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ABSTRACT: Building water systems are associated with variable water age
and temperatures, causing water quality concerns. Legionella spp.,
nontuberculous mycobacteria (NTM), and Pseudomonas spp. are known
to inhabit and grow in these systems for which building-level interventions
are often required to reduce their concentrations and detections. Other
contaminants such as metals and disinfection byproducts (DBPs) are also
health concerns. Interventions are typically flushing, temperature
manipulation, responsive facility-level interventions (e.g., chemical dis-
infection and heat shock), or point-of-use devices. A systematic literature
review was conducted to summarize interventions targeting pathogen
control, and subsequent meta-analysis quantified their respective log
reduction values (LRVs). Across the studies (n = 45), Legionella spp. was the primary target (n = 45), and studies varied from
laboratory benchtops/pipe racks to hospitals and residential or commercial buildings. Additional measurements and LRVs for heavy
metals (e.g., copper, lead, and iron) and DBPs such as trihalomethanes (THMs) were evaluated. The findings pointed to the
importance of contextual conditions and incoming water quality in playing a role in both pathogen occurrence and intervention
effectiveness. Common interventions such as recommissioning flushing and increased temperature should be further examined for
their impacts on pathogens besides Legionella spp. and their contribution to biofilm sloughing and pathogen regrowth. Trade-offs,
such as increased metal leaching in parallel with pathogen inactivation, should be examined in context with intervention and building
water quality conditions.

1. INTRODUCTION
Building water systems, often referred to as premise or premises
plumbing,1 are drinking water pipe networks specific to a
property and in buildings, with distribution through water
heaters and to end users and devices such as showers and
faucets.2 Premise plumbing has been defined as the portion of a
water system, including both hot and cold water, various devices
(e.g., hot water heater, HVAC humidifier), fixtures (e.g.,
showers, faucets), and drains (e.g., sinks, toilets) connected to
the main distribution system via service lines.3 These systems,
while using incoming drinking water, vary by design and use and
can be characterized by high temperatures, stagnation zones and
higher water ages, and decreased disinfection residuals.4,5 Such
water quality concerns at the building level can contribute to a
number of adverse water quality outcomes and potential health
risks.6

A number of waterborne microorganisms such as Legionella
spp., nontuberculous mycobacteria (NTM), and Pseudomonas
spp. are known to inhabit and grow in building plumbing and
water systems.7 These microorganisms are often broadly

referred to as opportunistic premise plumbing pathogens,
drinking water-associated pathogens that can cause infections
in immunocompromised or otherwise susceptible individuals,7

environmental (saprozoic) pathogens of engineered water
systems,8 or accidental pathogens.9 These genera and taxonomic
groups such as NTM include both pathogens and non-
pathogens; for example, the NTM group includes over 150
officially recognized species.10 They are commonly found in
natural, as well as, built environments such as building water
systems and predominantly pose a human health risk due to
indoor building exposures (often from aerosols produced by
water fixtures), especially in individuals with underlying health
conditions but not exclusively in these populations.2,3 Together,
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infections from Legionella pneumophila, Mycobacterium avium,
and Pseudomonas aeruginosa cause $2.39 billion in annual
healthcare costs in the United States.13 Due to both their ability
to form symbiotic relationships with other biofilm-dwelling
microorganisms such as free-living amoeba and the capacity for
survival in low-nutrient environments in a viable but non-
culturable (VBNC) state, these bacteria can persist in
engineered water systems for long periods of time, are resilient
in the presence of intermittent and/or low level disinfectants,
survive at elevated temperatures, and persist in biofilms.14−16

Legionella spp. is one of the most widely studied bacteria in
engineered water systems today as it is associated with
waterborne respiratory outbreaks of Legionnaire’s Disease and
Pontiac Fever.17 Legionnaire’s Disease is one of the leading
waterborne illnesses in the United States, with an increased risk
to smokers, those who are immunocompromised, and those
with underlying or chronic diseases.17 There are more than 60
known Legionella species,18 with L. pneumophila accounting for
over 88% of cases in the U.S. and Europe, often with cases of
Legionnaire’s Disease being confirmed through the urinary
antigen test and identified as Legionella pneumophila serogroup 1
in over 90% of U.S. cases.19 Nearly 10,000 official cases were
reported in the United States in 2018 and continue to trend
upward, with a 95% hospitalization rate and 10% mortality rate
of official cases.20 As a result, Legionella is typically the focus of
building water management plans and/or interventions, often at
the expense of other considerations such as chemical
contaminants (e.g., heavy metals or disinfection byproducts
[DBPs]) or sustainability.7 While no drinking water regulation
exists for Legionella spp. and not all Legionella species are
pathogenic, many studies have established monitoring ap-
proaches and risk-based targets based on its presence in building
water systems, linking its potential presence to an established
concentration threshold for intervention.11,12

Water quality management interventions are any action or
control measure that is implemented to limit, reduce, or
eliminate contaminants in buildings. Building-level interven-
tions are typically focused on flushing, systemwater temperature
manipulation (e.g., water heater set point controls or thermo-
static mixing valve settings), responsive facility-level interven-
tions after a problem is identified (e.g., chemical disinfection,
heat shock), or point-of-use (POU) treatment device
implementation (e.g., faucet filters, reverse osmosis units, or
UV disinfection units).23 Recommended disinfection strategies
for pathogens in building water systems, such as Legionella spp.,
can include chlorine, monochloramine, chlorine dioxide,
copper−silver ionization, ultraviolet (UV) light disinfection,
and ozone.3 The scales and application of these methods varies,
such as with ozone which is used in drinking water treatment
around the world, and less as an onsite disinfectant for buildings
since it rapidly decays, producing no disinfectant residual.3

Advancing quantitative, evidence-based water quality manage-
ment in buildings is key, especially for pathogens, as reduction of
their occurrence is critical for reducing acute infection
risks.21,24,25 While water management plans are recommended
by numerous building water guidance documents,4,26,27 there is
currently no standardized approach to address water quality
improvement in building water systems, due in part to
complexities and heterogeneities of building types and their
associated water conditions, inconsistencies in regulatory
paradigms (e.g., the Lead and Copper Rule (40 CFR 141.80)
vs guidelines for Legionella spp.22), and logistical challenges

related to defining and evaluating successful intervention
measures.
Trade-offs among water quality contaminants can result from

various management interventions,28 and novel approaches to
reduce these hazards holistically are needed as there is still
uncertainty regarding their prediction and control.7 Additional
data are needed to quantitatively evaluate predictors of the
prevalence of pathogens in building water systems as well as the
effects of water use, stagnation, and control measures at multiple
scales, including consideration of uncertainties.29,30 To date, a
quantitative evaluation of the effectiveness of reported pathogen
interventions and of the unintended consequences of pathogen
control measures on chemical contamination in building water
systems has not been performed.
Given the importance of quantitative treatment reduction

requirements in the water treatment and reuse schemes,31,32

there is a potential for increasing efforts to quantify the risks and
benefits of different in-building water quality management
strategies to better inform decision-making. Identification and
quantification of effective measures for reducing and preventing
pathogen growth in building water systems are therefore a
critical first step in establishing more evidence-based water
quality management approaches. To advance a quantitative
understanding of the efficacy of building water control measures,
we conducted a systematic review and meta-analysis of the
literature addressing intervention measures, with a focus on the
control of bacteria, (primarily Legionella spp., NTM, and
Pseudomonas spp.) and effects on holistic water quality in
situations where data are at the minimum reported for
pathogens. In this context, “holistic” was defined and used by
Proctor et al. (2022) to refer to the interconnectedness of health
impacts, cost, and energy with regard to water quality and
approaches to its maintenance and design.7 Our objectives were
therefore to 1) review and synthesize studies on water quality
interventions at different single building scales, focusing on
studies that quantified pathogens and secondarily on other
health-relevant contaminants (heavy metals, DBPs) and their
potential trade-offs; 2) quantify the effectiveness of reported
control measures based on measurements made before and after
a water quality intervention; 3) for studies where additional
contaminant information was available, quantify simultaneous
contaminant removal or increase; and 4) identify the conditions
which affected the success of water quality interventions. By
compiling this information, the overall goal of this work is to
critically evaluate in-building water quality intervention
measures to inform the design of water management plans.

2. INTERVENTION AND CONTROL MEASURES FOR
BUILDING WATER SYSTEMS

For this review, the PRISMA process was used to screen and
collect literature data, resulting in 45 papers for data extraction.
Study characteristics are provided in Table 1, and a more
detailed description of this process and methodology is given in
the Supporting Information. The goal of this study was to
summarize and compare the effectiveness of implemented
control measures quantitatively through log-reduction of
pathogens and chemical contaminants (for inclusion criteria
and data extraction details, see the Supporting Information,
methods section). This allowed for normalization across studies
including pathogens, metals, and DBPs regardless of the scale
and units of measurement for direct comparison before and after
the treatment. Log-reduction values (LRVs) are commonly used
to assess unit process performance, particularly in water/
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aŕ
ez

et
al
.(
20
13
)1

17
√

√
√

√
Sh
ef
fe
r
et

al
.(
20
05
)6

2
√

√
√

√
√

√
√

Sn
yd
er

et
al
.(
19
90
)6

8
√

√
√

√
√

√
T
ho
m
as

et
al
.(
20
04
)1

5
√

√
√

√

ACS ES&T Water pubs.acs.org/estwater Review

https://doi.org/10.1021/acsestwater.4c00269
ACS EST Water 2024, 4, 3645−3662

3647

pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


wastewater treatment and reuse systems.33,34 They are especially
useful in assessing risk-based criteria and human health
protection.35,36

We applied this concept as a simplification to the reviewed
interventions and treatments in engineered water systems to
assess their treatment performance in reducing pathogen
concentrations and to compare the results across methods and
contaminants. First, we define and outline the types of
interventions reviewed below. For each of the interventions,
Table 2 highlights expected and demonstrated impacts (as an
increase or decrease) to pathogens and contaminants reviewed
in this study. Based on our approach and assessment of log-
reductions, a positive LRV is a decrease in concentration after
intervention or treatment, and a negative LRV is an increase.
Specific equations and assumptions for these values are outlined
in the Supporting Information.

2.1. Physical Treatment. 2.1.1. Flushing. Building and
engineered water system complexities and variable water use
patterns can lead to increased stagnation and water age, which is
a contributing factor to the presence and growth of waterborne
pathogens.37,38 One of the simplest and most common methods
of removing contaminants is flushing the system. Flushing for
these purposes has previously been defined as running water
through components to turn over water in building water
systems to remove contamination.39 It is common practice to
reduce the water age within the system and to remove
contaminants after any periods of prolonged stagnation. In
practice, the water is left running on either the “cold” or “hot”
setting for a designated period (e.g., 5 min) before postflush
samples are taken. Flushing was used as the solemethod (n = 18)
or in combination with another method (n = 9) in the majority
of the studies reviewed (n = 27/45).

2.1.2. Thermal Disinfection. Temperature plays a key role in
the growth and proliferation of opportunistic pathogens as they
have been shown to grow in a wide range of temperatures.40−42

However, exposure to high temperatures can be an effective tool
for inactivation and eradication within plumbing systems. It has
been shown that temperatures above 55−60 °C are generally
adequate for control.43−45 Despite this, in many cases, Legionella
spp. have demonstrated persistence, thermotolerance, and
regrowth at temperatures up to 70 °C (Table 2).46−48 For
many systems in which the water heater setting was 55−60 °C,
an increase to a higher set point temperature (typically 55 °C
across the network or 60 °C at the outlet) was implemented and
is referred to as the “set point change” in this review. Set point
change simply refers to the new temperature setting of the hot
water heater and does not necessarily mean that the water is
delivered to the tap or distal point at the indicated temperature,
and still recirculation and heat transfer dynamics may impact
consistent temperature maintenance.49 This change is usually
accompanied by flushing to compare with preheated or first-
flush concentrations.
Some applications using higher temperatures (65−75 °C) for

a short period of time are referred to as “thermal shock” or a
“superheat” method of thermal disinfection.50,51 Studies which
utilized set point change specified adjusting the water heater
temperature setting. “Superheating” referred to increased water
temperature above 65 °C or increased heat and flushing using an
external circulation system. Thermal disinfection in the form of
thermal/heat shock,50 superheat,52−54 or water heater set point
change50,51,55−59 was used by 11 total studies.

2.1.3. Point of Use (POU) Filtration. Adding a point of use
filter at distal outlets and taps is used to remove contaminants atT
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the point-of-use rather than at the source. Although it can be
expensive to implement throughout an entire facility, POU
filters have proven to be effective treatment options when used
and maintained correctly.60,61 POU filters are utilized in two
studies in this review.59,62

2.2. Chemical Disinfection. 2.2.1. Chlorine Residual.
While its usage in water treatment and distribution is not
ubiquitous,63 free chlorine has been demonstrated as an
intervention method at the building level. It is usually associated
with a residual measurement after leaving a treatment plant but
in this study is assessed as a form of additional onsite treatment
and/or secondary disinfection. Onsite, the addition of
supplemental chlorine residual in various forms and through
different technologies is an option for chemical disinfection and
pathogen removal. Similar to thermal shock, “shock chlorina-
tion” has been used as a short-term control measure and is the
addition of chlorine to exceed maximum allowable free chlorine
concentrations in drinking water, such as adding up to 20 to 50
mg/L.64 Hyperchlorination is performed through additional
chlorine, either intermittent or continuous, to ensure 0.5−1.0
mg/L at distal points throughout the system.65 Electro-
chlorination was assessed in one study.15 As a form of
continuous hyperchlorination, electrochlorination achieves
free chlorine concentrations 0.5−1.0 mg/L through production
of chlorine solution by electrolyzing a side-stream of salt water.66

Chlorine dioxide can control pathogens and has demonstrated
improved biofilm disinfection when compared to free chlorine.67

As a gaseous solution, it is injected into the water supply as with
chlorine and is generated onsite chemically or electrochemically.

However, it can react with corrosion processes in pipes, may
break down to form DBPs, and has higher maintenance and
costs compared to free chlorine (Table 2).66 Chlorine
disinfection was used by five studies in this review, usually as
“shock” chlorination,15,59,64,65,68 and chlorine dioxide was used
by four studies.15,59,69,70

2.2.2. Monochloramine. By adding ammonia to chlorinated
water, the use of monochloramine can be an effective secondary
disinfectant for drinking water distribution and building water
systems. When compared with free chlorine, monochloramine is
thought to penetrate biofilms more efficiently and therefore
provide better control of Legionella spp.71 Monochloramine
residuals demonstrate better persistence as well, as free chlorine
may decaymore quickly at higher temperatures or when reacting
with iron.71,72 Instances have been reported where a switch from
a free chlorine residual to monochloramine was performed,
resulting in a lower prevalence and reduced concentrations of
Legionella spp. as well as a decreased number of reported
infections.73−75 Several studies in this review utilize this
intervention method (n = 12).

2.2.3. Copper/Silver Ionization. Copper−silver ionization is
a process that uses an electric current with a copper and silver
electrode to disperse positively charged ions into the water
supply.76 These ions then electrostatically bind with biofilms
and cell membranes, destroying them in the process, thus
reducing the levels of Legionella spp. in the system.77 Much like
chlorination, a residual level of ions must remain in water to be
effective. These levels vary by water quality, but generally are
around 0.2 and 0.8 mg/L for copper and between 0.02 and 0.08

Figure 1. Log reduction values (LRVs) of measured bacteria and amoebae (V. vermiformis) for interventionmeasures at the lab and pilot scale. Bacteria
concentrations were reported as CFU per volume (culture) or as gene copies per volume (molecular) as measured by qPCR.
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mg/L for silver,78,79 although the total dosing will depend on the
water chemistry. Copper and/or silver ionization was used by six
studies in this review.15,54,80−83

2.2.4. Ozone. Ozone has become a popular method of water
and wastewater treatment, often utilized in combination with
hydrogen peroxide and UV for the advanced oxidation of
wastewater. It is a strong oxidant and disinfectant, with
mechanisms for cell lysis.84 This biocidal activity has shown to
be greater than free chlorine at much lower concentrations
(around 0.1 mg/L vs 1 mg/L free chlorine).85,86 However,
studies have suggested it be used in tandem with free chlorine or
other methods due to its lack of a residual effect over time.54

While it is more commonly implemented in larger scale
municipal drinking water or wastewater treatment,87,88 ozone
was used as a control method for building water systems in a few
(n = 3) studies in this review, often to compare with free chlorine
efficacy. Blanc et al. (2004) and Edelstein et al. (1982) assessed
the efficacy of onsite ozone disinfection in a hospital on
Legionella spp. and L. pneumophila, respectively.54,85 The first
was located in Switzerland and was tested on water without free
chlorine and a residual ozone concentration around 0.3 mg/L,
and the second contained free chlorine residual around 0.1 mg/
L. The third study, Thomas et al. (2004), applied ozonation to a
laboratory pipe rack setup to reduce L. pneumophila.15

2.2.5. Hydrogen Peroxide. Similarly to ozone, hydrogen
peroxide is an advanced oxidation process and also is
occasionally used as an in-building disinfectant.89 Casini et al.
(2017)90 note its stability at higher temperatures, higher
oxidation potential than chlorine dioxide, lower corrosive
properties, and reduced overall costs than more traditional
disinfection methods, such as chlorine. It has been used for
cleaning and disinfection of dental units91,92 and has been

applied for municipal water treatment in building water
systems.81 It was applied by one study in this review as
continuous treatment with both hydrogen peroxide and silver
ions in a university hospital.81

3. PATHOGEN LOG REDUCTION VALUES (LRVs)
ACROSS DIFFERENT BUILDING TYPES

From the selected studies, the extracted concentration data were
further sorted based on the scale and setting of the research (lab/
pilot scale [n = 6], hospital [n = 23], or residential/commercial
[residential, n = 3], [commercial n = 15]) and on the method of
intervention used.

Lab/Pilot Scale. Laboratory scale studies generally applied
control measures to recirculating tap water in pipe racks on a
small scale to reduce Legionella spp. (Figure 1). Ji et al. (2018),50

Rhoads et al. (2015),55 and Rhoads et al. (2017)83 all acclimated
their rigs to local municipal drinking water prior to
experimentation. Ji et al. (2018) investigated the effects of two
thermal disinfection methods, thermal disruption and heat
shock. For both methods, concentrations were measured before
and after a 30 min flushing event during which the water heater
set point was 60 °C, before being changed to 40 °C. For heat
shock, the system had been operating at 40 °C, and for thermal
disruption the system had already been operating at 60 °C, thus
effectively utilizing a simple flushing event followed by lowering
the set point temperature. The authors illustrated their results as
several samplings, and the LRVs shown here (Figure 1, “thermal
disruption” and “T = 60°C”) are based on the average and
standard deviation of log reduction across all samples. Rhoads et
al. (2015) also evaluated water heater set point change, from a
control temperature of 39 °C to 42, 51, and 58 °C.55 Rhoads et
al. (2017) utilized chemical disinfection, comparing the impacts

Figure 2. Log reduction values (LRV) for measured bacteria concentrations across intervention measures in hospitals.
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of monochloramine with or without additional dosed copper
ions.83 Interestingly, higher temperatures (60 °C or higher) did
not necessarily correspond to higher LRVs for flushing when
compared to “cold” (unheated) or lower temperature water
heater set changes. Reintroduction of warmer temperature water
(40−60 °C) throughout the system without thorough biomass
eradication may unintentionally cause bacterial regrowth.47,51 A
review of temperatures in hotel plumbing and their effect on
Legionella spp. yielded a recommendation that maintaining
temperatures of 55−59 °C in the building water system was
adequate to control Legionella.93 This maintenance is often
difficult due to pipe lengths and patterns and could carry a
potential scalding risk at the point of use. Thus, recommended
temperatures for thermal disinfection and control of pathogens
have demonstrated effectiveness after thermal shock and
flushing procedures but are often difficult to put into regular
practice due to concerns over scalding, energy, and cost impacts,
and uncertainties of thorough temperature exposure.
Thomas et al. (2004) and Van der Kooij et al. (2005) both

inoculated their systems with L. pneumophila either directly51 or
by mixing river water with drinking water and allowing for
regrowth.15 Thomas et al. (2004) compared multiple chemical
disinfectants, yielding LRVs between 1 and 3.55 for all trials.15

Van der Kooij (2005) compared copper (Cu), stainless steel
(SS), and cross-linked polyethylene (PEX) piping rigs using a
superheat (SPC to 70 °C) and flush intervention midstudy.51

While the various materials demonstrated different rates of L.
pneumophila growth, the midstudy superheat and flush event

was successful in all three cases for immediate pathogens, with
LRVs between 2.0 and 3.3, but saw rapid regrowth in the days
following.
Across all studies, the impacts of control measures yielded log

reductions of all Legionella species (Figure 1, LRV up to 3.55).
The only negative log reductions, indicating lack of pathogen
removal, were using copper and monochloramine for mycobac-
teria (as low as −0.75 LRV),83 and various SPCs for V.
vermiformis and M. avium (as low as −0.37 and −0.1,
respectively).55

Both culture and molecular (qPCR) results were reported
across the studies. Studies which reported both, such as Rhoads
et al. (2017), noted lesser impacts of treatment on gene copy
numbers (as represented in this study by a smaller LRV). This is
likely because qPCR detects live (culturable and/or metabol-
ically active) but also dead and viable but nonculturable
(VBNC) cells. Large discrepancies between culture and qPCR
concentrations may be accounted for by the VBNC cells from
less favorable conditions (stagnant or higher temperatures),
which was also reported in other studies in this review,94,95

among other factors such as different assay detection limits, the
number of target genes per cell genome, and analytical process
recoveries as a function of sample characteristics.

3.2. Hospitals.Nineteen studies applied control measures in
hospital water systems, and the results of LRV calculation are
shown in Figure 2. As with lab-scale studies, there was a variety
of physical and chemical disinfection methods, and often a
combination of the two (such as ozone and increased

Figure 3. Log reduction values (LRV) formeasured bacteria or amoebae (H. vermiformis) concentrations across interventionmeasures in residential or
commercial buildings.

ACS ES&T Water pubs.acs.org/estwater Review

https://doi.org/10.1021/acsestwater.4c00269
ACS EST Water 2024, 4, 3645−3662

3652

https://pubs.acs.org/doi/10.1021/acsestwater.4c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00269?fig=fig3&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature54). Overall, LRVs ranged from −1.9 to 4.4. One
study reduced L. pneumophila by constant recirculation through
the water heater system.96 A negative LRV was observed for one
case of thermal disinfection and flushing for L. pneumophila,
copper−silver ionization interventions on Legionella spp.,54 and
monochloramine on Legionella spp.,97 Pseudomonas spp.,69 and
Mycobacterium spp.,71 all measured by culture.
Two studies evaluated the performance of point-of-use filters

for pathogen removal in a hospital setting,59,62 in addition to
othermethods. This method proved to be successful, resulting in
no detection of Legionella spp. after implementation. Sheffer et
al. (2005)62 conducted a study of flushing using POU filters in a
hospital, noting that Legionella spp. was not detected in any
filtered samples before and after the flushing event; no LRV was
estimated in this case.
The limit of detection was “unacceptably high” for Bed́ard et

al. (2016), where thermal disinfection was used.98 For example,
in one of their studied subsystems, a reduction of at least 1.4
LRV was observed, when substituting a 1000 CFU/L limit of
detection for nondetect observations (n = 1). In another
subsystem studied by the authors, suboptimal recirculation was
observed with large temperature differences across the plumbing
sections. Inability to maintain the high flush temperatures may
have allowed for L. pneumophila regrowth in these sections.
System A (water for one hospital wing) began the study with 10-
times higher L. pneumophila counts than System B (a separate
hospital wing) and therefore may have also influenced these
observations.
While Blanc et al. (2005)54 demonstrated LRV of −0.068 to

1.45 (Figure 2), they reported that neither ozone nor copper−
silver ionization reduced the number of positive detections of
Legionella spp., likely attributed to a lack of residual ozone over
time and low copper−silver ion concentrations. The demon-
stration of monochloramine disinfection by Marchesi et al.
(2012)69 showed the concentration of monochloramine used
was effective in reducing Legionella spp. but had no significant
effect on Pseudomonas spp. (LRV =−0.38). In this case, chlorine
dioxide was a more effective method for reduction of both
pathogens (LRV = 0.79 to 1.58).

3.3. Residential/Commercial. The remaining studies (n =
16) involved measures conducted in residential or commercial
settings, often in homes or university buildings (Figure 3). The
majority utilized flushing (n = 13), one flushed with increased
temperature (SPC),57 two used chemical disinfection through
shock chlorination64 and monochloramine,99 and one study
conducted a thorough cleaning of water heater systems.100

On average, flushing reduced the pathogens for all cases of
“after” measurements except one study.101 In this study,101

impacts of stagnation and a recommissioning flushing event
were measured. L. pneumophila numbers were higher in the 1−2
weeks after this recommissioning flushing, when compared with
both first-flush samples and flushed samples before the flushing
event. The flushing events for all temperatures also demon-
strated the greatest variation (Figure 3). For Legionella spp.,
flushing LRVs ranged from −1.02 to 4.38 for culture-based
methods and from −2.36 to 2.36 for molecular-based methods.
Large ranges were also observed for mycobacteria (LRV −1.04
to 4.4). Flushing was the most practicedmethod of intervention;
it also had the greatest variability in pathogen reductions.
Flushing is intended to clear out the plumbing system,
particularly to remove the accumulation of contaminants in
dead-end areas where stagnation occurs. Yet, these dead-end
areas in complex networks are difficult to manage and predict,
which was illustrated by the lower effectiveness of flushing for a
hot water systemwithmore distal points (Table S1).98 Several of
the residential/commercial buildings required recommissioning
flushing after a period of low-use or stagnation, such as during
the COVID-19 pandemic (n = 5 studies).94,101−104 Regular or
routine flushing is recommended, but after such periods of
stagnation or low use, a recommissioning flushing event may
actually increase pathogen concentrations. This first flush is
noted to potentially reintroduce higher temperature water and
an influx of nutrients, which have been shown to shock the
system into stimulating biomass growth after low use periods
and was demonstrated in several of the studies.5,50,94,101 This
may explain the range of results and error bars below zero
(Figure 3).
For chemical disinfection in residential/commercial build-

ings, LRVs were positive (Figure 3), with shock chlorination

Figure 4. (a, b) Percent reduction of positive detections based on intervention method and treatment setting.
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resulting in LRVs of 3.3 and 1.2 for culture and molecular
detection of L. pneumophila, respectively,64 and an average of 1.7
for Legionella spp.73

3.4. Reductions for Pathogen Prevalence (Percent
Positive Detections). The percent reduction of positive
detections was quantified from the studies that reported this
in addition to concentrations (n = 9) or only reported
prevalence data (n = 7) and illustrated in Figure 4 similarly to
Figures 1−3. Similar trends and patterns in pathogen reduction
were noted compared with studies reporting quantitative data.
When thermal disinfection studies were compared, increasing
the temperature was more effective in reducing the number of
detections. For example, a 70 °C heat shock followed by flushing
had a 100% reduction in positive detections for Bed́ard et al.
(2016),98 and increasing from 60 to 70 °C reduced the number
of detections, resulting in 100% reduction at the higher
temperature.105 However, one study59 reported the detections
between the start and end of the entire study duration (6
months) and found superheating and flushing to be the most
unreliable due to excessive regrowth after 2 weeks of treatment,
eventually exceeding the initial detections by over 30% (Figure
4). Prevalence data and distal site positivity for Legionella spp.
are useful for hospitals in particular for evaluating legionellosis
risk, and a 30% site positivity has shown to be an appropriate
threshold.106,107 The instances where a hospital intervention did
not result in positivity below 30% were ozonation and copper−
silver ionization (56% and 93%),54 chlorine dioxide (56%, 61%,

and 46% for various systems),69,70 and hydrogen peroxide and
silver ions (46%, although after 15 days of treatment it was
reduced to 0%).97

3.5. Other Contaminants. In addition to pathogens, several
reviewed studies also measured metals (n = 9) and DBPs (n = 3)
before and after their interventions. The LRVs of both metals
andDBPs across all studies are illustrated in Figure 5 and Figures
S1−S3 in the Supporting Information.

3.5.1. Metals. While several of the studies (n = 9) measured
specific metals pre- and postintervention, the interplay between
metals and pathogens in building water systems was underex-
plored. The most commonly observedmetal was copper (n = 8),
likely due to its interactions with and inhibition of bacteria,
through the use of copper ion dosing or copper−silver ionization
as a control measure, or through corrosion from copper
piping.108 These efforts resulted in increased copper post-
treatment (LRV −1.57 to −0.15, Figure 5). Flushing results
varied between positive and negative LRVs regardless of the pipe
material. This may have been due to accumulation rates
observed on pipe inner surfaces51 and subsequent removal
through flushing, depending on the source water concentrations.
Iron, copper, and aluminumwere observed to increase over time
in a copper system due to increased deposition corrosion.83

Stagnation causes increased dissolution of metals into the
water from the plumbing system or hot water tanks.109−111

Heavy metals in drinking water cause adverse health effects112

and are regulated in drinking water.113 Contributing factors to

Figure 5. Log reduction of reported concentrations of metals and trihalomethanes across all studies.
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increased exposures are variations at distal points due to water
use patterns and seasonal variations.114 As with pathogens, a
single flushing event aimed at lowering concentrations of metals
(lead and copper) only provided temporary benefits, as
stagnation and subsequent first-draws resulted in higher
concentrations.115,116 Moreover, some metals such as iron or
zinc are critical for bacterial growth, and Serrano-Suaŕez et al.
(2013)117 found a logistic relationship between Legionella spp.
and iron concentrations above 0.095 ppm. While a detailed
discussion of chemical mechanisms is addressed else-
where,118,119 the importance of the relationship between metals
(copper and iron), pH, and Legionella spp. is acknowledged here.
A study in Flint, MI also indicated iron corrosion as a key
contributor for reducing and/or removing chlorine residuals.120

In plumbing conditions with increasing iron or iron corrosion
(such as lower pH121), iron appears to be a key player in
stimulating Legionella spp. proliferation and provides useful
information alongside other factors in monitoring plans. Other
studies have shown the demand for free chlorine residual (and
thus decay of chlorine) from copper oxides and subsequent
Legionella spp. growth.122,123 Further investigation between
elevated metal concentrations, biomass growth or inhibition,
water chemistry, and stagnation or management interventions is
recommended to improve water quality prediction, control, and
trade-off evaluation.
3.5.2. Disinfection Byproducts. Four studies measured DBPs

and are also included in Figure 5. Marchesi et al. (2013)
measured haloacetic acids (HAAs) and trihalomethanes
(THMs) in a hospital system after using monochloramine and
chlorine dioxide to reduce Legionella spp. contamination.70 No
HAAs were detected, and THMs were low (<1 μg/L). Richard
and Boyer (2021)104 found a slight reduction in THM
concentrations after flushing in school buildings (LRV =
0.033). Lytle et al. (2021)71 did not observe additional THM
production during their study after adding a monochloramine
disinfection system to a hospital facility (Figure 5). Based on all
distal sites, there was an average LRV of 1.6 after the
implementation of monochloramine in the facility treatment
system. Orsi et al. (2014) applied shock and continuous
hyperchlorination in an old hospital building and measured an

increase in THMs (LRV = −0.51, 15 days after shock
hyperchlorination of 20−50 ppm free chlorine for 1−2 h).65

While the use of chemical disinfection methods can be
effective for interventions related to Legionella spp. and other
pathogens, there is a lack of investigation of their simultaneous
impact on DBPs and subsequent relationships between DBPs
and Legionella spp. or other pathogens within the plumbing
system. Free chlorinated water can result in increasedDBPs such
as THMs and HAAs, and thus it can be difficult to achieve a
balance between adequate disinfection and minimal production
of DBPs.124 Monochloramine has become an increasingly
popular secondary disinfectant to replace chlorine, as studies
have shown it can better penetrate biofilms, kill biofilm bacteria
Legionella spp. and Pseudomonas spp., and carry fewer taste and
odor-inducing concerns.71 The studies reviewed here demon-
strated its effectiveness in reducing Legionella spp. and had
higher LRVs when compared directly with free chlorine.15

Another advantage of monochloramine over free chlorine is the
tendency not to form THMs and other DBPs.125 Few studies
investigated DBPs in conjunction with their interventions, but
Thomas et al. (2004) observed a reduction of THMs after
switching from chlorine to monochloramine.15 Despite these
advantages and a switch to monochloramine showing effective
reduction of L. pneumophila, monochloramine has also led to
increases in HPC, mycobacteria, and lead leaching, and should
continue to be evaluated for building water system applica-
tions.67,126,127

3.6. Contaminant Trade-Offs. For trade-off evaluation,
more research is needed to understand the effects of varied water
quality parameters and of different intervention methods on the
intended outcomes. Table 3 briefly summarizes the identified
trade-offs as a list of all studies which measured both pathogens
and other contaminants, indicating mixed results. One evident
trade-off in this review was the increase of other pathogens or
amoebae in parallel with a reduction of Legionella spp. Rhoads et
al. (2015) observed increased V. vermiformis concentrations in
their laboratory setup (recirculating pipe to simulate household
water systems) of flushing and increased temperatures,
demonstrating that while the measures reduced Legionella spp.
immediately, amoeba persistence could play a role in Legionella

Table 3. Summary of Studies Which Monitored Multiple Contaminants before and after Control Measuresa

source intervention Legionella Mycobacteria Pseudomonas amoeba metals DBPs

Bed́ard et al. (2016)98 Heat shock and flushing ± +
De Giglio et al. (2021)81 Hydrogen peroxide, silver ions, and flushing − −
Duda et al. (2014)97 Monochloramine − − − ±
Huang et al. (2023)103 Flushing − −
Ji et al. (2018)50 Thermal disruption and heat shock − − −
Lytle et al. (2021)71 Monochloramine − − −
Mancici et al. (2015)137 Monochloramine − −
Marchesi et al. (2012)69 Monochloramine − + ND

Chlorine dioxide − − ND
Orsi et al. (2014)65 Hyperchlorination − +
Rhoads et al. (2015)55 SPC and flushing − +
Rhoads et al. (2017)83 Monochloramine and copper ionization − + +
Richard & Boyer (2021)104 Flushing − ± −
Serrano-Suaŕez et al. (2013)117 Flushing ± − ±
Sheffer et al. (2005)62 Flushing ± −
van der Kooij et al. (2005)51 Superheat and flush − +
Wang et al. (2012)138 Flushing − − −
Xue et al. (2020)139 Flushing − −

aSymbols indicate a reduction (−), increase (+), not detected (ND), or not performed (blank) for each study.
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spp. regrowth even at the higher temperatures.55 The use of
chloramines for disinfection demonstrated a trade-off of
controlling Legionella spp. but may have contributed to
mycobacteria growth in one case.83 This was shown to be
consistent with an earlier study demonstrating increased
mycobacteria colonization after the introduction of monochlor-
amine.99 The interactive effects of metal ions and plumbing
materials, chemical disinfectants, temperature, and pathogens
can be both beneficial with regard to intervention and control,
and result in adverse and/or longer term outcomes and is an area
where additional data generation could aid in disentangling
these factors.7,83,128 While Orsi et al. (2014) demonstrated a
63% reduction of Legionella spp. detection after shock and
continuous hyperchlorination in an old hospital building, the
authors measured an increase of THMs from 2.71 to 8.7 μg/L,
15 days after shock hyperchlorination.65 THMs continued to
increase up to 10.7 μg/L after continuous hyperchlorination,
and the authors noted that it may be necessary to implement
warnings or special equipment in some hospital units to reduce
free chlorine levels and to note safety concerns.
The focus of ourmeta-analysis was immediate before and after

measurements to quantify contaminant reduction. However, in
many cases, follow-up investigations in longer-term studies
demonstrated regrowth, indicating a lack of eradication of
colonization within biofilms in the systems. While this has been
demonstrated and can be expected (Table 2), it is still an
unintended consequence of the studied interventions. For
example, Legionella spp. regrowth over time postintervention
was observed for copper−silver,15 incorrect dosing of
monochloramine,129 and thermal disinfection and flushing.98

Rohr et al. (1999)130 found that L. pneumophila built up
resistance to ionization treatment over time (>1 year) in the
investigated hospital system, demonstrating copper−silver as a
short-term solution. In addition to ineffective biofilm
eradication, biomass and bacterial regrowth may occur due to
treatments which lack residual disinfectant and inadequately
reduce pathogens,15,129 and the futility of short-term flushing
and/or thermal disinfectionmeasures to completely intervene in
all legs of a building water and plumbing system at the desired
temperature.98 In terms of intervention, there comes trade-offs
of cost, time, sustainability (especially in terms of water wastage
during flushing) and health risk when identifying both the
contaminants to monitor and target, and the method of
intervention or water safety plan thereafter. Not accounting
for longitudinal data in this study is a limitation and plays a role
in assessing water quality over time, especially when locating the
source, drivers, or amplifying factors of contamination.

4. OUTLOOK AND RECOMMENDATIONS
In this review and meta-analysis of interventions for building
water systems, LRVs for different methods of interventions were
quantified and compared across pathogens, metals, disinfection
byproducts, and study scale. All studies (n = 45) assessed the
impacts of their approaches on Legionella spp. or L. pneumophila,
further highlighting its role as a priority monitoring target. The
decision of which pathogen targets to monitor (e.g., whether to
focus on monitoring L. pneumophila or Legionella spp.) depends
on the context (e.g., research vs other end-uses). In the hospital
studies, Legionella spp. was more commonly measured than L.
pneumophila. This approach provides conservatism in a high risk
setting but might be modified when applied to other less risky
settings (e.g., commercial and institutional buildings).

One common thread throughout the studies, scales, and
treatments was the variability in treatment efficacy and questions
regarding the time scales of the intervention benefit, as in many
cases, there was measured regrowth or rebounding effect in the
weeks or months following an intervention. Many efforts were
designed based on intervention after an issue was identified, but
additional studies focused on preventative efforts that maintain
cost effectiveness and reliability would also be beneficial for
water management planning. As many of these interventions
(e.g., recommissioning flushing) are designed to reactively
address water quality problems rather than to identify root
causes or prevent long-term water quality disbenefits, it is
recommended to consider the relationship between building
water management plan measurement values (e.g., exceedances
of water quality criteria) and actions prior to plan
implementation, while also iteratively revising the approach in
response to site-specific data. While flushing or other
interventions may reduce pathogen concentrations after a
water quality adverse event is identified, the potential regrowth
in the weeks or months following suggests that physical
intervention methods (heat and flushing) are not solely
adequate as longer-term control measures.131 Based on the
reviewed data, additional research on timing, long-term impacts,
and reoccurrence of contaminants under varying conditions is
needed to inform more nuanced water management plan
development. Within this approach, extending intervention
testing to situations that inform proactive, preventative-based,
rather than reactive approaches would be beneficial. Of the 17
studies that measured multiple contaminants, over half (n = 10)
indicated some degree of mixed effects on contaminant
reductions. Due to the time and resources involved in
performing interventions within buildings, attention should be
paid to potential trade-offs to ensure that effective plans are put
into place.
Prior literature have demonstrated the relationship between

metals and corrosion (such as iron and copper oxides), pH
levels, and their impacts on decaying chlorine resid-
uals.117,120,122,123 Monitoring disinfectant residual may provide
monitoring benefits as it can correlate with some pathogens, but
does not guarantee control of all pathogens potentially present
in the system.95,102,132 The combined measurement of pH,
metals, and disinfectant residuals in applicable systems is
beneficial for understanding factors that affect pathogen or
biomass proliferation. Overall, monochloramine demonstrated
benefits across multiple pathogens, with LRVs up to 3.97 for
Legionella spp., 2.81 for mycobacteria, and 0.67 for Pseudomonas
spp. However, one study reported an increased level of
mycobacteria colonization in the presence of monochloramine.
As the transition from a chlorine to a monochloramine residual
is explored for pathogen control and reduced DBPs, it should be
further examined in the context for its impacts on metals and
other pathogens.
Our meta-analysis focused on calculating LRVs from building

water interventions or treatments. Due to dissimilarities across
studies, quantification of LRVs is valuable for evidence-based
water management plans. Future work can improve the
quantification of uncertainty in comparing studies across
heterogeneous plumbing environments. Timing plays a critical
role in comparing before and after treatment detections and
concentrations, particularly with regard to fluctuations in the
plumbing environment such as temperature or water chemistry
changes. Longer contact times with chemical disinfectants are
expected to provide benefits for pathogen reduction but can also
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result in greater variability across pathogen measurements,
depending on the method and targeted pathogen. For example,
De Giglio et al. (2021) had complete removal (zero positive
detections) after 15 days of exposure to hydrogen peroxide and
silver ions, an improvement after first implementation and the
first week’s sampling.81 However, ozone and copper−silver
ionization was shown to have little effect on reducing Legionella
spp. in longer time scales, possibly due to low residual
concentrations or changes in pathogen persistence mecha-
nisms.54,130 The contextualization of treatment methods,
setting, building age, initial conditions, and time are needed
and play a key role in understanding building water quality and
effective management solutions and deciding on a method of
intervention or action going forward.
Finally, this review was limited by data reporting and

availability. The quantitative evaluation of LRVs limited the
systematic review of literature, which clearly measured and
presented concentrations of pathogens before and after
interventions or treatment. Despite the putative benefits of
water management plans and interventions, knowledge gaps
persist regarding the behavior of control measures at different
scales, within complex environments, and for representative
detection methods. Methods and approaches for both
intervention and detection varied, especially in reporting
nondetects due to varying limits of detection. For the purposes
of this review and estimation of LRVs, individual values which
were reported as zero, less than the limit of detection, or “non-
detect” were replaced with the reported limit of detection, where
available, to calculate the appropriate LRV based on an obvious
reduction from the “before” concentration. This was the case in
∼ 13% of data points. While more sophisticated censoring
methods would improve the estimation of reductions and our
analyses,133 the data for each study was limited, often to averages
and ranges, rather than more complete distributions. While the
use of LRVs allowed us to synthesize conclusions and identify
treatment impacts across studies, its use toward single building
systems can be improved upon in the future (such as in a water
safety or management plan) with location-specific concen-
trations alongside meta-data such as temperature, disinfectant
concentration, time since treatment or intervention, and the
limit of detection.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestwater.4c00269.

Figure S1. Identification and initial screening of studies
addressing building water system pathogen intervention
measures using PRISMA; Figure S2. The results of the
review for intervention methods illustrated as the percent
of each study scale/category implementing each method;
Figure S3. Concentrations of copper before and after
interventions; Figure S4. Concentrations of all other
heavy metals before and after interventions; Figure S5.
Concentrations of THMs before and after interventions
(PDF)

Table S1. Data file for all extracted LRV data from premise
plumbing studies (n = 45); literature review and inclusion
criteria; data extraction and evaluation (XLSX)

■ AUTHOR INFORMATION
Corresponding Author

Hunter Quon − The Biodesign Institute Center for
Environmental Health Engineering, Arizona State University,
Tempe, Arizona 85281, United States; School of Sustainable
Engineering and the Built Environment, Arizona State
University, Tempe, Arizona 85281, United States;
orcid.org/0000-0002-7159-6361; Email: Hunter.quon@

asu.edu

Authors
Jumana Alja’fari − National Institute of Standards and
Technology (NIST), Gaithersburg, Maryland 20899, United
States

Rain Richard − Wilson and Company, Inc., Engineers and
Architects, Phoenix, Arizona 85008, United States

Vishnu Kotta − The Biodesign Institute Center for
Environmental Health Engineering, Arizona State University,
Tempe, Arizona 85281, United States; School of Sustainable
Engineering and the Built Environment, Arizona State
University, Tempe, Arizona 85281, United States

Kathryn Call − Brown and Caldwell, Phoenix, Arizona 85004,
United States

Molly Cahill − The Biodesign Institute Center for
Environmental Health Engineering, Arizona State University,
Tempe, Arizona 85281, United States; School of Sustainable
Engineering and the Built Environment, Arizona State
University, Tempe, Arizona 85281, United States

Elizabeth Johnson − Carollo Engineers, Phoenix, Arizona
85034, United States

James Brown − Wilson Engineers, Tempe, Arizona 85282,
United States

Sayalee Joshi − Wilson Engineers, Tempe, Arizona 85282,
United States

Treavor Boyer − School of Sustainable Engineering and the
Built Environment, Arizona State University, Tempe, Arizona
85281, United States; orcid.org/0000-0003-0818-5604

Lee Voth-Gaeddert − School of Sustainable Engineering and
the Built Environment, Arizona State University, Tempe,
Arizona 85281, United States; The Biodesign Institute Center
for Health Through Microbiomes, Arizona State University,
Tempe, Arizona 85281, United States

Kerry A. Hamilton − The Biodesign Institute Center for
Environmental Health Engineering, Arizona State University,
Tempe, Arizona 85281, United States; School of Sustainable
Engineering and the Built Environment, Arizona State
University, Tempe, Arizona 85281, United States;
orcid.org/0000-0003-2991-7325

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestwater.4c00269

Author Contributions
CRediT: Hunter Quon conceptualization, formal analysis,
investigation, methodology, visualization, writing-original draft,
writing-review & editing; Jumana Alja’fari conceptualization,
formal analysis, methodology, resources, writing-review &
editing; Rain Richard data curation, methodology; Vishnu
Kotta data curation, methodology; Kathryn Call data curation,
methodology; Molly Cahill data curation, methodology,
writing-review & editing; Elizabeth Johnson investigation,
methodology; James Brown investigation, methodology;
Sayalee Joshi data curation, methodology; Treavor Boyer
funding acquisition, supervision, writing-review & editing; Lee

ACS ES&T Water pubs.acs.org/estwater Review

https://doi.org/10.1021/acsestwater.4c00269
ACS EST Water 2024, 4, 3645−3662

3657

https://pubs.acs.org/doi/10.1021/acsestwater.4c00269?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00269/suppl_file/ew4c00269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00269/suppl_file/ew4c00269_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hunter+Quon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7159-6361
https://orcid.org/0000-0002-7159-6361
mailto:Hunter.quon@asu.edu
mailto:Hunter.quon@asu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jumana+Alja%E2%80%99fari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rain+Richard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vishnu+Kotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kathryn+Call"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Molly+Cahill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizabeth+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Brown"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayalee+Joshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Treavor+Boyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0818-5604
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lee+Voth-Gaeddert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kerry+A.+Hamilton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2991-7325
https://orcid.org/0000-0003-2991-7325
https://pubs.acs.org/doi/10.1021/acsestwater.4c00269?ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Voth-Gaeddert funding acquisition, project administration,
supervision, writing-review & editing; Kerry A. Hamilton
funding acquisition, supervision, project administration, con-
ceptualization, methodology, visualization, writing-review &
editing.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the Zimin Institute project “A Data-Driven
Approach for Water Safety Plans in Sustainable Buildings to
Predict and Prevent Disease” for supporting this work. This
work was partially supported by the National Science
Foundation (NSF) Award 2147106 “Collaborative Research:
An Integrative Modeling Framework to Account for Plumbing
System Dynamics and Value of Information to Develop
Decision Support Models for Meeting Legionella Control
Goals.”

■ REFERENCES
(1) Rahman, M. S.; Encarnacion, G.; Camper, A. K. Nitrification and
Potential Control Mechanisms in Simulated Premises Plumbing.Water
Res. 2011, 45 (17), 5511−5522.
(2) National Research Council. Drinking Water Distribution Systems:
Assessing and Reducing Risks; National Academies Press, Committee
Public Water Supply Distribution Systems: Assessing and Reducing
Risks,Water Science and Technology Board, Division on Earth and Life
Studies: Washington, DC, 2006.
(3) Technologies for Legionella Control in Premise Plumbing Systems:
Scientific Literature Review; US, EPA, 2016.
(4) Singh, R.; Chauhan, D.; Fogarty, A.; Rasheduzzaman, M.; Gurian,
P. L. Practitioners’ Perspective on the Prevalent Water Quality
Management Practices for Legionella Control in Large Buildings in
the United States. Water 2022, 14 (4), 663.
(5) Rhoads, W. J.; Pruden, A.; Edwards, M. A. Survey of Green
BuildingWater Systems Reveals ElevatedWater Age andWater Quality
Concerns. Environ. Sci. Water Res. Technol. 2016, 2 (1), 164−173.
(6) Wang, H.; Bédard, E.; Prévost, M.; Camper, A. K.; Hill, V. R.;
Pruden, A. Methodological Approaches for Monitoring Opportunistic
Pathogens in Premise Plumbing: A Review.Water Res. 2017, 117, 68−
86.
(7) Proctor, C.; Garner, E.; Hamilton, K. A.; Ashbolt, N. J.; Caverly, L.
J.; Falkinham, J. O.; Haas, C. N.; Prevost, M.; Prevots, D. R.; Pruden, A.;
Raskin, L.; Stout, J.; Haig, S.-J. Tenets of a Holistic Approach to
Drinking Water-Associated Pathogen Research, Management, and
Communication. Water Res. 2022, 211, 117997.
(8) Ashbolt, N. Environmental (Saprozoic) Pathogens of Engineered
Water Systems: Understanding Their Ecology for Risk Assessment and
Management. Pathogens 2015, 4 (2), 390−405.
(9) Mekkour, M.; Driss, E. K. B.; Tai, J.; Cohen, N. Legionella
Pneumophila: An Environmental Organism and Accidental Pathogen.
Maejo International Journal of Science and Technology2013, 2 (2), 187−
196.
(10) Koh,W.-J. NontuberculousMycobacteria�Overview.Microbiol.
Spectr. 2017, 5(1), DOI: 10.1128/microbiolspec.TNMI7-0024-2016.
(11) Hines, S. A.; Chappie, D. J.; Lordo, R. A.; Miller, B. D.; Janke, R.
J.; Lindquist, H. A.; Fox, K. R.; Ernst, H. S.; Taft, S. C. Assessment of
Relative Potential for Legionella Species or Surrogates Inhalation
Exposure from Common Water Uses. Water Res. 2014, 56, 203−213.
(12) Legionella Human Health Criteria Document; US EPA, 1999.
(13) Collier, S. A.; Deng, L.; Adam, E. A.; Benedict, K. M.; Beshearse,
E. M.; Blackstock, A. J.; Bruce, B. B.; Derado, G.; Edens, C.; Fullerton,
K. E.; Gargano, J. W.; Geissler, A. L.; Hall, A. J.; Havelaar, A. H.; Hill, V.
R.; Hoekstra, R. M.; Reddy, S. C.; Scallan, E.; Stokes, E. K.; Yoder, J. S.;
Beach, M. J. Estimate of Burden and Direct Healthcare Cost of
Infectious Waterborne Disease in the United States - Volume 27,

Number 1�January 2021 - Emerging Infectious Diseases Journal -
CDC. Emerg. Infect. Dis. 2021, 27, 140.
(14) Murga, R.; Forster, T. S.; Pruckler, J. M.; Donlan, R. M.; Brown,
E.; Fields, B. S. Role of Biofilms in the Survival of Legionella
Pneumophila in a Model Potable-Water System. Microbiology 2001,
147 (11), 3121−3126.
(15) Thomas, V.; Bouchez, T.; Nicolas, V.; Robert, S.; Loret, J. F.;
Lévi, Y. Amoebae in Domestic Water Systems: Resistance to
Disinfection Treatments and Implication in Legionella Persistence. J.
Appl. Microbiol. 2004, 97 (5), 950−963.
(16) Shaheen, M.; Scott, C.; Ashbolt, N. J. Long-Term Persistence of
Infectious Legionella with Free-Living Amoebae in Drinking Water
Biofilms. Int. J. Hyg. Environ. Health 2019, 222 (4), 678−686.
(17) Cunha, B. A.; Burillo, A.; Bouza, E. Legionnaires’ Disease. Lancet
2016, 387 (10016), 376−385.
(18) Gomez-Valero, L.; Rusniok, C.; Rolando,M.; Neou,M.; Dervins-
Ravault, D.; Demirtas, J.; Rouy, Z.; Moore, R. J.; Chen, H.; Petty, N. K.;
Jarraud, S.; Etienne, J.; Steinert, M.; Heuner, K.; Gribaldo, S.; Médigue,
C.; Glöckner, G.; Hartland, E. L.; Buchrieser, C. Comparative Analyses
of Legionella Species Identifies Genetic Features of Strains Causing
Legionnaires’ Disease. Genome Biol. 2014, 15, 1−21.
(19) Benin, A. L.; Benson, R. F.; Besser, R. E. Trends in Legionnaires
Disease, 1980−1998: Declining Mortality and New Patterns of
Diagnosis. Clin. Infect. Dis. 2002, 35 (9), 1039−1046.
(20) Legionnaire’s Disease Surveillance Summary Report, United States
2018−2019; CDC, 2019.
(21) Hamilton, K.; Hamilton, M.; Johnson, W.; Jjemba, P.; Bukhari,
Z.; LeChevallier, M.; Haas, C. N.; Gurian, P. L. Risk-Based Critical
Concentrations of Legionella Pneumophila for Indoor Residential Water
Uses. Environ. Sci. Technol. 2019, 53 (8), 4528−4541.
(22) Van Kenhove, E.; Dinne, K.; Janssens, A.; Laverge, J. Overview
and Comparison of Legionella Regulations Worldwide. Am. J. Infect.
Control 2019, 47 (8), 968−978.
(23) Carlson, K. M.; Boczek, L. A.; Chae, S.; Ryu, H. Legionellosis and
Recent Advances in Technologies for Legionella Control in Premise
Plumbing Systems: A Review. Water 2020, 12 (3), 676.
(24) Hamilton, K. A.; Haas, C. N. Critical Review of Mathematical
Approaches for Quantitative Microbial Risk Assessment (QMRA) of
Legionella in Engineered Water Systems: Research Gaps and a New
Framework. Environ. Sci. Water Res. Technol. 2016, 2 (4), 599−613.
(25)Quon, H.; Allaire, M.; Jiang, S. C. Assessing the Risk of Legionella
Infection through Showering with Untreated Rain Cistern Water in a
Tropical Environment. Water 2021, 13 (7), 889.
(26) van der Lugt, W.; Euser, S. M.; Bruin, J. P.; den Boer, J. W.;
Yzerman, E. P. F. Wide-Scale Study of 206 Buildings in the Netherlands
from 2011 to 2015 to Determine the Effect of Drinking Water
Management Plans on the Presence of Legionella Spp.Water Res. 2019,
161, 581−589.
(27) Water Safety in Buildings; World Health Organization: Geneva,
2011.
(28) Joshi, S.; Richard, R.; Hogue, D.; Brown, J.; Cahill, M.; Kotta, V.;
Call, K.; Butzine, N.; Marcos-Hernández, M.; Alja’fari, J.; Voth-
Gaeddert, L.; Boyer, T.; Hamilton, K. A. Water Quality Trade-Offs for
RiskManagement Interventions in a Green Building. Environ. Sci. Water
Res. Technol. 2024, 10, 767.
(29)Management of Legionella in Water Systems; National Academy of
Sciences, 2019.
(30) Rhoads,W. J.; Hammes, F. Growth of Legionella during COVID-
19 Lockdown Stagnation. Environ. Sci. Water Res. Technol. 2021, 7 (1),
10−15.
(31) 2012 Guidelines for Water Reuse; US EPA, 2012.
(32) Title 22 Code of Regulations. California Code Regulations.
(33) Arden, S.; McGaughy, K.; Phillips, J.; Hills, L.; Chiang, E.;
Dumler, S.; Ma, X. C.; Jahne, M.; Garland, J. A Unit Process Log
Reduction Database for Water Reuse Practitioners.Water Res. X 2024,
23, 100226.
(34) Tchobanoglous, G.; Kenny, J.; Leverenz, H.; Oliveri, A.
Establishing Log Reduction Values for Wastewater Treatment

ACS ES&T Water pubs.acs.org/estwater Review

https://doi.org/10.1021/acsestwater.4c00269
ACS EST Water 2024, 4, 3645−3662

3658

https://doi.org/10.1016/j.watres.2011.08.009
https://doi.org/10.1016/j.watres.2011.08.009
https://doi.org/10.3390/w14040663
https://doi.org/10.3390/w14040663
https://doi.org/10.3390/w14040663
https://doi.org/10.1039/C5EW00221D
https://doi.org/10.1039/C5EW00221D
https://doi.org/10.1039/C5EW00221D
https://doi.org/10.1016/j.watres.2017.03.046
https://doi.org/10.1016/j.watres.2017.03.046
https://doi.org/10.1016/j.watres.2021.117997
https://doi.org/10.1016/j.watres.2021.117997
https://doi.org/10.1016/j.watres.2021.117997
https://doi.org/10.3390/pathogens4020390
https://doi.org/10.3390/pathogens4020390
https://doi.org/10.3390/pathogens4020390
https://doi.org/10.1128/microbiolspec.TNMI7-0024-2016
https://doi.org/10.1128/microbiolspec.TNMI7-0024-2016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2014.02.013
https://doi.org/10.1016/j.watres.2014.02.013
https://doi.org/10.1016/j.watres.2014.02.013
https://doi.org/10.3201/eid2701.190676
https://doi.org/10.3201/eid2701.190676
https://doi.org/10.3201/eid2701.190676
https://doi.org/10.3201/eid2701.190676
https://doi.org/10.1099/00221287-147-11-3121
https://doi.org/10.1099/00221287-147-11-3121
https://doi.org/10.1111/j.1365-2672.2004.02391.x
https://doi.org/10.1111/j.1365-2672.2004.02391.x
https://doi.org/10.1016/j.ijheh.2019.04.007
https://doi.org/10.1016/j.ijheh.2019.04.007
https://doi.org/10.1016/j.ijheh.2019.04.007
https://doi.org/10.1016/S0140-6736(15)60078-2
https://doi.org/10.1186/s13059-014-0505-0
https://doi.org/10.1186/s13059-014-0505-0
https://doi.org/10.1186/s13059-014-0505-0
https://doi.org/10.1086/342903
https://doi.org/10.1086/342903
https://doi.org/10.1086/342903
https://doi.org/10.1021/acs.est.8b03000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ajic.2018.10.006
https://doi.org/10.1016/j.ajic.2018.10.006
https://doi.org/10.3390/w12030676
https://doi.org/10.3390/w12030676
https://doi.org/10.3390/w12030676
https://doi.org/10.1039/C6EW00023A
https://doi.org/10.1039/C6EW00023A
https://doi.org/10.1039/C6EW00023A
https://doi.org/10.1039/C6EW00023A
https://doi.org/10.3390/w13070889
https://doi.org/10.3390/w13070889
https://doi.org/10.3390/w13070889
https://doi.org/10.1016/j.watres.2019.06.043
https://doi.org/10.1016/j.watres.2019.06.043
https://doi.org/10.1016/j.watres.2019.06.043
https://doi.org/10.1039/D3EW00650F
https://doi.org/10.1039/D3EW00650F
https://doi.org/10.1039/D0EW00819B
https://doi.org/10.1039/D0EW00819B
https://doi.org/10.1016/j.wroa.2024.100226
https://doi.org/10.1016/j.wroa.2024.100226
https://doi.org/10.3389/fenvs.2022.940014
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Processes from Ambient Influent and Effluent Pathogen Monitoring
Data. Front. Environ. Sci. 2022, 10, 940014.
(35) Jahne, M. A.; Schoen, M. E.; Kaufmann, A.; Pecson, B. M.;
Olivieri, A.; Sharvelle, S.; Anderson, A.; Ashbolt, N. J.; Garland, J. L.
Enteric Pathogen Reduction Targets for Onsite Non-Potable Water
Systems: A Critical Evaluation. Water Res. 2023, 233, 119742.
(36) World Health Organization. Quantitative Microbial Risk
Assessment: Application for Water Safety Management; World Health
Organization: Geneva, 2016.
(37) Ley, C. J.; Proctor, C. R.; Singh, G.; Ra, K.; Noh, Y.; Odimayomi,
T.; Salehi, M.; Julien, R.; Mitchell, J.; Nejadhashemi, A. P.; Whelton, A.
J.; Aw, T. G. Drinking Water Microbiology in a Water-Efficient
Building: Stagnation, Seasonality, and Physicochemical Effects on
Opportunistic Pathogen and Total Bacteria Proliferation. Environ. Sci.
Water Res. Technol. 2020, 6 (10), 2902−2913.
(38) Liang, J.; Swanson, C. S.; Wang, L.; He, Q. Impact of Building
Closures during the COVID-19 Pandemic on Legionella Infection
Risks. Am. J. Infect. Control 2021, 49 (12), 1564−1566.
(39) Ragain, L.; Masters, S.; Bartrand, T. A.; Clancy, J. L.; Whelton, A.
J. Analysis of Building Plumbing System Flushing Practices and
Communications. J. Water Health 2019, 17 (2), 196−203.
(40) Leslie, E.; Hinds, J.; Hai, F. I. Causes, Factors, and Control
Measures of Opportunistic Premise Plumbing Pathogens�A Critical
Review. Appl. Sci. 2021, 11 (10), 4474.
(41) Schulze-Röbbecke, R.; Buchholtz, K. Heat Susceptibility of
Aquatic Mycobacteria. Appl. Environ. Microbiol. 1992, 58 (6), 1869−
1873.
(42) LaBauve, A. E.; Wargo, M. J. Growth and Laboratory
Maintenance of Pseudomonas Aeruginosa. Curr. Protoc. Microbiol.
2012, 25 (1). DOI: 10.1002/9780471729259.mc06e01s25.
(43) Darelid, J.; Löfgren, S.; Malmvall, B.-E. Control of Nosocomial
Legionnaires’ Disease by Keeping the Circulating Hot Water
Temperature above 55°C: Experience from a 10-Year Surveillance
Programme in a District General Hospital. J. Hosp. Infect. 2002, 50 (3),
213−219.
(44) Falkinham, J. O., 3rd Nontuberculous Mycobacteria from
Household Plumbing of Patients with Nontuberculous Mycobacteria
Disease. Emerg. Infect. Dis. 2011, 17 (3), 419−424.
(45) Rogers, J; Dowsett, A B; Dennis, P J; Lee, J V; Keevil, C W
Influence of Temperature and Plumbing Material Selection on Biofilm
Formation and Growth of Legionella Pneumophila in a Model Potable
Water System Containing Complex Microbial Flora. Appl. Env.
Microbiol. 1994, 60, 1585.
(46) Allegra, S.; Grattard, F.; Girardot, F.; Riffard, S.; Pozzetto, B.;
Berthelot, P. Longitudinal Evaluation of the Efficacy of Heat Treatment
Procedures against Legionella Spp. in Hospital Water Systems by Using
a Flow Cytometric Assay. Appl. Environ. Microbiol. 2011, 77 (4), 1268−
1275.
(47) Rhoads, W. J.; Pruden, A.; Edwards, M. A. Convective Mixing in
Distal Pipes Exacerbates Legionella Pneumophila Growth inHotWater
Plumbing Pathog. Basel Switz. 2016, 5 (1), 29.
(48) Whiley, H.; Bentham, R.; Brown, M. H. Legionella Persistence in
Manufactured Water Systems: Pasteurization Potentially Selecting for
Thermal Tolerance. Front. Microbiol. 2017, 8, 1330.
(49) Bédard, E.; Lévesque, S.; Martin, P.; Pinsonneault, L.; Paranjape,
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