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Abstract

Nosocomial waterborne pathogens may reach patients through several modes of transmission.
Colonization of healthcare facility waterworks can occur in the proximal infrastructure, in the
distal water outlets, or both. Infections with waterborne organisms such as Legionella,
mycobacteria, Pseudomonas, and others cause significant morbidity and mortality, particularly in
immunocomprised patients. Hospitals should have prospective water safety plans that include
preventive measures, as prevention is preferable to remediation of contaminated hospital water
distribution system. Whole genome sequencing may provide more informative epidemiologic data
to link patient infections with hospital water isolates.

Introduction

Hospital water safety is a major priority and constant challenge for healthcare
epidemiologists, safety officers, engineers, and administrators. Waterborne infections incur
significant morbidity and mortality, and some are preventable. As with other healthcare-
associated infections, occurrence of nosocomial waterborne infections erodes public
confidence in healthcare facilities. Pathogens such as Legionella and nontuberculous
mycobacteria can colonize the deep infrastructure or outlets of hospital water distribution
systems, while other Gram-negative bacteria and molds tend to adhere to biofilms at or near
the distal points of use. In this review we discuss frequent routes of transmission, categories
of waterborne organisms, considerations for prevention and management of waterborne
transmission to patients, and future directions in investigation of waterborne outbreaks.

Routes of transmission of waterborne pathogens

Waterborne infections can occur from proximal (central pipes) or distal (points of use)
contamination of the hospital water supply. Municipal and hospital tap water are not
expected to be free of pathogens, but municipal water undergoes routine microbiological
surveillance to assure safe levels of important community pathogens such as coliform
bacteria. Although contaminated municipal water can cause outbreaks that affect
immunocompromised patients in healthcare settings [1], contamination of hospital water
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usually occurs within the infrastructure of the healthcare facility [2]. Bacteria that would not
sicken most users of potable water in the community may infect hospitalized patients
because of underlying conditions, immunosuppression, and the presence of invasive devices.
Waterborne pathogens can be transmitted to patients in a number of ways. Following are
examples of the diverse modes of transmission:

. Direct aerosol transmission from water to patients: aerosol from a shower or
room humidifier [3, 4], or cooling tower [5], aspiration while drinking water;

. Indirect transmission from fomites that had contact with contaminated water:
bath supplies and linens [6]; inappropriate use of nonsterile water for tasks that
warrant higher measures of caution, such as oral/tracheostomy care of ventilated
patents [7] [8] and rinsing of respiratory therapy or endoscopic equipment in tap
water [9, 10];

. Exposure of implanted devices to water (e.g., bathing with a central venous
catheter improperly covered) [11, 12];

. Transmission on the hands of healthcare personnel: failure to perform hand
hygiene after contact with a contaminated environment or patients colonized
with waterborne organisms [8]; hand washing with contaminated water [13];
splashback from contaminated sink drains [14].

All of the above defects or practices represent opportunities for prevention through hospital
policies, education and monitoring of healthcare personnel practices, and proper cleaning
and maintenance of equipment. The precise route of transmission is often unknown, even
when infections can be linked to a water source [15].

Biofilms of water distribution systems and points of use have long been recognized as a rich
environment for growth of Legionella, mycobacteria, Pseudomonas, and other waterborne
organisms. Eliminating biofilms and their pathogenic residents is a major challenge, as
organisms dwelling in these environments may be especially impervious to disinfectants [16,
17]. Biofilms occur in the pipes and the points of use of the water distribution system.
Stagnation promotes the ideal conditions for biofilm formation. Guidelines for hospital
construction recommend against water pipe formations (such as dead legs and long,
horizontal runs [18, 19]) and practices (such as intermittent water usage leading to low flow)
that contribute to stagnation. Older facilities may have predated these recommendations, and
convoluted pipe architecture may render their structures more vulnerable to water system
colonization with Legionella, mycobacteria, and others. Cooling towers have been
implicated in multiple nosocomial outbreaks, including a recent case reported from a
hospital in Japan [5]. Water can also stagnate at the points of use; colonization of fixtures
such as electronic eye faucets [20-23], aerators, sink drainage pipes [19], ice machines,
decorative fountains [18, 24], and others, has been reported, and some implicated in
nosocomial transmission.

Studies of hospital water contamination and some waterborne infections have shown an
increase in culture positivity during the summer and early fall. A series of 1154 cases of
Legionnaire’s disease, occurring over 16 years in the United States Military Health System,
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revealed a seasonal predominance favoring the fall and summer months. Over half of cases
occurred between June and October, with July and September having the highest and March
the lowest prevalence [25]. Others have shown similar results [26]. Other hospital-acquired
Gram-negative infections have also been shown to vary seasonally and correlate with
humidity [27]. This seasonality of water contamination levels and disease may confound
uncontrolled studies or retrospective comparisons between outbreaks and interventions
occurring at different times of the year.

Role of the host

Most waterborne pathogens that cause opportunistic infections in hospital patients do so in a
small proportion of patients. Although many more may be exposed to contaminated water,
nosocomial infections with Legionella, other Gram-negative bacteria, mycobacteria, and
molds usually occur in patients who have specific host characteristics—which may differ
from the host characteristics that predispose to community-acquired infection because of the
concentration of vulnerable patients in healthcare facilities. For example, risk factors for
community-acquired Legionnaire’s disease include male sex, age over 60, history of tobacco
use, chronic underlying lung disease, and diabetes. Risk factors for infection among
hospitalized patients who are exposed to Legionella include stem cell or organ
transplantation, chronic comorbid conditions, and receipt of immunosuppressive therapies
[18, 28-31]. Healthy hosts (including healthcare personnel) who are exposed to Legionella
in aqueous aerosols may develop Pontiac fever, which is a self-limited hypersensitivity
reaction to the bacteria, or may seroconvert without symptoms [32, 33]. Hospitalized
patients who develop infections with Gram-negative nonfermenters, such as Sphingomonas,
Achromobacter, Stenotrophomonas, Burkholderia, and Acinetobacter spp., often have
endotracheal tubes, central venous catheters, or other implanted devices that allow the
bacteria to circumvent the body’s physiological barriers.

Legionnaire’s Disease

Legionnaire’s disease, a potentially lethal pneumonia caused by members of the genus
Legionella, is an important nosocomial infection. Legionella pneumaophila, the species
responsible for the vast majority of infections, is one of the most dreaded waterborne
pathogens. Although most Legionnaire’s disease is acquired in the community,
approximately 10% of cases are thought to result from hospital water exposure. As described
above, the most immunologically vulnerable patients in the hospital, as well as those with
advanced age and chronic lung disease, are at the greatest risk for nosocomial Legionnaire’s
disease. The mortality rate of nosocomial Legionnaire’s disease is approximately 32%, more
than fourfold higher than that of community-acquired infection, likely because of the
underlying comorbidities of hospitalized patients [34].

Legionella grow within free-living amoebae, which are hardy and tolerate a wide range of
temperatures and other environmental conditions [35, 36]. Legionellareplicate between
20°C and 50°C, with fastest growth as temperatures approach 40°C—when most bacteria are
killed but Legionella continue to thrive within amoebae. Temperatures above 60°C are
highly effective at suppressing (but not eradicating) Legionellaand do so within minutes.
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However, heat flushing that provides effective bacterial suppression may also pose safety
risks to building occupants.

There are significant geographic variations in the epidemiology of Legionellaspp. While the
infection is common throughout the developed world, different Legionella species and
serogroups may predominate among countries and continents. Whereas most Legionnaire’s
disease in Australia is attributed to L. longbeachae, most cases of Legionnaire’s disease in
the USA are caused by Legionella pneumophila serogroup 1, with a minority of infections
attributed to other species of Legionella and other subtypes of L. pneumophila. In the USA,
infection with other species and serogroups may be under-recognized because of the
diagnostic bias of the Legionella urine antigen, which detects only L. pneumophila
serogroup 1 and accounts for 97% of Legionellatests performed in the USA [37]. Legionella
PCR and culturing on buffered charcoal yeast extract (BCYE) are means of detecting species
other than L. pneumophila.

Prevention of hospital-acquired legionellosis requires a multidisciplinary approach involving
healthcare epidemiologists and hospital safety officers, facilities architects and maintenance
engineers, as well as the clinicians and the microbiology lab. Construction of new hospitals
or hospital wings must incorporate published guidance that aims to minimize the structural
features of water distribution systems that promote growth of Legionella [38, 39].
Healthcare epidemiologists must conduct close surveillance for possible cases of nosocomial
Legionella infection; a single hospital-acquired case should generate an urgent investigation
to identify nosocomial sources and preempt further transmission [40].

Microbiology labs should have prompt Legionellatesting available, and clinicians should
order diagnostic testing for Legionnaire’s disease in patients who have compatible clinical
syndromes. Testing for suspected Legionella need not stop with a negative urine antigen, as
the test rules out only one serogroup of one species of Legionella. In our hospital, all
bronchoalveolar lavage fluid is tested for Legionellaby both L. pneumophila PCR and
Legionella culture in order to detect rapidly the most likely species and to avoid missing less
common species of Legonella.

Other Gram-negative bacteria

Waterborne Gram-negative bacteria (other than Legionella) that have been reported in recent
years to infect hospitalized patients tend to be multidrug resistant. The pathogens may be
introduced to the water supply via colonized patients, and then spread through the
environment or to points of water use through the routes of transmission described above.

Although the role of the environment is unclear in many types of nosocomial outbreaks, sink
drains have been repeatedly implicated in reports of transmissions of Gram-negative
bacteria, including Pseudomonas [13, 14], Klebsiellaspp.[19, 41, 42], and others. Sink
aerators [43], drains [23, 44], and more distal drainage sites [19] may become colonized
with waterborne human pathogens that enter via hand hygiene of patients or healthcare
personnel, rinsing of patient care equipment, or pouring of patient material down the drains.
The bacteria may then become incorporated into the existing (and expected) biofilm in these
areas that are proximal to patients but distal to the water distribution system [2]. Splashback
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from sink drains, documented in one clever study using dye [14], and may be responsible for
transmission of sinkbound pathogens to patients either directly or indirectly on equipment
rinsed in or stored near the sink, or on the recently washed hands of healthcare providers [8].
The attribution of an outbreak to sink drain contamination has usually been based on similar
genotypic pattern and the termination of the outbreak following remediation of the
contaminated sink drain [14, 19, 23]. This set of circumstantial evidence can be convincing
but does not definitively demonstrate the drain’s responsibility.

Sink biofilm contamination with multidrug-resistant bacteria has proven challenging to
remediate, as evidenced by the struggles of Kotsanas et al, \ergara-Lopez et al, and others,
to eradicate multidrug-resistant organisms from sink drains [19, 23]. Reflux of more distal
contamination may contribute to the tenacity of the outbreak strains in the sink drain. In one
prolonged ICU-based outbreak of metallo-p-lactamase-producing K. oxytoca in a Spanish
hospital, a contaminated sink drain was eventually removed in an attempt to end the
outbreak. The intervention reduced the rate of new cases but did not end the outbreak.
Further investigation revealed that the outbreak organism could be cultured from a
horizontal wastewater pipe in the ICU, and elimination of that drainage system was
associated with termination of the outbreak [19].

Because of the difficulty in achieving enduring disinfection of hospital sinks, preventing
transmission from sink drains via optimizing sink design (slow flow of water, far from the
sink drain, and location of the sink away from patient and patient care equipment) may be
worth the investment of resources [14].

It behooves the healthcare epidemiology team to keep an open mind regarding patients’ less
common direct or indirect exposures to water. Several reports have documented transmission
of Aeromonas spp. to patients via leeches (kept in tanks that were inadequately cleaned)
[45]. As might be expected, some A. hydrophilaisolates have been resistant to the
antibiotics that are used as prophylaxis against infection [46, 47]. Proper cleaning and
maintenance of leech tanks would seem to provide enduring value in preventing leech-
associated infections.

Nontuberculous mycobacteria

Hospital water has been linked to nosocomial outbreaks and pseudo-outbreaks of
nontuberculous mycobacteria of diverse species, some more pathogenic than others. Unlike
Gram-negative bacteria, which characteristically colonize the distal components of the water
distribution system, mycobacteria often colonize both the proximal and distal components of
a building’s water infrastructure [2, 7, 48, 49]. Once they colonize a water distribution
system, it is very difficult to suppress their growth using means that are effective for
Legionella and other waterborne organisms [7].

Those belonging to Mycobacterium avium complex, the most frequent nontuberculous
mycobacterial causes of community-acquired infection, have been isolated from potable
water in the community [50] and in hospitals [51, 52]. Other mycobacterial species that are
not generally pathogens in the community (e.g., M. mucogenicum and M. smegmatis) may
cause opportunistic infections—particularly central venous catheter-related bacteremia--in
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highly immunocompromised, hospitalized patients. A recent outbreak of rapidly growing
mycobacteria reported among stem cell transplant recipients at a children’s hospital was
traced to ice machines and the potable water supply [53]. Pseudo-outbreaks of mycobacteria
traced to water contamination of respiratory specimens have also been reported, leading to
avoidable antibiotic exposure in some of the affected patients [7, 49, 54, 55].

Studies have shown contamination of hospital water outlets with molds that are potentially
pathogenic to immunocompromised patients [56—-60]. Species such as Aspergillus and
Fusarium cause opportunistic sinopulmonary infections in neutropenic patients as well as
stem cell and organ transplant recipients. They are usually thought to derive from inhalation
of airborne fungal spores, but their presence in cultures of showerheads and faucets raises
the possibility that they could be transmitted from these points of water use [56-60].

Prevention and Control of Water System Colonization

Proximal water management

The water system of a hospital may not inspire much consideration until a problem occurs.
Published guidelines recommend that each healthcare facility develop prospectively and
follow a comprehensive water management program [38, 39]. This plan should include a
risk assessment that identifies all water treatment systems at play and all points of water use
that pose potential hazards, and control strategies to mitigate any hazards. Krageschmidt et.
al. describe in detail such a program in a complex healthcare system [61].

Actions that help prevent Legionella contamination of hospital water distribution systems
include avoiding of water temperatures between 20°C and 50°C; avoiding areas of water
stagnation and low flow that promote biofilm growth, avoiding plumbing components that
provide nutrients and hospitable environments for Legionella (such as rubber hoses), and
managing the accumulation of sediment and scale that can nourish and harbor Legionella.

Many disinfection systems are now available for use in hospital water distribution systems,
each with optimal operational levels and limits. Several of these modalities have been
reviewed by Lin et. al. [62]. A growing body of data supports the effectiveness of
monochloramine over other modalities of Legionella control; chloramination is used widely
in municipal water systems, but there are insufficient data on its supplemental use in
hospitals. Marchesi et. al. monitored Legionella contamination of water in three hospital
buildings (two occupied by patients) for three years, comparing Legionella counts with the
use of chlorine dioxide, monochloramine, and control [63]. Both modalities reduced levels
of Legionellabelow those in the control building, but monochloramine was significantly
more effective [63]. Monochloramine may have a greater effect than other disinfectants on
bacteria associated with biofilm [64].

Regardless of the methodology used, monitoring is critical. In addition to monitoring levels
of any added disinfectant, a facility may need to test levels of relevant breakdown products
[65]. Close monitoring of levels is crucial, but not sufficient, and the presence of adequate
biocide parameters does not guarantee water is safe. Outbreaks have occurred when systems
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were operating within recommended guidelines. Copper-silver levels were measured at goal
levels in a recent outbreak of Legionellain a Pittsburgh area hospital [66], and a functioning
ozone system and bromide filter were in place prior to an outbreak of Legionella associated
with a decorative fountain in a hospital [18]. Studies have noted the persistence of
Legionellatolerant to disinfectants [67-69].

The decision to switch treatment modality to ameliorate overgrowth of one pathogen may
have unintended consequences on growth of other potential pathogens. Casini et al. describe
the successful reduction in Legionella growth after switching from chlorine to
monochloramine, although the switch was associated with increased detection of
mycobacteria [68]. In an ICU-based outbreak of metallo-p-lactamase-producing K. oxytoca
in Spain, each wave of the outbreak terminated after annual hyperchlorination was
performed for Legionella prevention; the K. oxytoca in wastewater pipe biofilms was
presumably suppressed following the intervention and recrudesced each time several months
later [19]. Due to the limitations of our current water treatment strategies, it is critical for the
infection prevention team to maintain a high level of suspicion, even in the setting of what
appears to be optimal disinfection.

The literature and published guidelines on the prevention of nosocomial Legionella infection
reflects varying levels of conservatism with respect to primary prevention. The Centers for
Disease Control and Prevention recommend close clinical surveillance for Legionella
infection and a low threshold for investigation when a suspected nosocomial case occurs,
and suggest prospective sampling and testing of water on wards that house stem cell or
organ transplant patients [40]. Guidelines in much of Europe recommend prospective,
regular sampling and testing of water in a range of buildings, including hospitals.

Water disinfection systems are often implemented urgently to avoid or ameliorate a
catastrophe. There is a great need for long-term, methodologically rigorous studies to move
the field forward and answer clinical questions with data rather than expert opinion
whenever possible.

Distal water management

Many reports implicate colonization point-of-use water sources in outbreaks of all categories
of pathogens discussed above. Nosocomial infections associated with showers [70], ice
machines [53, 71, 72], decorative fountains [18, 24] steam towel warmers [6], and dental
water lines [73-76] have all been reported. Management of these contaminated fixtures
ranges from attempted cleaning and disinfection to outright removal or replacement.
Reporting bias in the literature may favor publications that describe the eventual success of
measures to suppress or eradicate contamination at water outlets. There is no one method,
including removal and replacement, that has proven successful in all cases. In the case of
equipment that serves as a water outlet, such as ice machines, regular cleaning and
maintenance are critical to avoid contamination that can overwhelm bandaid measures such
as inline filtration [7].
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In addition to preventing proximal colonization of water systems and obligatory removal of
colonized hardware, point-of-use filtration may serve as a final barrier and safety measure in
some settings. The Centers for Disease Control and Prevention suggest such filters in patient
care units that serve transplant recipients. A liver transplant unit within a 1,600-bed hospital
with no internal disinfection system succeeded in eliminating cold-water colony counts of
Legionella, mycobacteria and filamentous fungi by installing faucet filters, while control
sources without filters continued to grow these organisms. Interestingly, over time, the
heterotrophic plate count increased, suggesting splashback from the sink drain or
breakthrough contamination of the filters [26]. Williams et al. noted similar findings after
they installed point-of-use filters in a select handful of faucets in a skilled nursing facility
that had experienced an outbreak/pseudo-outbreak of rapidly growing mycobacteria [7]. In
that setting, faucet filters prevented mycobacterial (but not heterotrophic plate count
bacteria) contamination of patient water; an inline filter failed to prevent contamination of
the ice machine with either mycobacteria or heterotrophic plate count bacteria in a setting of
low water use and low free chlorine levels [7]. Point-of-use filters may be a useful approach
in a strategic set of faucets, but are not a practical solution for an entire hospital, as they
must be changed regularly. However, they can be considered as a last-resort safety measure
to lower the exposure risk for the most vulnerable patients.

In some settings, avoidance of water may be an appropriate interim intervention—
particularly when highly vulnerable patients are at risk and the water contamination cannot
be solved promptly. In the aforementioned cluster of mycobacterial infections and
colonization among pediatric stem cell transplant recipients, a switch to bottled water and a
two-minute flush of all showers preceding use by this patient population ended the outbreak
[53].

Future Research

Finding on a water fixture the same genus and species of organism from a site that is
responsible for a healthcare-associated infection is merely suggestive of an environmental
role in transmission to the patient. Genotypic confirmation of this association, and, when
possible, the use of more granular technology such as whole genome sequencing, can further
elucidate the direction, timing, and likelihood of intermediate steps involved in transmission.

Most outbreak reports, including those described in this review, utilized limited molecular
strain typing methods to link potential sources to patient isolates. Time-honored techniques
such as pulsed field gel electrophoresis and repetitive element PCR (REP-PCR) have narrow
ability to detect genotypic differences among isolates. In the past 4 years, the use of whole
genome microbial sequencing to document and describe outbreaks both within [41, 77] and
outside [78, 79] healthcare settings has accelerated rapidly. Whole genome sequencing
provides the high resolution needed to make connections among patients isolates and water
or other environmental isolates and to detect the minute variations that occur with chronic
colonization of a water distribution system [80, 81]. In combination with epidemiologic
meta-data, whole genome microbial sequencing, and techniques based on that technology
such as pan-PCR [82] promise increasingly to replace speculation about the dynamics of
transmission of waterborne pathogens. Healthcare epidemiologists may be able to act on
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these data to target more effectively their preventive measures and outbreak control
interventions to interrupt the transmission of waterborne pathogens to patients.

CONCLUSION

Microbial contamination of a healthcare facility water supply is better prevented than
remediated. Many waterborne infections are preventable with adherence to optimal
healthcare hygiene practices. Hospitals must have prospective water management program
that are updated regularly. Even if that program includes properly monitored, supplemental
disinfection of the water distribution system, healthcare epidemiologists and clinicians must
be vigilant to the possibility of breakthrough contamination and infections, which tend to
occur first among the most immunocompromised or critically ill patients. Whole genome
microbial sequencing has the potential to provide a higher level of actionable epidemiologic
data in assessing transmission of waterborne pathogens. Facilities can consider the limited
use of extra measures such as point-of-use filters as a last line of protection for the most
vulnerable patients.
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