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Abstract: Fecal indicator bacteria (FIB) values are widely used to assess microbial contamination in
drinking water and to advance the modeling of infectious disease risks. The membrane filtration (MF)
testing technique for FIB is widely adapted for use in low- and middle-income countries (LMICs). We
conducted a systematic literature review on the use of MF-based FIB data in LMICs and summarized
statistical methods from 172 articles. We then applied the commonly used statistical methods from
the review on publicly available datasets to illustrate how data analysis methods affect FIB results
and interpretation. Our findings indicate that standard methods for processing samples are not
widely reported, the selection of statistical tests is rarely justified, and, depending on the application,
statistical methods can change risk perception and present misleading results. These results raise
concerns about the validity of FIB data collection, analysis, and presentation in LMICs. To improve
evidence quality, we propose a FIB data reporting checklist to use as a reminder for researchers
and practitioners.

Keywords: fecal indicator bacteria; membrane filtration; drinking water; LMICs

1. Introduction

Assessing microbial contamination in drinking water is crucial to verify water safety,
understand baseline conditions, validate preventive interventions, and investigate disease
outbreaks [1]. Fecal indicator bacteria (FIB) values are widely used to characterize microbial
contamination [2,3], and there are multiple ways to assess FIB presence and concentration.
These include presence/absence, most probable number (MPN), and colony count methods
(e.g., membrane filtration, plating, or gel) [2,4,5]. The membrane filtration method is
considered a gold standard in quantitative FIB testing and recommended by the American
Public Health Association (APHA), American Water Works Association (AWWA), and
Water Environment Federation (WEF) in Standard Methods for the Examination of Water
and Wastewater [6].

To ensure the validity and reproducibility (i.e., replicable sampling and testing pro-
tocol) of the membrane filtration test results, step-by-step instructions are available, in
Standard Methods and other guidelines [4,6,7]. The instructions focus primarily on sample
collection steps and precautions, preservation and storage, laboratory quality control (e.g.,
personnel, facility, equipment, supply), media preparation, analytical quality control (e.g.,
plate counts comparison, control culture, duplicate analysis, sterility checks), data handling,
and documentation and record-keeping.
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There are specific recommendations about the collection and analysis of water samples
for membrane filtration [4,6,7]. It is recommended to complete multiple plates of appro-
priate serial dilutions for each sample, depending on prior FIB contamination knowledge,
source type, and turbidity. The appropriate volume of sample water is passed through a
filter paper (mean pore diameter 0.45 µm) using a stand, cup, and pump or syringe. The
filter paper is placed on a growth-medium-soaked pad in a Petri dish and incubated at
the recommended temperature and duration depending on the media. FIB colonies are
manually counted and reported in colony-forming units (CFU) per 100 mL [4,6,7]. It is
recommended to complete sample duplicates to quantify precision and blanks to confirm
that contamination was not introduced during sample processing [4,6,7]. Please note that
we refer to the APHA/AWWA/WEF [6], Centers for Disease Control and Prevention
(CDC) [4], and Environmental Protection Agency (EPA) [7]-suggested membrane filter
guidelines as “recommended methods” in this manuscript.

While membrane filtration is intended to be completed in a laboratory with dedicated
bench space, adequate ventilation, disinfected walls and floors, and necessary equip-
ment [8], it can also be used and adapted for use outside the formal laboratory setting
using field test kits [4]. The membrane filtration test method is commonly used to assess
microbial contamination in drinking water in low- and middle-income countries (LMICs),
where onsite laboratories are not, or may not be, available and researchers bring in their
own equipment to test water samples. In LMICs, recommended methods are often adapted
depending on the availability of resources, such as being in an informal laboratory setting
without access to electricity, autoclaves for sterilization, and refrigerators [2,4]. Typically,
the growth medium used during incubation dictates the ideal FIB colony enumeration
range (e.g., 20–80) and the maximum number of colonies per membrane above which the
petri dish should be assigned to “too numerous to count (TNTC)” [6,9]. In this manuscript,
we explicitly focused on FIB data from LMICs because, typically, in high-income settings,
formal water quality testing laboratories are easily accessible.

After sample collection and processing, FIB data are prepared for statistical analysis.
Typically, field FIB data are skewed, contain outliers and missing data, and are censored
by detection limits [10–12]. Therefore, appropriate techniques are applied to prepare the
data for further analysis. FIB data can be analyzed as continuous, categorical, or binary
variables depending on data properties and research objectives [13]. After data preparation,
data analysis may include descriptive statistical methods, studying relationships between
FIB and relevant factors, and applying regression models.

FIB data are regularly used to study microbial water quality, measure compliance with
guidelines, and evaluate intervention effectiveness [1,14–18]. Relevant examples where
relationships are studied include FIB data from different samples (e.g., source, household,
along the water chain) [18–21], with disinfectant and contaminant concentrations (e.g.,
physical or chemical) [22–24], microorganisms (e.g., virus, protozoa) [24–26], waterborne
disease incidence and prevalence (e.g., diarrhea, cholera) [27], climatic measurements (e.g.,
temperature, rainfall) [28,29], water, sanitation, and hygiene (WASH) facilities (e.g., toilet,
improved water source) [30,31], and user’s behavior (e.g., water collection, transportation,
storage, and consumption practices) [32,33].

Many researchers expressed their concerns with adapting recommended methods for
research in LMICs, including (1) reporting of adherence and adaptation to recommended
methods [2], (2) method of sample processing [11,12,34], and (3) data preparation and use
of appropriate statistical method for analysis [35,36]. To our knowledge, a summary of
membrane filtration practices in LMICs has not been completed to date. Thus, the two
objectives of the work presented herein were to (1) synthesize the methods of water sample
collection and processing for membrane filtration FIB test and FIB data preparation and
analysis, and (2) demonstrate how different data preparation and analysis techniques can
impact FIB data analysis results and their interpretation.
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2. Materials and Methods

The study consisted of two investigations: (1) a systematic review of FIB data reporting
in the published literature, and (2) analysis of selected example FIB datasets to demonstrate
how FIB data presentation and analysis impact results.

2.1. Systematic Review of FIB Data Reporting

We completed a systematic review to identify how FIB data are currently collected,
analyzed, and reported in the published literature including the development of (1) search
strategy, (2) inclusion criteria, (3) selection and processing strategy, and (4) result synthesis.
Each step of this systematic review process is summarized below.

2.2. Search Strategy

The databases Ovid Medline (PubMed), Scopus, and Web of Science were searched us-
ing a set of search terms related to three themes: low- and middle-income countries (LMICs),
FIB, and drinking water, excluding pharmaceutical and agricultural terms (Figure 1). Indi-
vidualized search strings were developed for each database using appropriate field tags
and Boolean operators. We finalized the search in July 2020 to include papers published up
to this date.
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2.3. Inclusion Criteria

Inclusion criteria were developed following the populations, interventions, compar-
isons, outcomes, and study types (PICOS), adapted for laboratory datasets [37]. The
population for this review consisted of FIB test results collected from source or house-
hold drinking water samples in LMICs, as defined by the World Bank Income groups in
2018 [38]. To be included, FIB had to be analyzed with the membrane filtration method
for total coliform, thermotolerant (fecal) coliform, or Escherichia coli; we limited FIB search
to the three coliform types because membrane filtration is generally recommended for
those three groupings of bacteria [6]. No interventions or comparisons were required for
inclusion. Manuscripts were included if the outcome of quantitative analysis of FIB was
reported. All study types (i.e., observational and experimental) were eligible for inclusion.
Review documents were not included, but individual references in review documents
were screened for inclusion. Manuscripts published in English between 1 January 2000
and 25 July 2020 were included in the review. The literature review is reported follow-
ing the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [39].

2.4. Selection and Processing

Search results were merged, and the duplicates were removed using EndNote X8.1
(Philadelphia, PA, USA). Unique articles were then screened by title, abstract, and full text
using exclusion criteria in Microsoft Excel for Office 365 (Redmond, WA, USA). At title
screening, manuscripts not in LMICs or not with source and household water samples were
excluded. At abstract screening, in addition to those from title screening, non-membrane
filtration FIB testing methods and non-drinking water samples were excluded. In full-text
screening, only manuscripts that reported quantitative results from membrane filtration
FIB testing of source or household drinking water samples in LMICs were included.

Studies were independently double-screened by a team of four research assistants and
the primary study author. Data were extracted from included studies in a detailed coding
sheet that included title, journal, year of publication, abstract, digital object identifier, study
type, main objective, description of the sample collection, membrane filtration and bacterial
enumeration steps, data preparation, presentation, and statistical techniques applied to the
data. Results from independent readers were matched, and differences were resolved by
consulting with authors.

2.5. Result Synthesis

Results were synthesized initially by two broad categories: (1) sample collection and
processing, and (2) data preparation and analysis. Within each broad category, results
were summarized using percentage of manuscripts that included a particular step by sub-
category, including, for sample collection and processing, whether manuscripts referenced
a standard method, sample collection procedures, and membrane filtration procedures.
Please note that steps were identified using Standard Methods. For data preparation and
analysis, subcategories included how data were prepared, characterized using descriptive
statistics and visualization, and analyzed using statistical methods for correlations and
associations. Please note that we did not complete meta-analysis on the data, as that was
not necessary for this research and has been completed elsewhere [15]. Additionally, a risk
of bias assessment was not completed for each included manuscript, as part of the research
question was to determine biases present in the data.

2.6. Analysis of Selected Example FIB Data Sets

To elucidate the impact of various methods for sample collection and processing and
data analysis of FIB data identified in the systematic review, we used two publicly available
FIB datasets: the 2012–2013 Bangladesh and 2014–2015 Congo Multiple Indicator Cluster
Surveys (MICS) [20,40]. In the Bangladesh survey, data were collected between December
2012 and April 2013 from urban and rural areas of seven administrative divisions, covering
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20,903 households. In the Congo survey, data were collected between November 2014
and February 2015 from urban and rural areas of 12 administrative departments, covering
12,811 households. MICS datasets were selected for this analysis because of their large
sample size representing the full country and to avoid any potential bias by using other
secondary data which were collected for a different purpose (i.e., intervention effectiveness
or performance evaluation). Congo and Bangladesh surveys were selected because these
were the first two national MICS surveys with FIB data completed in South Asia and Africa.

During both surveys, a microbial water quality test was completed for some, but not all,
surveyed households and associated water sources. In Bangladesh, 2582 (5%) households
and 2532 sources were tested; in Congo, 1486 (12%) households and 1277 sources were
tested. Water sample collection and testing procedures were the same in both countries and
are fully described in respective reports [40,41]. In summary, household samples of 100 mL
were collected by asking for “a glass of water that members of the household would drink”
and source samples were collected directly from the source by asking “is it possible to visit
the water source from where the drinking water was collected?”, and then enumerators
walked to that source after the survey. Enumerators filtered the 100 mL sample through a
0.45 micron filter paper and placed that filter on Compact Dry EC growth medium plates
(Nissui, Japan). Separately, 1 mL from the sample was pipetted onto a different Compact
Dry EC plate. Plates were incubated in ambient temperature or using incubation belts for
24 h, after which the number of red/purple and blue colonies were recorded. Plates with
no colonies were reported as 0, and plates with 100 or more colonies were reported as 100.
Please note that the exact location where tests were processed was not specified for each
household. However, MICS guidelines recommend processing samples on site if possible
or processing in a convenient location by collecting water in WhirlPak® bags (Nasco, Fort
Atkinson, WI, USA). If the transportation time was >30 min, samples were placed in a
cooler with ice [42].

Raw data were downloaded in comma-separated values (CSV) file format from the
MICS United Nations International Children’s Emergency Fund (UNICEF) website (https:
//mics.unicef.org/, accessed on 25 February 2021). Both datasets contained E. coli (blue
colonies) and non-E. coli coliform (red colonies) results in household and corresponding
source samples in CFU for 1 mL and 100 mL dilutions. We prepared data for analysis by
aggregating results as follows: (1) removing data where the 100 mL sample was 0 and
1 mL was >0 (considered an unreliable result; Bangladesh 3%, Congo 15%); (2) when both
values were >0, calculating the geometric mean of 100 mL count value and 100 × 1 mL
count value; (3) including the 100 mL count value directly when the 1 mL value was 0.

Based on the systematic review results, we then completed five analyses on both
the Bangladesh and the Congo datasets, to assess the impact of different data replace-
ment, descriptive statistic calculations, visualizations, hypothesis test, and correlation
test methods.

We applied three different data replacement methods on Bangladesh and Congo
household E. coli data to show the impact of data replacement method on data distribution.
The three scenarios were as follows: (a) removing below detection limit (BDL) and above
detection limit (ADL) samples; (b) replacing BDL and ADL samples with the detection
limit (i.e., BDL = 0 CFU/100 mL and ADL = 100 CFU/100 mL or 1000 CFU/100 mL);
(c) replacing BDL values of 0 counts with 0.5 CFU/100 mL, and ADL values (of 100 or
1.00 count value) by adding 1 to the detection limit (i.e., 101 or 1001 CFU/100 mL). We
compared the distributions of the log-transformed data using Wilcoxon signed rank tests
and Student’s t-test. We used the scenario c for further analysis.

To demonstrate the importance of reporting adequate descriptive statistics, we de-
scribed the household E. coli datasets for Bangladesh and Congo grouped by urban and
rural areas using 11 parameters (arithmetic mean, geometric mean, standard deviation,
geometric standard deviation, median, 25th and 75th percentiles, interquartile range, 10th
and 90th percentiles, minimum and maximum, skewness, and kurtosis).

https://mics.unicef.org/
https://mics.unicef.org/
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Additionally, to display the usefulness of visualization techniques, we presented
the household E. coli Bangladesh and Congo data using a bar plot, boxplot, scatter plot
(together with source E. coli), and map (the data were grouped by the 12 departments of
Congo and seven divisions of Bangladesh, except for the scatter plot). We selected the four
visualization techniques because they were commonly used in the reviewed articles.

To present the importance of hypothesis test methods, we compared Bangladesh
household E. coli concentration of two districts and Congo household E. coli concentration of
two divisions using Wilcoxon rank sum test and chi-squared test. We selected two methods
appropriate for continuous data and binary variables. The independent observation and
random sampling assumptions of Wilcoxon and chi-squared tests were met because each
observation was from an independent household and the MICS surveys were designed to
randomly select households form the population.

The effect of correlation method selection was demonstrated using Bangladesh and
Congo household E. coli and coliform (non-E. coli) data. We applied Pearson and Spearman
correlation methods on the dataset to demonstrate the change in correlation coefficients.
The same methods were applied to the log-transformed data to demonstrate the effect of
data transformation on the skewed dataset. All data processing and analysis steps were
completed in R (Vienna, Austria) [43].

Lastly, on the basis of our results, we developed a checklist to consider when mem-
brane filtration-based FIB data are used and reported. The “sample collection” and “mem-
brane filtration” sections of the checklist included critical steps following the recommended
methods to understand the field procedure and any adaptation from the guidelines. The
“enumeration” and “statistical analysis” sections of the checklist included critical data
preparation and statistical steps that will support researchers to communicate the results
and readers to understand the findings.

3. Results
3.1. Systematic Review Results

To complete our study objectives, we conducted a systematic literature review. Overall,
2251 manuscripts with FIB data in LMICs were identified in the initial and follow-up
searches, 1850 unique articles remained after removing duplicates, 1107 were included
after title screening, 301 were included after abstract screening, and 171 were included for
data extraction after full-text review (Figure 2). The final set of manuscripts represented
studies from 48 LMICs. The five most represented countries were Bangladesh in 22, India
in 14, Kenya in 12, Cambodia in 11, and South Africa in nine manuscripts.

3.1.1. Sample Collection and Processing

A total of 95 (56%) manuscripts included a reference to a standard method that
was followed for data collection and analysis; the most common referenced method was
APHA/AWWA/WEF Standard Methods 58 (34%) (Table 1). Concurrently, 76 (44%) did
not reference a standard method (e.g., recommended methods, manufacturer guidance, or
published literature). Please note that sometimes manuscript authors referred to following
Standard Methods and did not include any other sampling details in the manuscript.

Standard Methods suggest five key steps for sample collection and transport: (1) collect
in sterile glass or plastic; (2) use sodium thiosulfate (to inactivate any chlorine or bromine
present and prevent ongoing disinfection); (3) collect a representative sample from the
source; (4) if not analyzed within 1 h, place on ice and maintain temperature of <10 ◦C;
(5) for drinking water samples, begin analysis within 6 h of collection and, for non-drinking
water samples, begin analysis within 24 h. A total of 66 (39%) studies reported any sample
collection sterility information (e.g., sterile vial/bag, hand sanitization before collection),
34 (20%) studies reported using sodium thiosulfate, 102 (60%) reported storing the sample
at “low” temperature (from 2–8 ◦C), and 94 (55%) reported the time between sample col-
lection and membrane filtration (2–48 h). Of the 94 reporting the time, 50 (53%) met the
criteria of analysis begun within 6 h of collection and completed within 8 h.
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Table 1. Literature review results on reporting the sample collection, analysis, and processing. BDL,
below detection limit; ADL, above detection limit.

Reported Topics N = 171

Collection

Included a reference to standard method 95 (56%)
Included any sample collection sterility information 66 (39%)

Used sodium thiosulfate 34 (20%)
Reported storing the sample in “low” temperature (range: 2–8 ◦C) 102 (60%)

Reported time between sample collection and membrane filtration (range: 2–48 h) 94 (55%)
Reported starting the test in 6 h and/or completed in 8 h 50 (29%)

Analysis

Reported using blank samples (negative controls) to check sterile procedures 31 (18%)
Reported using duplicate samples to check the precision of the analysis 44 (26%)
Reported using multiple appropriate dilutions based on water source 41 (24%)

Reported the volume of filtered sample water 80 (47%)
Reported the name/type of the growth media 126 (74%)

Reported incubation temperature 112 (65%)
Reported incubation time 110 (64%)

Processing

Reported how values from multiple dilutions were aggregated 35 (20%)
Reported the percent of BDL and ADL samples 84 (49%)

Reported how BDL results were handled 46 (27%)
Reported how ADL results were handled 49 (29%)

Reported log transforming data 73 (43%)
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Standard Methods suggest that, in membrane filtration, sterile apparatus should be
used, positive and negative controls at the beginning and end of sampling should be com-
pleted, 10% of the plates should be duplicated, 5% should be blank, appropriate dilutions
based on water quality should be selected, samples should be filtered and placed on a
selective medium-soaked pad, and then those samples should be incubated at an appropri-
ate temperature for the appropriate time. In systematic review results (Table 1), 31 (18%)
reported using blank samples (negative controls) to check sterile procedures, 44 (26%)
reported using duplicate samples to check analysis precision, 41 (24%) reported using
multiple appropriate dilutions based on water source, 80 (47%) reported the volume of
filtered sample water, 126 (74%) reported the name/type of the growth medium, 112 (65%)
reported incubation temperature, and 110 (64%) reported incubation time.

3.1.2. Data Preparation and Analysis

Standard Methods do not provide specific analysis techniques, but recommend dis-
carding data if controls are contaminated, only counting plates where a certain number of
colonies have grown (dependent on media; e.g., 20–80 colonies, and no more than 200–250),
only including in analysis “countable” plates, reporting BDL and ADL results, and that
data are likely to be skewed and should be log-transformed. Please note that ADL samples
are referred to as too numerous to count (TNTC) in FIB reporting. Regarding data prepara-
tion, 82 (48%) manuscripts reported using >1 dilution, 35 (20%) manuscripts reported how
values from multiple dilutions were aggregated, 84 (49%) reported the percent of BDL and
ADL samples, 46 (27%) reported how BDL results were handled, 49 (29%) reported how
ADL results were handled, and 73 (43%) studies reported log-transforming data (Table 1).

In the review, we identified four primary FIB data analysis objectives: characterize
results (171, 100%) using descriptive statistics (136, 80%) and/or data visualization (87,
51%), test a hypothesis by comparing results between groups or against standards (45,
26%), study associations between FIB and other variables (60, 35%), and conduct regression
analyses (44, 26%). Details of the assessment are presented below.

Frequently reported descriptive statistics were proportion/frequency (85, 50%), arith-
metic mean (74, 43%), and minimum/maximum range (53, 31%). Additionally, 95%
confidence interval of the mean was reported in 44 (26%), median in 36 (22%), standard
deviation in 38 (21%), geometric mean in 32 (22%), percentile in 15 (9%), and interquartile
range in 14 (8%) manuscripts. No manuscript reported skewness and kurtosis of the data.
Overall, 75 (45%) manuscripts reported log-transforming the data.

Additionally, 87 (51%) studies used at least one data visualization technique to report
FIB data. The most commonly used visualization methods were bar or column graph (50,
29%), followed by box plot (21, 12%), time-series plot (17, 10%), scatter plot (13, 8%), and
maps (7, 4%).

To compare to standards, 50 (29%) studies converted data into categorical data and cat-
egorized data according to the World Health Organization (WHO)’s risk categories [1], and
45 (26%) studies converted the data into binary data to compare to WHO’s guideline value
of <1 FIB/100 mL [1] or secondary guideline of “intermediate risk” at <10 CFU/100 mL [1].
In the data, 40 (23%) studies used the 1 CFU/100 mL cutoff value, and five (3%) studies
used 10 CFU/100 mL.

To compare to other groups of data, manuscripts used parametric and nonparametric
tests. The most reported (n = 39, 23%) comparison method was Student’s t-test, followed by
chi-squared test (25, 15%), ANOVA (24, 14%), Wilcoxon rank-sum test (20, 12%), Fisher’s
exact test (20, 12%), Kruskal–Wallis test (14, 8%), Wilcoxon signed-rank test (9, 5%), and
McNemar’s test (4, 2%). Of those (n = 63) who reported using parametric tests, only five
(8%) studies reported completing any data normality assumption check (e.g., Shapiro–Wilk
test, quantile–quantile (QQ) plot, histogram).

In assessing association methods, we found that 18 (11%) manuscripts reported the
use of Pearson correlation coefficients, and 12 (7%) studies reported the use of Spearman
correlation coefficients. Odds ratios were reported by 24 (14%) studies and risk ratio was
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reported by 10 (6%) studies. Please note that the use of advanced statistical techniques (e.g.,
multivariate regression models) was outside the scope of this review.

3.2. Analyses Using Example Dataset

According to the systematic review data, we demonstrate the use of five common
FIB data analysis methods for the publicly available Congo and Bangladesh FIB datasets.
We assessed the utilization of different data replacement methods, descriptive statistic
calculations, visualization tools, hypothesis/comparison test methods, and correlation
test methods.

3.2.1. Data Replacement Methods

To document any impact on results of different BDL and ADL replacement methods,
household Escherichia coli (E. coli) CFU/100 mL datasets from Bangladesh and Congo were
analyzed. According to recommendations from Standard Methods [44] and what was
reported in the systematic review, we prepared data using three methods: (a) removed
censored data; (b) replaced BDL and ADL with the detection limit; (c) replaced BDL with
0.5 and ADL with adding 1 to the detection limit. Histograms of log-transformed data are
presented in Figure 3.
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water samples applying three BDL and ADL replacement methods: (a) excluding ADL and BDL data; (b) replacing BDL = 1
and ADL = 100 or 1000 depending on the sample volume; (c) replacing BDL = 0.5 and ADL = 101 or 1001 depending on
sample value.

As can be seen, the form of FIB distributions changed depending on BDL/ADL
replacement method. All pairwise comparisons were statistically significantly different
(all Wilcoxon signed rank test, p < 0.001). Means of log-transformed values were also
significantly different (all t-test, p < 0.001) between the BDL/ADL replacement methods.
The mean values were highest for method a (Bangladesh: 1.21, Congo: 1.44) and smallest
for method c (Bangladesh: 0.71, Congo: 1.2). Additionally, the distribution spread was
largest for method c (standard deviation (SD): 1.00 and 1.03 and interquartile range (IQR):
1.9 and 2.3 for Bangladesh and Congo) and smallest for method a (SD: 0.76 and 0.78 and
IQR: 1.19 and 1.15 for Bangladesh and Congo).
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3.2.2. Descriptive Statistics

In Standard Methods, it is recommended to use the geometric mean for estimating
central tendency, except in risk assessment, where the arithmetic mean may provide a
greater safety factor [8]. It is also noted that the data will be skewed. In the systematic
review, the most commonly reported descriptive statistic was the frequency of WHO risk
category, and distribution information was rarely reported. While WHO categorization
could effectively convey the risk, understanding the data properties is important for further
statistical analysis. To demonstrate the effect of descriptive statistics selection, 11 different
descriptive statistics were applied to the Bangladesh and Congo FIB datasets stratified
by urban and rural areas (Table 2). As shown in Table 2, the selection of a descriptive
statistic influences the results. In particular, geometric mean was consistently one WHO
risk category [1] below the arithmetic mean.

Table 2. Descriptive statistics for fecal indicator bacteria (FIB) concentrations in urban and rural areas for Bangladesh and
Congo datasets.

Bangladesh Congo
Category Urban (n = 390) Rural (n = 2048) Urban (n = 503) Rural (n = 970)

Arithmetic mean 63.0 51.7 66.5 124.0
Geometric mean 4.9 5.2 8.0 22.7

Standard deviation (SD) 168.0 136.0 160.8 221.9
Geometric SD 10.8 9.8 10.4 9.9

Median 3 3 9 42
25th and 75th percentiles 0.5–33.8 0.5–40.0 0.5–76.7 0.5–100.0
Interquartile range (IQR) 35.3 39.5 76.2 96.0
10th and 90th percentiles 0.5–141.4 0.5–114.0 0.5–141.4 0.5–316.2
Minimum and maximum 0.5–1001.0 0.5–1001.0 0.5–1001.0 0.5–1001.0

Skewness 4.1 4.9 4.5 2.9
Kurtosis 17.6 27.6 21.7 7.9

Reporting additional descriptive statistics can characterize FIB distributions and
justify statistical test selection. For example, standard deviation and interquartile range
can help understand data variability; as FIB data are generally skewed, reporting 25th,
50th (median), and 75th percentiles is useful in detecting outliers or extreme values which
can result from multiplying with dilution factors; refined values for percentiles (e.g., 5th,
10th, 90th, and 95th) are informative to understand data spread; data range (minimum
and maximum) presents detection limits of the FIB test; skewness (measure of distribution
symmetry) and kurtosis (measure of distribution tail extensions) characterize the extent of
deviation of the FIB data from a normal symmetrical distribution. For instance, none of
the four groups had skewness and kurtosis values close to 0 and 3 (typical for a normal
distribution), respectively. This suggests that the Bangladesh and Congo data did not
follow the normal distribution and, thus, parametric tests are likely to be inappropriate and
data transformation or nonparametric tests are more suitable for analysis than traditional
parametric tests. In fact, the presented results suggested that samples from urban areas
had higher FIB concentration than rural areas in Bangladesh and samples from rural areas
had higher FIB concentration than urban areas in Congo.

3.2.3. Visualizations

As found in the systematic review, data visualizations were provided in slightly over
half of the manuscripts. Appropriate FIB data visualization can aid reporting by empha-
sizing relevant characteristics (e.g., distribution, risk category proportions, spatial and
temporal variation, and correlation). To demonstrate the impact of different visualizations
on data interpretation, we visualized data from Bangladesh and Congo using four plot
types frequently seen in the systematic review: bar chart using WHO risk categories, box
plot presenting E. coli concentration distribution grouped by administrative units, scatter
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plot demonstrating correlation between two variables, and maps to communicate spatial
variation of the E. coli concentration (Figures 4 and 5).

Perception of information provided by different visualization tools could be severely
affected when used without understanding plot limitations. For example, if the objec-
tive is to present the water quality using WHO risk category, a bar plot illustrating the
composites of samples with very high, high, medium, and low concentration by location
(Figures 4a and 5a) would be a useful approach. Similarly, a box plot will clearly illus-
trate the distribution of E. coli concentration in the water samples (Figures 4b and 5b), a
scatter plot will be useful to present the relationship between two comparable variables
(Figures 4c and 5c), and a map will visualize spatial variations of E. coli concentrations
aggregated by mapping unit (Figures 4d and 5d).

Int. J. Environ. Res. Public Health 2021, 18, x 11 of 20 
 

 

3.2.3. Visualizations 
As found in the systematic review, data visualizations were provided in slightly over 

half of the manuscripts. Appropriate FIB data visualization can aid reporting by empha-
sizing relevant characteristics (e.g., distribution, risk category proportions, spatial and 
temporal variation, and correlation). To demonstrate the impact of different visualizations 
on data interpretation, we visualized data from Bangladesh and Congo using four plot 
types frequently seen in the systematic review: bar chart using WHO risk categories, box 
plot presenting E. coli concentration distribution grouped by administrative units, scatter 
plot demonstrating correlation between two variables, and maps to communicate spatial 
variation of the E. coli concentration (Figures 4 and 5). 

 
Figure 4. Examples of different visualization for Bangladesh data: (a) bar plot of World Health Organization (WHO) risk 
categories in household water samples by administrative units, (b) box plot of E. coli colony-forming units (CFU)/100 mL 
in household water samples by administrative units, (c) scatter plot of log-transformed E. coli CFU/100 mL in household 
and corresponding source water samples, and (d) map of geometric mean of E. coli CFU/100 mL in household water sam-
ples by administrative units. 

Figure 4. Examples of different visualization for Bangladesh data: (a) bar plot of World Health Organization (WHO) risk
categories in household water samples by administrative units, (b) box plot of E. coli colony-forming units (CFU)/100 mL in
household water samples by administrative units, (c) scatter plot of log-transformed E. coli CFU/100 mL in household and
corresponding source water samples, and (d) map of geometric mean of E. coli CFU/100 mL in household water samples by
administrative units.



Int. J. Environ. Res. Public Health 2021, 18, 2353 12 of 19Int. J. Environ. Res. Public Health 2021, 18, x 12 of 20 
 

 

 
Figure 5. Examples of different visualization for Congo data: (a) bar plot of WHO risk categories in household water 
samples by administrative units, (b) box plot of E. coli CFU/100 mL in household water samples by administrative units, 
(c) scatter plot of log-transformed E. coli CFU/100 mL in household and corresponding source water samples, and (d) map 
of geometric mean of E. coli CFU/100 mL in household water samples by administrative units. 

Perception of information provided by different visualization tools could be severely 
affected when used without understanding plot limitations. For example, if the objective 
is to present the water quality using WHO risk category, a bar plot illustrating the com-
posites of samples with very high, high, medium, and low concentration by location (Fig-
ures 4a and 5a) would be a useful approach. Similarly, a box plot will clearly illustrate the 
distribution of E. coli concentration in the water samples (Figures 4b and 5b), a scatter plot 
will be useful to present the relationship between two comparable variables (Figures 4c 
and 5c), and a map will visualize spatial variations of E. coli concentrations aggregated by 
mapping unit (Figures 4d and 5d). 

3.2.4. Hypothesis/Comparison Testing 
As found in the systematic review, one-quarter of manuscripts reported testing hy-

pothesis via group comparisons. These comparisons can be completed using different 
data types, e.g., using binary, categorical, or continuous data. In this analysis, we com-
pared FIB concentration between two adjacent administrative divisions in Bangladesh 
(Rajshahi and Khulna) and two adjacent departments in Congo (Kouilou and Pointe-
Noire), using two approaches (Table 3). First, we used the original continuous data and 
then we concerted continuous values into binary variable by using two cutoffs of ≥1 and 
≥10. In Bangladesh data, the result from the Wilcoxon rank sum test (used because the 
data were not normally distributed) indicated that the E. coli levels in household samples 
were significantly different between the two divisions. However, the chi-squared test ap-
plied to binary variable suggested that the E. coli levels were not statistically different be-
tween the two divisions for either cutoff value (≥1 and ≥10). In the Congo data, the Wil-
coxon rank sum test and chi-squared test for cutoff ≥10 suggested that the E. coli levels in 

Figure 5. Examples of different visualization for Congo data: (a) bar plot of WHO risk categories in household water
samples by administrative units, (b) box plot of E. coli CFU/100 mL in household water samples by administrative units,
(c) scatter plot of log-transformed E. coli CFU/100 mL in household and corresponding source water samples, and (d) map
of geometric mean of E. coli CFU/100 mL in household water samples by administrative units.

3.2.4. Hypothesis/Comparison Testing

As found in the systematic review, one-quarter of manuscripts reported testing hy-
pothesis via group comparisons. These comparisons can be completed using different data
types, e.g., using binary, categorical, or continuous data. In this analysis, we compared
FIB concentration between two adjacent administrative divisions in Bangladesh (Rajshahi
and Khulna) and two adjacent departments in Congo (Kouilou and Pointe-Noire), us-
ing two approaches (Table 3). First, we used the original continuous data and then we
concerted continuous values into binary variable by using two cutoffs of ≥1 and ≥10.
In Bangladesh data, the result from the Wilcoxon rank sum test (used because the data
were not normally distributed) indicated that the E. coli levels in household samples were
significantly different between the two divisions. However, the chi-squared test applied
to binary variable suggested that the E. coli levels were not statistically different between
the two divisions for either cutoff value (≥1 and ≥10). In the Congo data, the Wilcoxon
rank sum test and chi-squared test for cutoff ≥10 suggested that the E. coli levels in the
household samples were significantly different between the two departments. However,
the chi-squared test with cutoff ≥1 suggested that the levels were not statistically different
between the two departments.

The method for statistical comparisons should be selected with respect to the research
question and statistical properties of the data. For example, if the research question is
about detecting the difference between FIB concentration in household samples in different
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divisions, continuous data may offer a more reliable and consistent inference than data split
into categories. However, if the research question is about the difference in the proportion
of households with contaminated samples (e.g., FIB values above specific thresholds)
between the two divisions, then the binary variable should be used for statistical testing.
Additionally, conversion from continuous FIB data to binary using different cutoffs should
be completed with caution as the result may change depending on the cutoff threshold, as
seen with the Congo data.

Table 3. Comparison between FIB concentrations in two administrative units (divisions in Bangladesh and departments in
Congo) using binary and continuous variables.

Data Type Test Null H0 Statistic p-Value

Bangladesh

Continuous Wilcoxon rank sum test Medians are equal in both divisions W = 68,041 0.025 *
Binary (cutoff ≥ 1) Pearson’s chi-squared test Proportions are equal in both divisions χ2 = 3.82 0.051
Binary (cutoff ≥ 10) χ2 = 3.79 0.052

Congo

Continuous Wilcoxon rank sum test Medians are equal in both departments W = 5952 <0.001 *
Binary (cutoff ≥ 1) Pearson’s chi-squared test Proportions are equal in both departments χ2 = 3.34 0.068
Binary (cutoff ≥ 10) χ2 = 13.32 <0.001 *

* p-Value < 0.05.

3.2.5. Associations

As seen in the systematic review, associations were tested in 36% of the manuscripts,
using Spearman and Pearson correlations. Pearson correlation coefficients are suitable for
testing linear associations for variables with distributions that are preferably symmetric
and close to normal, whereas Spearman correlation is a good alternative for a monotonic
relationship and distributions that are slightly skewed. We demonstrated the effect of
choosing different correlation techniques in assessing the associations between E. coli and
other coliform bacteria concentrations in household water samples in Bangladesh and
Congo data (Figure 6) using multipanel plots [45].

It is commonly assumed that total coliform and E. coli are correlated [5]. As can be seen
(Figure 6), the right-skewed histograms of both variables suggested that the data are non-
normal. Pearson correlation between the two variables yielded a weak association (r = 0.199,
p-value < 0.001), while Spearman correlation showed a moderate association (ρ = 0.365,
p-value < 0.001) (Figure 6) from the Bangladesh data. In the Congo data, Pearson correlation
suggested moderate association (r = 0.382, p-value <0.001), while Spearman correlation
showed stronger association (ρ = 0.559, p-value <0.001) between the two variables. In
this case, Pearson correlation is likely to underestimate the true associations picked up
by the Spearman correlation coefficient, because Spearman correlation uses ranked (i.e.,
relative position label as first, second, third, etc.) values, unlike the Pearson correlation
coefficient that utilizes the actual FIB values. Thus, correct magnitude of association may
not be observed if the method to detect association is applied without considering FIB data
properties, especially as the FIB data are generally not normally distributed.

A different approach to study association when distribution is skewed is to apply
Pearson correlation to log-transformed values. For instance, if data are log-transformed,
the Pearson correlation (rBangladesh = 0.315, rCongo = 0.492) and Spearman correlation
(ρBangladesh = 0.366, ρCongo = 0.559) coefficients are close to each other.
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4. Discussion

To understand how FIB data are produced by membrane filtration in LMICs, we
conducted a systematic review of the literature and analyzed publicly available datasets.
FIB data are collected and analyzed using membrane filtration, and they are reported fre-
quently by researchers in LMIC contexts. In the systematic review, it was found that sample
collection and processing steps were under-reported, and different statistical methods
were used to analyze data. Analyzing the publicly available datasets, we demonstrated
that different statistical methods can significantly change results and/or interpretation;



Int. J. Environ. Res. Public Health 2021, 18, 2353 15 of 19

for example, (1) different data preparation methods can change the FIB data distribution,
(2) data description parameters can change the FIB risk perception and communicate mis-
leading information, (3) different hypothesis test methods can produce contrasting results,
and (4) different statistical correlation methods can produce different levels of association.
We describe each of these findings below and propose a checklist for FIB data reporting,
analysis, and presentation.

While there are standard methods for membrane filtration sample collection and
processing, reporting adherence to these methods in the published literature was limited.
It is recommended to have a sample collection plan that adheres to standards and report
that when publishing data. This will increase research reliability. Additionally, there are
common adaptations to standard methods used in LMICs, including extending holding
times before analysis and storing the sample at low temperature (Table 1). The impacts
of these adaptations are not always known, although research has been completed to
show limited impact from extending holding time [46] or not having consistent incubation
temperature [47], and other research has found significant impact results from not using
thiosulfate in sample collection [48]. Further research to determine the impact of commonly
used adaptations of membrane filtration for use in LMICs is warranted.

In the systematic review, we found that a variety of statistical techniques were applied
to FIB data. With improved data collection and reporting, novel applications of sophisti-
cated analytical methods could advance the use of FIB for in-depth spatiotemporal analysis
and modeling [49,50]. However, inadequate data descriptions and frequent use of these
tests without proper justification were observed. While the use of well-grounded statistical
methods strengthens research inference to report and interpret FIB data, erroneous applica-
tions of statistical procedures raise questions about findings and undermine the research
validity. Of particular note in the review, (1) while a plethora of literature is available to
handle censored environmental datasets [11,34,51–54], fewer than one-third of the studies
reported steps completed to replace BDL and ADL values; (2) descriptive statistics are
universally reported in manuscripts, and, while useful to understand FIB concentrations,
the prevalence of reporting only one statistic or only the mean is misleading; (3) clear artic-
ulation of the research questions and use of appropriate statistical techniques for testing
will ensure valid results; relationships between FIB data and other variables are frequently
included in evaluations, and results can impact decision-making and policy.

In some instances, statistical analyses that use FIB counts/concentrations rather than
risk categories can be problematic. FIB results have inherent uncertainty because of the
spatiotemporal variability of bacteria populations, the patchiness/clumping of bacteria
in water, the lack of correlation between E. coli concentrations and pathogen concentra-
tions [55], and dependence on physical and biological conditions [56,57]. In assessing
temporal variability of E. coli concentrations, the statistical analysis that treats FIB con-
centrations as precise is reasonable [52]. However, the use of FIB counts/concentrations
to indicate the risk of fecal contamination should be considered with high caution. Fur-
thermore, interpreting statistical results as the precise indication of health risk could be
misleading. In such circumstances, categorization (for example, with WHO’s risk cate-
gories) replaces the FIB values and shifts the focus on reporting the risk category. Although
risk categories can obfuscate the “intuitive differences” between FIB concentrations (for
example, between 11 and 99 CFU/100 mL), one of the reasons to use them is to avoid
overstating precision or confidence when it is uncertain what the difference between 11
and 99 is actually indicating.

As seen with the data analysis examples presented in the results, inappropriate
data processing and analysis methods can result in misinterpretations and erroneous
conclusions. This needs to be avoided; thus, it is recommended that, in LMIC settings with
limited laboratory support, appropriate selection of and reporting of sample collection and
processing and data preparation and analysis should be an integral part of FIB research.
Additionally, sharing raw and/or processed data can improve the replicability of the results.
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To that end, we present a checklist (Table 4) that can be used to develop a sample collection
plan and report results.

Table 4. Checklist of recommended parameters to report in manuscripts including membrane filtration data from low- and
middle-income countries (LMICs).

Section/Topic Checklist Item

Sample collection

1 Report sample collection equipment and supplies (e.g., sterile bottle/bag/vial)
2 Report if sodium thiosulfate (or equivalent) was used (if chlorinated sample)
3 Report if aseptic procedure was maintained to prevent contamination
4 If not analyzed in one hour, report if <10 ◦C was maintained
5 If not analyzed immediately, report the time between collection and analysis

Membrane filtration

6 Report if positive and negative controls were checked
7 Report the volume of sample filtered
8 Report number, dilution, and/or volume of serial dilutions
9 What diluent was used if any
10 Report the selective growth media
11 Report the incubation time and temperature

Enumeration

12 Report the detection minimum/maximum range for enumeration
13 Report aggregation method for serial dilutions
14 Report the number of BDL and ADL samples
15 If BDL/ADL samples were included in analysis, report how values were replaced
16 Report if any data were dropped due to positive/negative controls
17 If a subset of enumerations were verified by a second person

Statistical analysis

18 Report if the data were transformed
19 Report if the data were analyzed as count, continuous, categorical, and binary
20 Describe dataset using parameters that justify any following statistical analysis
21 For data visualization, ensure proper tool was selected to aid information communication
22 Provide rationales for the choice of statistical method
23 Report if the data met the assumptions of the selected statistical test

While membrane filtration is considered the gold standard in certified laboratories,
it is challenging to conduct high-quality membrane filtration testing in research field
laboratories in LMIC settings. As we found in the review, quality control steps (e.g.,
duplicates, blanks) are often not reported. Depending on the trained staff availability,
resources, equipment, and research questions, alternative methods (such as MPN methods)
may provide reliable results [4,58,59]. If membrane filtration is selected, we propose
following and reporting the process using the checklist included in Table 4. By improving
FIB data reporting, the quality of publication with FIB data will also improve and have a
better chance to reach a broader audience [60].

Limitations of the systematic review were as follows: (1) only peer-reviewed arti-
cles published in English were included, and (2) only three electronic citation databases
were initially searched. While the inclusion of other languages and more databases may
have increased the number of articles, we do not feel these limitations impacted results.
Limitations in the publicly available datasets were as follows: (1) exact information on
field sampling procedure was not available, and (2) all samples were processed for 1 mL
and 100 mL dilutions without consideration of water source; this could have produced
more BDL and ADL results than when dilutions are carefully considered. However, as the
datasets were used to present examples, we considered that using these datasets was a
better option to alternatives such as using a simulated dataset. Additionally, the topics
outlined in Table 4 should be viewed as indicative and not as an exhaustive list of param-
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eters that will meet the reporting needs for all possible FIB data collection, processing,
and analysis scenarios. We propose using the checklist as a preliminary tool to assess
the inclusion of relevant information. Determining the impact of sample collection and
processing and data preparation on more advanced statistical techniques (e.g., regression,
time-series analysis) was outside the scope of this manuscript. Lastly, as future research,
we recommend completed detailed investigations of the individual issues identified in this
review to establish guidelines for FIB data analysis.

5. Conclusions

Membrane filtration methods are commonly used in LMICs to assess drinking water
quality risk. Our review results show that, generally, sample collection and processing
techniques and data preparation and analysis methods are inadequately reported and can
be inappropriate, which, as seen herein, can lead to misleading results. We found limited
reporting of adherence and adaptation in using membrane filtration methods. Additionally,
using example datasets, we demonstrated the results of different statistical method selection
on FIB data analysis results and/or interpretation. Our example analysis highlights the
importance of adequate reporting of FIB data usage in LMIC. Lastly, to standardize FIB
data collection, processing, and analysis reporting, we proposed a checklist. We hope the
topics discussed in this manuscript will assist researchers to strengthen FIB results and
assist reviewers and readers in interpreting FIB results in LMICs.
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