ve tek bir siire¢-davranis ¢izelgesinde bir araya
getirilen genel okumalardan ¢ikarilabilir. Bu egilim grafiginin uygulanmasi, olasi mevsimsellik
belirtileriyle birlikte genlikte tutulma egiliminde olan biyolojik yiik sayimi igin bir salinim modeli
egilimi gosterdi. Sonug: Genel olarak, toplam biyolojik stabilite, Toplam Mikrobiyal Aerobik Sayim
(TAMC) ag1sindan zamanla iyilesir. Biyolojik yiik seviyesi ve dalgalanmalarin biiyiikliigli en son izleme
durumuna gore diismekteydi.

Anahtar Sozciikler: Kutu grafigi, Kontrol Cizelgesi, Belediye Suyu, Poisson Dagilimi, Olasilik Grafigi
Abstract

Background: The microbiological quality of municipal water is an important inspection characteristic
that must be carefully monitored and controlled to ensure the delivery of acceptable water that is safe
for human activities, consumption and further processing. Case presentation: The current case
demonstrated the implementation of a special type of attribute control chart for the examination and
analysis of long-term data trends of water distribution in a healthcare facility from different pints-of-
use. All datasets showed a right-skewed dispersion pattern of data indicating solitary intermittent high
values but without any observable Out-Of-Specification (OOS). All water lines failed to follow any
known distribution pattern without the need for transformation which had improved the normality and
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removed the outliers from datasets. The direct approach for visualizing the record of microbiological
results was accomplished using Laney-attribute charts. Discussion: Each use point had its unique trend
of data by visualizing the mean, pattern, the Upper Control Limit (UCL) and the alarm types. The net
quality of the water distribution system in the facility could be deduced from the overall readings that
had been averaged and pooled in a single process-behavior chart. Implementation of this trending chart
showed a tendency of oscillation pattern for bioburden count that tended to seize in amplitude with
possible signs of seasonality. Conclusion: In general, the overall biological stability is improving with
time in terms of the Total Microbial Aerobic Count (TAMC). The Bioburden level and the magnitude
of fluctuations were decreasing according to the latest monitoring state.

Keywords: Box plot, Control Chart, Municipal Water, Poisson Distribution, Probability Plot
1. Introduction

The microbiological quality of municipal water is one of the crucial properties that must be controlled
to ensure the safety of the water for human activities and consumption (WHO, 2011). The inspection
characteristics of water are highly dynamic and can change rapidly from time to time (Chapman, 1996).
Thus, regular monitoring must be ensured to take urgent actions when needed (Sciortino and Ravikumar,
2009). The biological stability of the water system is a critical requirement that must be met to ensure
compliance of the microbiological water quality with the regulatory authorities around the globe (Prest
etal., 2016, https://doi.org/10.3389/ fmicb.2016.00045). It is mandatory to ensure not only an acceptable
microbiological water quality that meet the specification limit but also this quality must be stable
overtime. Previous studies demonstrated promising short-term work using Individual-Moving Range (I-
MR) charts that showed patterns that could aid in the prediction of the microbiological stability of water
(Essam Eissa, 2017a). This statistical tool provided an insight into the inspected quality characteristic
in chronological order.

Shewhart control charts were originally used in the measuring, monitoring and control of industrial
processes since the 1920s (Best, 2006). However, their use could be actually demonstrated in other non-
industrial activities and tasks (Essam Eissa, 2017b). Process-behavior charts could provide a good
indication for the degree of process improvement or deterioration depending on the pattern of the result
changing of the microbial count in successive water samples that are arranged in time order (Sengoz,
2018). A stable trending chart means that a specific measurable process or property might be predicted
with time as long as the current measures of control are maintained (Lieberman, 1965). Otherwise, a
change in the standard working procedure and/or conditions might influence the trend of the dataset
toward either deteriorating or improvement.

The aim of the current case analysis is determined to assess to biological stability of the water
distribution system in a selected healthcare facility using quantitative statistical tools, notably the
implementation of the Shewhart charts for bioburden trending. The study focused on the microbial
bioburden over the long run as one of the critical quality markers of safe water for human activities and
consumption using an approach of implementing a sort of attribute-type of the trending diagrams
regardless of the underlying spreading pattern of the datasets.

2. Case Description

A municipal water distribution network in a healthcare facility was monitored for a Heterotrophic Plate
Count (HPC) over about four years (from 2017 to 2021 except the last quarter of the year 2021) using
standard microbial analysis technique and the results were recorded after incubation as Colony Forming
Unit per one milliliter (CFU/mL). The plant involved 13 separate use ports for a sampling of the city
water distributed through different service partitions. The dataset was saved in the Minitab worksheet
and processed using the Statistical Process Control (SPC) tools. All use points of the water samples
demonstrated microbial counts that were below the action limit of 100 CFU/mL. Initial examination of
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data shape and pattern was conducted using a Box Plot diagram (Figure 1). The dispersion of all data
showed signs of a positive skew pattern with few outlier values toward the right side (higher microbial
count). Screening of the spreading type to identify the distribution of data showed that the current record
in its existing state failed to follow specific distributions such as Gaussian or Poisson shape. Attempt to
use logarithmic transformation (to the base ten) had minimized the scattering of the groups.
Nevertheless, Some points of use did not meet the required distribution assumption for the control chart.
In addition, an approach that would facilitate the construction of the trending charts without the need
for additional processing steps of conversion then reconversion again to obtain meaningful output would
be an advantage that set a priority for itself.

Boxplot of Potable Water Distribution Points
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Figure 1: Box plot diagram for microbial count in the point-of-use distribution line for potable
water in healthcare facility (asterisks indicates excursion in the results and Av.= Average of all
points).

The suitable attribute chart for count data was c or u-type. However, diagnostic examination for fitness
showed significant deviation from the assumed distribution (Figures 2—7). Overdispersion existed in all
groups suggesting using modifying techniques for correction of the database spreading. The Laney-
attribute chart was used as could be seen in Figures 8-14 showing the quantitative measure for the
overdispersion Sigma Z (6Z) in each graph for the point-of-use and all were significantly greater than
one. The factor of 6Z determined using the average of Moving Range (MR) - of length two - divided by
the unbiasing constant of 1.128 to correct for dispersion according to its magnitude. Process-behavior
charts for each use point showed initial unstable considerable fluctuations in the first year followed by
relatively more stable variations that descended in amplitude gradually to some extent. The first section
of the charts — with different frequency, magnitude and period - showed intermittent excursions (marked
by red points “1”’) above 3 Standard Deviations (SD or ¢) followed by a new trend embracing shifts in
the HPC mean value in the process-behavior charts (indicated by alerting red value “2”). Interestingly,
there is a sign of tendency for showing a seasonal variation that could be sensed visually from the control
charts graph, especially from the plot of the average microbial quality of the overall water distribution
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system. Also, impeding cyclic behavior is likely to be viewed on yearly basis in an alternating pattern,
except for years 2020 and 2021 as they demonstrated a net of similar trend regardless of the individual
use points which illustrated unique fingerprints for each port in the water distribution network for the
facility. Nevertheless, the control chart of the overall distribution system showed a minute improvement
in the last year with smaller fluctuations than the previous year. Accordingly, two evaluations could be
determined, namely, the overall water distribution system and the individual network segments in terms
of the total microbiological count (CFU) per one (mL) of the sample for long-term inspection of the
low-frequency sampling process.

U Chart Diagnostic for Cl

Poisson Probability Plot

Ratio of observed variation to expected variation = 295.0%
95% Upper Limit for ratio if process mean is constant = 133.5%

Using a U chart mayresultin an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Saglik Akademisi Kastamonu 366



Auf|Reference: “ESSAM EISSA, M.; REFAAT RASHED, E.; ESSAM EISSA, D.(2022). Microbiological

Stability Assessment of Municipal Distribution Line Using Control Chart Approach for Total Bioburden
- Count. Health Academy Kastamonu (HAK), 8 (2), s.363-383”

U Chart Diagnostic for C2

Poisson Probability Plot

Ratio of observed variation to expected variation = 527.3%
95% Upper Limit for ratio if process mean is constant = 133.4%

Using a U chart may result in an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Figure 2: Data fitness analysis for Poisson distribution for the use ports C1 and C2.

U Chart Diagnostic for C3

Poisson Probability Plot

Ratio of observed variation to expected variation = 299.4%
95% Upper Limit for ratio if process mean is constant = 133.5%

Using a U chart may result in an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.
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U Chart Diagnostic for C4

Poisson Probability Plot

Ratio of observed variation to expected variation = 281.4%
95% Upper Limit for ratio if process mean is constant = 134.0%

Using a U chart may result in an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Figure 3: Data fitness analysis for Poisson distribution for the use ports C3 and C4.

U Chart Diagnostic for C5

Poisson Probability Plot

Ratio of observed variation to expected variation = 536.4%
95% Upper Limit for ratio if process mean is constant = 133.2%

Using a U chart mayresultin an elevated false alarm rate. Considerusing a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.
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U Chart Diagnostic for C6

Poisson Probability Plot

Ratio of observed variation to expected variation = 420.6%
95% Upper Limit for ratio if process mean is constant = 133.4%

Using a U chart may result in an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Figure 4: Data fitness analysis for Poisson distribution for the use ports C5 and C6.

U Chart Diagnostic for C7

Poisson Probability Plot

Ratio of observed variation to expected variation = 5929%
95% Upper Limit for ratio if process mean is constant = 133.4%

Using a U chart may result in an elevated false alarm rate. Considerusing a Laney U’ chartinstead.

The upper limit depends on the number of subgroups and the process mean.
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U Chart Diagnostic for C8

Poisson Probability Plot

Ratio of observed variation to expected variation = 577.8%
95% Upper Limit for ratio if process mean is constant = 133.3%

Using a U chart mayresult in an elevated false alarm rate. Considerusinga Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Figure 5: Data fitness analysis for Poisson distribution for the use ports C7 and C8.

U Chart Diagnostic for C9

Poisson Probability Plot

Ratio of observed variation to expected variation = 539.4%
95% Upper Limit for ratio if process mean is constant = 133.3%

Using a U chart may resultin an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.
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U Chart Diagnostic for C10

Poisson Probability Plot

Ratio of observed variation to expected variation = 417.9%
95% Upper Limit forratio if process mean is constant = 133.3%

Using a U chart may result in an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Figure 6: Data fitness analysis for Poisson distribution for the use ports C9 and C10.

U Chart Diagnostic for C11

Poisson Probability Plot

Ratio of observed variation to expected variation = 425.0%
95% Upper Limit for ratio if process mean is constant = 133.4%

Using a U chart may result in an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.
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U Chart Diagnostic for C12

Poisson Probability Plot

Ratio of observed variation to expected variation = 520.2%
95% Upper Limit for ratio if process mean is constant = 133.5%

Using a U chart may result in an elevated false alarm rate. Considerusing a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

U Chart Diagnostic for C13

Poisson Probability Plot

Ratio of observed variation to expected variation = 174.3%
95% Upper Limit for ratio if process mean is constant = 134.1%

Using a U chart may resultin an elevated false alarm rate. Consider using a Laney U’ chart instead.

The upper limit depends on the number of subgroups and the process mean.

Figure 7: Data fitness analysis for Poisson distribution for the use ports C11, C12 and C13.
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Figure 8: Laney trending profile for distribution points C1 and C2. (Red dots are out-of-control
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Sigma Z = 3.28136

920

80
70
UCL=65.0

—_

8

w
o

U=20.5

(ST

1 7 13 19 25 31

Sample Count Per Unit

_ N
o o
o——

Sample

Laney U’ Chart of C4
Sigma Z = 3.01864
100

80

60

UCL=49.2
40

0 J\ Lt U=14.6
. *....../W \JVW V-'\M,;

49 55

Sample Count Per Unit

Sample

Figure 9: Laney trending profile for distribution points C3 and C4. (Red dots are out-of-control
reading values)
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Figure 10: Laney trending profile for distribution points C5 and C6. (Red dots are out-of-control
reading values)
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Figure 13: Laney trending profile for distribution points C11 and C12. (Red dots are out-of-
control reading values)
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3. Discussion

Examination of the distribution of the microbial count (expressed as CFU/mL) from long-term
monitoring of municipal distribution network in the healthcare facility showed a non-normal pattern of
spreading for the dataset (Bordner et al., 1978). Each group showed significant skew to the right side of
the distribution as could be seen in Figure 1 using a box plot diagram. This is normally would be
expected as the major trend of microbiological count tended to concentrate in the direction of the lower
bioburden (Bordner et al., 1978). Notably, the presence of aberrant values (indicated by asterisks in the
graph) influenced the direction of each point-of-use record. This is due to the presence of a sporadic
high microbial count in some samples relative to the general trend for each port (Ashutosh et al., 2018).
In the same line, there is not enough evidence in hand to justify omitting these excursions in the results
from the data record. Distribution type obviously would impact the selection and the outcome of the
process-behavior chart (Khan, 2013). False alarming point frequency and control limits might be
affected if the underlying data spreading did not fit the hypothesized distribution required from the
trending chart.

While C or U-type control charts were found to be convenient for trending bioburden data in water and
pharmaceutical products, yet the current database showed the distribution of the groups that deviate
from Poisson patterns for all point-of-use (Figures 2-7) (Eissa et al., 2021). Moreover, the distribution
identification study did not reveal any significant compliance with the required assumed distributions
needed for the construction of the Shewhart plots. The best approach was saught from the previous
experience — other than data transformation (e.g. logarithmic, square, Box-Cox and Johnson
transformations among other techniques) - to use Laney modification method for correction of data
spreading (Muhammed and Laney, 2006). Alternatively, Xx-MR charts have been reported previously to
yield a similar outcome with Laney graphs. Nevertheless, Laney trending Figures (8-14) revealed useful
and convenient results that could be used for important and useful conclusions concerning the
microbiological stability and quality of city water in terms of the total aerobic microbial count (TAMC).

In the current study, Control charts showed important four information. First, a trend of data over time
would reveal the chronological pattern and behavior of microbial count data (Ramirez, 2012). The
second point is the average of all records for each use point, in addition to the average for the whole
facility (the last graph in Figure 14) (Allen, 2019). The third measurable value was the Upper Control
Limits (UCLs). This criterion would be affected by data dispersion and not only the mean (Khan, 2013).
Lower Control Limits (LCLs) were not of great concern in the present case as the microbiological count
result relies on a one-sided analysis criterion, that is CFU/mL (Eissa, 2019). UCL marked the boundary
of the assessed inspection characteristics beyond which any microbial count would be considered an
outlier value (alarm point “1”’). Control Limits (CLs) windows could be considered as a measuring
marker of the process stringency and stability (Noskievi¢ova, 2013). Thus, a tighter trend would have a
narrow range where fluctuations are minimum. The fourth examination property in the trending charts
is alarming (aberrant) readings detection and spotting.

Out-Of-Control (OOC) points in the control charts were marked as red points. Test for assignable-cause
identification was important to detect and isolate special-cause from the common-cause variations in the
Shewhart charts (Moore and Murphy, 2013). Each point had a number that indicated the type of
excursion. Among four-alarm types in this attribute control chart, two distinct OOC were evident in all
charts viz. “1” and “2”. The first alarm showed freak spiking of HPC above three standard deviations
i.e. above the UCL but not necessarily Out-Of-Specification (OOS) as in the current studied case
(Noskievi¢ova, 2013). On the other hand, the second alarm is not out of the CL window. However, it
demonstrated the persistent presence of at least nine points (plate count readings) on one side of the
centerline (Adam et al., 1992). This alarm could be used as an indication of the drift in the process mean
which might be a sign for either improvement or deterioration of the inspection property depending on
the direction of the shift in the HPC value with the elapsed time.
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The sampling port “C13” showed beneficially the lowest average microbial count (14 CFU/mL) with
the lowest variance of 293 (SD = 17) in the examined focus group of the plant. In contrast, the point-of-
use “C5” demonstrated the highest mean HPC of 28 CFU/mL with a variance value of about 875 (SD =
30). This observation could be visualized and concluded clearly in the trending charts for each use point
by recording the means and the UCLs. The present work is limited by addressing microbial count and
detection of the common objectionable microorganismsj in water. However, it does not address the
analysis of the bioburden diversity or effect of the time-in-day which should be investigated thoroughly
in another separate study (Adani et al., 2001; Wu et al. 2012). However, the current report provided
enough evidence for the promising validity of the quantitative estimation of the biological stability from
the perspective of SPC techniques that embraced process-behavior charts as they pinpointed the
direction towards improvement and stabilization. Moreover, a similar methodology might be adopted
for the city water system provided that the suitable technology would be available for in-deep study (e.g.
on-time detection and enumeration of all or most aquatic microbial population) of the water samples in
a continuous program to generate sufficient trends to derive a comprehensive and meaningful
conclusion.

4. Conclusion and Suggestions

The described case herein showed the indispensable and useful application of Laney-corrected attribute
control chart in the analysis of the biological stability of municipal water. The overall performance
showed gradual improvement over about four years. However, the overall pattern showed signs of
periodical fluctuation, although it was impeding with time. It is worth noting that the last year 2021
showed significant improvement in water quality by a stable fluctuation and reduction in the microbial
count and the emergence of a new trend. The implemented technique of SPC could found an important,
fast yet simple application in water quality monitoring and control in the pharmaceutical and other
healthcare fields which is critical to deliver safe consumable water, especially in the world of an ever-
growing population of health and immune-deficient patients. Further extension of this study would be
of great interest using other statistical tools such as Principal Component Analysis (PCA) that could
cover also other quality characteristics of water such as Total Organic Carbon (TOC) and conductivity
tests.
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