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Abstract: Legionellosis is a respiratory disease related to environmental health. There have been
manifold studies of pipe materials, risk installations and legionellosis without considering the type
of transferred water. The objective of this study was to determine the potential development of the
causative agent Legionella pneumophila regarding air-water cooling units, legislative compliance, pipe
material and type of water. Forty-four hotel units in Andalusia (Spain) were analysed with respect to
compliance with Spanish health legislation for the prevention of legionellosis. The chi-square test was
used to explain the relationship between material-water and legislative compliance, and a biplot of
the first two factors was generated. Multiple correspondence analysis (MCA) was performed on the
type of equipment, legislative compliance, pipe material and type of water, and graphs of cases were
constructed by adding confidence ellipses by categories of the variables. Pipe material-type of water
(p value = 0.29; p < 0.05) and legislative compliance were not associated (p value = 0.15; p < 0.05).
Iron, stainless steel, and recycled and well water contributed the most to the biplot. MCA showed
a global pattern in which lead, iron and polyethylene were well represented. Confidence ellipses
around categories indicated significant differences among categories. Compliance with Spanish
health legislation regarding the prevention and control of legionellosis linked to pipe material and
type of water was not observed.

Keywords: legionellosis; health regulations; pipe material; type of water

1. Introduction

Legionellosis is a generic term describing the pneumonic and nonpneumonic forms
of infection with the Legionella species of bacteria. Legionellosis varies in severity from
mild to serious and can sometimes be fatal [1]. Infections with Legionella bacteria include
Legionnaires’ disease and Pontiac fever. Legionnaires’ disease is a serious type of pneu-
monia (lung infection), while Pontiac fever is a milder infection that usually improves
without medical care [2]. Legionnaires” disease is an important, relatively uncommon, yet
well-known form of atypical community-acquired pneumonia (CAP) and hospital-acquired
pneumonia (HAP). Several factors increase the risk of contracting Legionnaires’ disease,
including age over 50 years, chronic cardiovascular disease, underlying respiratory disease,
chronic renal disease, diabetes, smoking, any immunosuppressive condition, travel history,
and certain types of employment [3]. Although it has a low incidence, Legionnaires * dis-
ease is an important cause of pneumonia. Among community-acquired cases, an increasing
number were reported to be linked to the occupational setting, indicating the need for
better recognition of work activities that increase the risk of legionellosis [4].

The genus Legionella comprises a large group of bacteria that inhabit various aquatic
systems, and it poses a serious threat to human health and life [5] since more than 20 species
can cause legionellosis, with Legionella pneumophila being responsible for the majority of
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cases. The ability to colonize diverse ecosystems makes the eradication of these microor-
ganisms difficult. A detailed understanding of the Legionella habitat may be helpful in the
effective control of this pathogen [6]. Some of the Legionella environments include natural
(lakes, groundwater, rivers, compost, soil) and anthropogenic (fountains, air humidifiers,
water supply systems) environments [7].

Bioaerosols from air-water cooling units are often suspected to cause community-
acquired legionellosis outbreaks [8]. Although Legionella infections can mostly be assigned
to emissions sources, uncertainty exists about the release and distribution of bacteria into
the air, the occurrence of the respirable virulent form and the level of the infective con-
centration. To prevent and control Legionella contamination of air-water cooling units,
maintenance actions should focus on low-emissions cleaning procedures combined with
control measurements of water and air samples [9]. Procedures allowing for rapid de-
tection and risk assessment in cases of outbreaks are essential for adequate public health
control [10]. Systematic registration of equipment facilitates the identification of the sources
of outbreaks and helps to shorten their duration [11].

In Spain, the epidemiological surveillance of legionellosis is preferably based on the
National Epidemiological Surveillance Network. Additionally, Royal Decree 487/2022 [12]
established sanitary criteria for the prevention and control of legionellosis. This legislation
clarifies that certain equipment must undergo maintenance, prevention and water control,
among other procedures. In this scenario, not only the type of equipment but also other
elements that may influence the appearance and development of the bacteria are important.
In particular, air-water cooling units, together with legislation, the type of water transferred,
and the materials of the installations, play a crucial role [13-15].

This study aimed to determine whether the potential development of Legionella pneu-
mophila may be related to air-water cooling unit materials from hotels, and it evaluated
compliance with Spanish health legislation for the prevention of legionellosis.

2. Materials and Methods

In Spain (Andalusia, Malaga), 44 air-water cooling units (33 cooling towers, 6 evapora-
tive condensers and 5 adiabatic condensers) located in both inland and coastal communities
were analysed, and the results obtained were compared with the Spanish regulation stan-
dards through which sanitary criteria were established for the prevention and control of
legionellosis [12]. A descriptive study suggested gathering information through a self-
administered survey distributed to directors and individuals in charge of buildings with
facilities at risk, as well as drawing water samples for a later analysis in laboratories autho-
rized by the Spanish Sanitation Authority, in accordance with standardized regulations [16].
The minimum sampling frequencies for air-water cooling units were quarterly (Legionella)
and monthly (total aerobic count). The determination of Legionella was performed using
the ISO 11731 standard [16]; total aerobes were determined with the ISO 6222 standard [17]
and with values greater than 10,000 CFU/mL in the monthly analysis; the efficacy of the
dose and type of biocide used were verified, and Legionella sampling was performed. Forty
variables were selected for the sanitary control of Legionella pneumophila development [18]:
unit availability, unit operation, unit working, cooling towers, evaporative condensers,
adiabatic condensers, humidifiers/evaporative cooling units/others, origin of the water,
type of water, notification to the corresponding health authority, modifications or improve-
ments in the installation, control quality of the water, analysis in an approved laboratory,
distance (air-water cooling units/people exposed), distance (air-water cooling units/air
conditioning or ventilation intakes), cooling system drain, flow of circulating water, flow
of dragged water, continuous biocide dosing system, chlorination, ultraviolet radiation,
ozonation, bromination, copper /silver ionization, physical /chemical water controls, micro-
biological water controls, periodicity of physical/chemical analysis, periodicity of Legionella
analysis, periodicity of total aerobe analysis, facility maintenance programs, maintenance
registries, staff training courses, external companies, companies registered, safe access, pipe
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materials, temperature of the sanitary cold water system, temperature of the sanitary hot
water system, chemical products approved, and safety data sheets.

Exploratory data analysis and visualization of contingency tables were performed to
study the dependence between variables, specifically equipment, legislative compliance,
pipe material and type of water. Special attention was given to the materials, type of water
and legislative compliance. Considerable dependency between materials and legislative
compliance was explained. The nature of the dependence between the row and the col-
umn variables was calculated with Pearson’s residuals (standardized residuals) and the
contribution (%) of each cell to the total chi-square score. Additionally, eigenvalues to
determine the number of axes were considered in subsequent analyses. Furthermore, a
biplot was used to explain the materials and type of water. The types of water included
recycled water (Rw), wastewater treatment plant water (Wwtp) and well water (Ww). Only
water from wastewater treatment plants was public. To obtain factorial solutions, principal
component analysis (PA) considered the total variance, estimating the factors that contained
low proportions of unique variance and, in specific cases, error variance. As an objective
means of interpretation regarding air-water cooling units, a vector model was used to
capture the position degrees of pipe materials on a perceptual map. Potential bacterial
development was considered a function of the material and physicochemical and microbio-
logical water controls, in addition to the frequency of said controls and, in particular, of
Legionella spp. and total aerobes [18]. The correspondence analysis between “pipe material”
and “legislative compliance” was analysed according to the observations corresponding
to the number of air-water cooling units, such as a facility at risk for bacteria [19]. Finally,
the chi-square test was performed for independence, in which the null hypothesis was
the independence between the mentioned variables. For the correspondence analysis, the
chi-square test of independence was used to analyse the frequency table formed by these
variables (statistically significant, p < 0.05). Afterwards, interdependence was presented
through dimensional reduction and a perceptual map, the latter of which was based on
the association between air-water unit compliance and the materials. The observations
were ordered according to legislative compliance with the Spanish regulation standards
to establish sanitation criteria for the prevention and control of legionellosis: compliance
(Compliance_y) and noncompliance (Compliance_n). The analysis of the observations was
performed for the following pipe materials: copper (Co), lead (Le), iron (Ir), stainless steel
(Ss), polybutylene (Pb), polyethylene (Pe) and polyvinyl chloride (Pv).

Multivariate analysis based on multiple correspondence analysis (MCA) as an adap-
tation of correspondence analysis (CA) was performed on a data table containing the
4 mentioned categorical variables. Additionally, MCA was considered a generalization of
PA because the variables analysed were categorical. MCA is used to identify groups of
devices with similar profiles and associations between variable categories and to reveal
the most relevant variables that contribute the most to explaining the variations in the
dataset [20]. The data contained 44 rows (devices) and 4 columns (categorical variables),
and all were used to perform MCA. The MCA function presented a format containing a data
frame with the rows and columns indicated earlier, several dimensions in the results and a
logical value. In fact, the object created in the MCA contained a great deal of information
presented in different matrices and lists. To interpret and visualize the MCA, the factoextra
package in R was used, as well as the FactoMineR package. In particular, an analysis of
the eigenvalues/variances retained by each dimension (axis) was conducted, visualizing
the percentages of inertia explained by each MCA dimension and extracting the results for
devices and variables. The results included the coordinates of the variables, the quality
of the representation for the variable on a factor map (cos2) and the contributions (%) of
the variables to the definition of the dimensions. Additionally, a plot was constructed to
identify variables that were the most correlated with the MCA principal dimensions, and
the squared correlations between variables and dimensions were used as coordinates. A
mosaic pair plot was produced by a matrix of scatterplots that returned each pair of vari-
ables in the data frame. In the pair plot, diagonal boxes showed the variables (legislative
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compliance, pipe material and type of water), and all other boxes displayed a scatterplot
between each pairwise combination of these variables.

Additionally, graphs of cases were constructed by adding confidence ellipses by
categories of each categorical variable. First, we computed PA specifying a factor (category)
for colouring the cases by groups and adding an ellipse around each group. Mean points of
groups of cases (barycentres) could be observed when groups were formed. The ellipses
were adapted to given plane representations to visualize whether the categories were
significantly different. Analysis was conducted in R Core Team (2020) (R: A language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https:/ /www.R-project.org/ (accessed on 26 February 2023).

3. Results

To analyse whether there was dependence between “pipe material” and “type of
water”, referred to as “legislative compliance” in air-water cooling units, contingency tables
were generated. Furthermore, the chi-square test of independence showed a Pearson’s
A value = 14.09 (p value = 0.29), so materials and type of water were not statistically
significantly associated (p < 0.05). Pearson’s residuals can be visualized in Figure 1a, in
which the highest absolute standardized residuals contributed the most to the chi-square
score (Ir > Ss > Pe > Pb). The positive values specified a positive association between pipe
material and legislative compliance, and negative values implied the opposite.
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Figure 1. (a) Material-type of water, Pearson’s residuals; (b) Material-type of water, biplot. Recycled
water (Rw), wastewater treatment plant water (Wwtp), well water (Ww). Copper (Co), lead (Le), iron
(Ir), stainless steel (Ss), polybutylene (Pb), polyethylene (Pe), polyvinyl chloride (Pv).
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In the biplot (Figure 1b), the coordinates of the pipe material and type of water are not
constructed in the same space, so it is very important to focus on the direction, not on the
absolute positions on the plot. The results show that materials that are on the same side of
a given type of water have a high value for this category and, on the opposite side, a low
value. In the contribution biplot, the points Le and Pv contribute very little to the solution
because they are close to the centre and are relatively unimportant to the interpretation.
The closer an arrow is (in terms of angular distance) to an axis, the greater the contribution
on that axis relative to the other axis. If the arrow is halfway between the two, it contributes
to the two axes to the same extent [20]. In Figure 1b, Wwtp makes a major contribution to
the negative pole of the first dimension, while Rw and Ww contribute to the two axes to
the same extent (positive-negative).

Figure 2 was used to draw the biplot of variable categories. The first plot of the MCA
(Figure 2a) shows a global pattern in which variable categories are represented by triangles.
The distance between any categories gives a measure of their similarity. Additionally,
those with similar profiles are closed on the factor map. To extract the results for the
categories, the squared cosine (cos2) was obtained. This value expresses the quality of the
representation for variables on the map and measures the degree of association between
categories and a specific axis. The two dimensions are enough to retain 38% of the total
inertia (variation) contained in the data. Some of the points are not equally well displayed
in the dimensions, but if a variable category is well represented by two dimensions, the sum
of cos2 is near one. However, for some of the variable categories, more than two dimensions
are required to perfectly render the data. The cos2 shows the importance of a PA for a given
observation (vector of original variables). Components with a large value of cos2 contribute
a relatively large portion to the total distance; therefore, these components are important
for that observation. A high cos2 indicates good representation of the variable on the PA. A
low cos2 indicates that the variable is not perfectly represented by the PA, so well-projected
variables are interpreted with a high cos2. In Figure 2a, variable categories with low cos2
values are in blue, those with a medium cos2 are in grey, and those with a high cos2 are
in red. Note that the variable categories Co, Ss, Pv and Pb are not very well represented
by the first two dimensions. Therefore, the position of the corresponding triangles on the
scatter plot should be interpreted with some caution, and an upper dimensional solution
is probably necessary. In the mosaic plot of legislative compliance, pipe material and
type of water data, the area of each rectangle is proportional to the number of cases in
that cell. A mosaic plot was used to visualize data from these qualitative variables to
show their proportions or associations (Figure 2b). Additionally, the chi-square test of
independence between pipe material and legislative compliance showed a Pearson’s A
value = 9.42 (p value = 0.15), so they were not statistically significantly associated (p < 0.05),
and the null hypothesis was accepted. Figure 2b shows a matrix of pairwise mosaic plots
using a variable against every other variable (excepting equipment).
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Figure 2. (a) Quality of representation of variable categories by MCA. cos2: blue (0-0.2), grey (0.2-0.4),
yellow (0.4-0.6), orange (0.6-0.8); (b) Mosaic pair plot (legislative compliance, pipe material and type
of water).

Figure 3 shows graphs of cases for “equipment, legislative compliance, pipe material
and type of water”. In each representation, groups of cases were identified according to
the different categories of each variable. It is possible to clearly recognize the confidence
ellipse clustering cases of each category of a single variable.
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Figure 3. Confidence ellipses around the mean points of categories (Poisson) for: (a) equipment;
(b) legislative compliance; (c) pipe material; and (d) type of water.

4. Discussion

Prevention and control of Legionella in risk facilities worldwide have been discussed
in depth, and new facilities or locations at risk for the development of the bacteria have
even been proposed [19]. For these reasons, multiple international regulations have been
implemented to maintain standards that allow the appearance and dispersion of biological
agents to be controlled [21]. Spain has mandatory regulations for the hygienic/preventive
maintenance of risk facilities, although these regulations do not potentially cover all the
sources where the bacteria could have a niche. However, legislation has defined a health
framework that aims to impact the epidemiology of legionellosis, and although there are
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many factors that influence the frequency and distribution of the disease, a great deal
remains unclear in relation to environmental health [22].

In recent years, several studies have reported associations of pipe materials of in-
stallations at risk with colonization and amplification of the bacteria [23-25], particularly
referring to air-water cooling systems but without identifying the possible role of the
type of water transferred. Other studies have referred to the selected area of this study
or different devices [26]. Regarding Spanish legislative compliance for the prevention of
legionellosis, this research found no relationship between pipe material and type of water.
Interestingly, the materials that were most incompatible with the development of bacteria
were those that contributed the most to the Pearson’s chi-square statistic and expressed
better preventive compliance. This outcome denotes that facilities with Co, Le and Pv
should be reviewed regarding maintenance [27,28], especially facilities with Le, since Le is
one of the substrates in which the bacteria presents the greatest risk of proliferation [29],
although it contributed little to the model. Additionally, Le is a material that is normally
associated with old installations and linked to obsolete buildings, so it needs greater atten-
tion. Figure 1 shows an association between Ww—Ir and Wwtp-Pb and a strong, positive
association between Ww and Ir. Negative residuals indicated that Wwtp and Ww were
negatively associated with Co.

The MCA showed that legislative compliance was most correlated with dimension
1 and the type of water with dimension 2. The variable categories of MCA displayed those
with a similar profile grouped together. Second, negatively correlated variable categories
were positioned on opposite sides of the plot origin (opposing quadrants). Furthermore,
category points that were away from the origin were well represented on the factor map
(Compliance_n, Le, Adiabatic, Evaporative, Ir, Ww). The cos2 of variables to dimensions
1-2 determined that variable categories, except Co, Ss, Pv, Pb, Pe and Rw, were > 0.4 by the
first two dimensions. Compliance_n was primarily related to Le, Adiabatic and Rw and
Compliance_y to Co, Pv, Tower and Wwip.

Confidence ellipses around categories of categorical variables indicated significant
differences among categories. In particular, the categories of “equipment” and “type of
water” were significantly different from each other. Regarding the “legislative compliance”
variable, the categories were significantly different, and regarding the “pipe material”
variable, Ir and Ss were significantly different from the others, whereas the other categories
were not significantly different from each other.

Legionella infection originating in air-water cooling units is generally acquired in
community and hospital settings, making it necessary to distinguish between these cases in
epidemiological surveillance. Legionellosis can occur in the form of outbreaks and isolated
or sporadic cases. In the abovementioned settings, the disease may be associated with
various types of facilities, equipment, and buildings. The facilities that are most often
contaminated with Legionella and have been identified as sources of infection include hot
and cold water distribution and evaporative cooling systems (such as cooling towers and
evaporative condensers in health centres, hotels or other buildings) [30]. The common
denominator is that these units use water at temperatures that allow the proliferation of
bacteria and produce aerosols during operation. Variations in water temperature through-
out the hydraulic circuit of the installation, together with stagnation and the presence
of biofilms or biolayers, calcareous incrustations, corrosion or mineral precipitates, are
factors that favour the proliferation of Legionella [31,32]. Likewise, the materials that make
up the hydraulic circuit must resist the aggressive action of water and chlorine or other
disinfectants to avoid corrosion phenomena [33]. Materials that favour the development of
bacteria and fungi, such as leather, wood, fibre cement, concrete or cellulose derivatives,
should be avoided. These factors can affect the degradation of the pipe substrate and create
favourable conditions for the growth of bacteria. Therefore, the state of conservation and
general cleanliness must be reviewed to detect the presence of sediments, incrustations,
corrosion products, sludge and any other circumstances that alter or may alter the proper
functioning of the installation [34].
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Additionally, the material of the pipes must be considered a risk factor, as well as other
factors that may influence their stability and may increase the risk of bacterial growth. The
physicochemical and microbiological conditions of the type of transferred water can affect
the presence and development of the bacteria, which together with the type of material and
other indicated variables could favour optimal niches for microbial growth. The analysis of
the water quality throughout the hydraulic circuit of the installation plays a crucial role in
hygienic/preventive maintenance work to control Legionella. In fact, water quality analysis
is one of the components of the verification process of the effectiveness of the maintenance
and revision program and of the water treatment and cleaning and disinfection programs
of the installation, as both the sampling points and the moment when the sample is taken
are important aspects [35]. As described, water quality is assessed based on microbiological
parameters (aerobic and Legionella spp.) and physical/chemical parameters that should
preferably be analysed in situ (pH, conductivity, temperature, etc.) at the time of sample
collection and others that, depending on their analytical complexity or their importance in
the adoption of corrective measures, must be determined in the laboratory [36]. Regarding
the use of water that does not come from a public or private distribution network, it is
estimated that an administrative concession for the use of the resource will be needed,
issued by the competent authority in the field of management of the public hydraulic
domain.

Concerning the epidemiological control of the bacteria, it is mandatory that the owners
and installation companies of air-water cooling units notify the corresponding health
administration [37] about their start-ups, the numbers and technical characteristics of the
units, and the modifications that affect the systems. Likewise, the licensees must also notify
authorities about the definitive cessation of the installation activity. Thus, if the result of the
sanitary inspections concludes that there is a risk to public health, the competent sanitary
authority may determine the temporary or permanent closure of the facility.

In addition, if necessary, measures can be issued to prevent or minimize the detected
risk, including the application of measures related to the specific requirements of the
facilities or equipment and the quality of the water [38], the actions of the owner of the
installation, and the Legionella Prevention and Control Plan. Correction of structural defects,
malfunctions or faulty maintenance of the facilities should also be considered.

Finally, the study of the frequency and distribution of disease is presented as a basic
tool for reducing the incidence. Due to the ubiquity of the bacterium and its global pres-
ence, epidemiological surveillance must be employed according to specific case definition
criteria [39]. In addition, a better understanding of the clinical features helps disease con-
trol, together with the discovery of the underlying molecular mechanisms of the bacteria,
resulting in reductions in morbidity and mortality [40]. The employment of preventive
maintenance based on the sources of origin, together with exhaustive control, will comply
with containment strategies for the agent and, under certain conditions, result in elimination
of Legionella.

Legionnaires’ disease is likely to be underrecognized in many countries. Due to the
widespread existence of Legionella pneumophila in natural and artificial water environments
and the lack of cross-protection against different strains, this bacterium is a potentially
serious threat to human health. Therefore, effective monitoring of the virulence of this
biological agent in the water environment is very important to prevent and control the
disease [41]. Understanding the virulence of Legionella pneumophila not only can help to
predict the risk of possible outbreaks in advance but also can enable more targeted clinical
treatment. Comprehending the epidemiology and ecology of Legionella pneumophila isolated
from public facilities in terms of public health and biology is a very important duty [42,43].
Due to the potential for water sources to harbour and disseminate Legionella pneumophila
and to the influence of geographical conditions on the virulence of the bacterium, timely
and accurate virulence surveillance is urgently needed [44].

This study showed that comprehensive compliance with Spanish health legislation
was not observed, so there was potential development of Legionella pneumophila, and
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significant differences related to the prevention and control of legionellosis may be linked
to pipe materials and types of water [45]. The aforementioned regulations should include
specific references to these variables, which are compatible with the maintenance of risk
facilities and physical/chemical and microbiological water control [46,47]. Additionally,
it is mandatory to characterize air-water cooling units and their associations with easily
colonized pipe materials, water that has not been treated and devices not in legislation
compliance [48]. To reduce the risk of legionellosis, Spanish health legislation must be
adhered to, and sanitary inspections must be increased. Finally, more studies related to the
present one should be performed in different geographical areas and distinct risk facilities
with more environmental variables and diverse climatic conditions.
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the prevention of legionellosis may not cover all risk units due to lack of communication from the
owners with the corresponding authority.
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