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A B S T R A C T

Background: Water is an important, overlooked, and controllable source of nosocomial infection. Hospitalized
neonates and their mothers are particularly vulnerable to nosocomial waterborne infections. Our objectives
through this systematic review were to: investigate water sources, reservoirs, and transmission routes that lead
to nosocomial waterborne infections in neonates and their mothers; establish patient risk factors; compile
measures for controlling outbreaks and recommended strategies for prevention; and identify information gaps to
improve guidelines for reporting future outbreaks.
Methods: We searched PubMed, Web of Science, Embase, and clinicaltrials.gov. Peer-reviewed studies reporting
contaminated water as a route of transmission to neonates and/or their mothers were included.
Results: Twenty-five studies were included. The most common contaminated water sources in healthcare fa-
cilities associated with infection transmission were tap water, sinks, and faucets. Low birthweights, preterm or
premature birth, and underlying disease increased neonatal risk of infection. Effective control measures com-
monly included replacing or cleaning faucets and increased or alternative methods for hand disinfection, and
recommendations for prevention of future infections highlighted the need for additional surveillance.
Discussion/conclusion: The implementation of control measures and recommended prevention strategies by
healthcare workers and managing authorities of healthcare facilities and improved reporting of future outbreaks
may contribute to a reduction in the incidence of nosocomial waterborne infections in neonates and their mo-
thers.

1. Introduction

Nosocomial infections are a persistent challenge worldwide. In the
United States, they affect up to 10% of all hospitalized patients
(Anaissie et al., 2002). Nosocomial infections contribute to morbidity
and mortality, and increase financial burdens and length of stay for
patients in low-, middle-, and high-income countries (Anaissie et al.,
2002; Ducel et al., 2002; Hassan et al., 2010). Water systems are sig-
nificant and controllable sources of nosocomial infections that are often
inadequately managed in healthcare facilities (HCFs) (Anaissie et al.,
2002; Cunliffe et al., 2011; Exner et al., 2005). In large, urban HCFs
such as hospitals, patients may be exposed to poorly designed or
managed systems, leading to increased risks of disease outbreaks
(Cunliffe et al., 2011). In smaller, rural facilities in low- and middle-
income countries (LMICs), there may be limited access and availability
of water or use of unsafe water sources and unsafe stored water

(Bartram et al., 2015; Shields et al., 2015; World Health Organization
and UNICEF, 2015).

Inadequate management of HCF water systems can lead to noso-
comial infections in more vulnerable hospitalized populations, in-
cluding those that are immune-compromised, are old, or have under-
lying diseases (Ducel et al., 2002). Neonates and their mothers are
particularly vulnerable. Surveillance studies show 15–20% infection
rates in neonatal intensive care units (NICU). Neonates with risk factors
such as low birthweights are especially predisposed to infection due to
poor immune defenses and intrusive life support systems (Baltimore,
1998). A point prevalence survey of 29 NICUs in the United States
showed an infection rate of 11.4%, while individual NICU nosocomial
infection rates ranged from 6% to 25%. Multicenter studies in Europe
ranged from 8% to 10% (Sohn et al., 2001).

Postpartum sepsis is the leading cause of direct maternal death in
the United Kingdom, and a growing source of morbidity and mortality
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in the United States (Bauer et al., 2013). Nulliparous women, women
with multiple births, and women with chronic conditions are at a
higher risk of developing infections after pregnancy (Knowles et al.,
2015), though the large majority of the 6.0% observed postpartum in-
fection rate manifest after hospital discharge (Yokoe et al., 2001). In
2013, estimates suggest 430,000 neonatal deaths were caused by sepsis
or other infection (Oza et al., 2015).

Exposure to nosocomial pathogens can lead to a variety of adverse
health outcomes in neonates and their mothers. Infections can occur in
the bloodstream, lower respiratory tract, and urinary tract, and can
increase mortality (Anaissie et al., 2002; Ducel et al., 2002; Sohn et al.,
2001).

Prior systematic reviews have described studies of waterborne no-
socomial infections, but there is a need for an up-to-date, comprehen-
sive review that highlights the vulnerability of this population in par-
ticular. Experts and supporting actors call for improvements in water,
sanitation, and hygiene (WaSH) in HCFs to improve maternal and
neonatal health and reduce morbidity and mortality rates (Velleman
et al., 2014). However, there is insufficient characterization of the
impact of waterborne nosocomial infections on maternal and neonatal
health.

We systematically reviewed the scientific literature to better un-
derstand the causes of and prevention strategies for waterborne noso-
comial infections on neonatal and maternal health. The primary ob-
jectives were:

• What are the most common water sources, reservoirs, and trans-
mission routes that lead to nosocomial infections in neonates and
their mothers?

• What are the patient risk factors in nosocomial waterborne infec-
tions in neonates and their mothers?

• What measures and strategies are effective in controlling ongoing
outbreaks or recommended for preventing future outbreaks of no-
socomial waterborne infections in neonates and their mothers?

• What information gaps exist in the literature on nosocomial water-
borne infections in neonates and their mothers?

In addition to addressing these topics, we propose a set of reporting
guidelines for nosocomial waterborne infections to improve consistency
and better inform practice and research.

2. Methods

A systematic review was conducted of studies reporting waterborne
infections of neonates and their mothers in HCFs.

2.1. Eligibility

Studies were included based on the following criteria: reported
symptomatic clinical disease; reported on HCFs where deliveries could
occur; and contained primary data. Editorials, reviews, and studies
exclusively reporting colonization of patients without infection were
excluded. Studies exclusively reporting Legionella pneumophila species
as the infectious microbe were also excluded due to recent literature
review pertaining to Legionella (see Leiblein et al., 2016). There was no
limit on the date of publication.

2.2. Definitions

Neonates are defined as children under 28 days old (World Health
Organization, 2014). When age was not specified, patients referred to
as “newborn” or “neonate” or treated in the neonatal or nursery unit of
a hospital were characterized as neonates. Water sources, reservoirs and
transmission routes included tap water, peripherals (e.g. faucets, sinks,
shower heads), water baths, water used to prepare aqueous solutions,
and water used in humidifiers, ventilators, and incubators. HCFs

included hospitals, outpatient clinics, and nursery facilities.

2.3. Search strategy

We used the initial stages of a search strategy employed in a pre-
vious systematic review of nosocomial waterborne infections in patients
of all ages (Li et al., 2016).

Peer-reviewed studies were identified through PubMed, Web of
Science, Embase, and clinicaltrials.gov. The following search state-
ments were used: (waterborne OR water) AND (health facilities OR
“health care facilities, manpower, and services” OR hospitals OR hos-
pital OR “Hospital Design and Construction” OR hospital-acquired OR
nosocomial) AND (disease outbreaks OR infection control OR “Cross
Infection” OR “Disease Reservoirs”).

Three independent reviewers using Cochrane’s Covidence online
software screened the titles and abstracts of studies obtained from
searches. Studies independently approved by two of three reviewers
were included in the next stage of screening. Conflicts between the
three reviewers were resolved by one of these reviewers. Full texts of
selected studies were screened in two stages: initially for the reasons for
exclusion as described above, and subsequently to limit the review to
neonates and/or mothers as an affected population. The references lists
of included studies were searched for additional eligible studies. The
search was updated on March 17, 2016.

2.4. Data extraction

The following data were extracted from included studies: setting
(HCF type and country information), microbial testing (including
temporality and antimicrobial susceptibility); water sources, reservoirs
and transmission routes tested; non-water environmental reservoirs
tested; conclusion about cause of infection; length of study; number of
neonates and/or mothers affected; risk factors for infected patients;
other populations affected (including staff and infants older than
28 days); outcomes for neonates, mothers, and other populations; im-
plemented control measures; recommended prevention strategies.

2.5. Synthesis of results

Extracted data were tabulated to compare and summarize findings.
Due to the heterogeneity of the results, meta-analysis was not per-
formed.

3. Results

3.1. Search results and study characteristics

The screening process and results are summarized in Fig. 1. This
resulted in 16 studies satisfying the inclusion criteria for nosocomial
infections of neonates. No studies were found that reported exclusively
on infection of mothers. A review of the references of included articles
identified nine previously unidentified articles that were included after
full text review. One additional study was excluded on the basis it re-
ported on the same outbreak as another included study (Cabrera and
Davis, 1961; George et al., 1961). Metadata for the 25 included studies
are listed in Table 1 and a summary of the extracted data in Table 2.
Based on the synthesized findings and the identified information gaps, a
list of criteria for the reporting of waterborne nosocomial infections is
proposed in Table 3.

The included articles were published between 1951 and 2016, with
study lengths ranging from two weeks to six years. Most studies were
case series (n = 17, 68%), followed by case-control studies (n = 3,
12%). All 25 studies took place in inpatient hospital settings, specifi-
cally in the neonatal unit, nursery, or neonatal intensive care unit. The
hospitals had different managing authorities, most commonly uni-
versity hospitals (n = 14, 56%). The studies were from 17 countries;
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most studies took place in high income countries (n = 13, 52%), with
fewer from upper middle income (n = 6, 24%) and lower middle in-
come (n = 3, 12%), and one from a low income country (n = 1, 4%)
according to the World Bank Income Classification (World Bank, 2016).

3.2. Patient populations

The number of neonates found to be infected or colonized by one or
more waterborne pathogens ranged from one to 516.

Thirteen studies (52%) specified the age or age range of the infants

affected, but all characterized patient(s) as “neonate(s)” and/or “new-
born(s)” and/or took place in the neonatal or nursery unit of a hospital
and thus satisfied the inclusion criteria. The majority of studies reported
testing all other neonates in the unit after the initial infection was
identified, and seven studies (28%) tested hospital staff or caregivers
and/or postnatal mothers for colonization. Of the studies that tested
hospital personnel, two found infections and/or colonization of one or
more staff by the same species as the causal agent (Mendis et al., 1976;
Randrianirina et al., 2009), and five noted a lack thereof (Abrahamsen
et al., 1989; Antony and Prasad, 2011; Cabrera and Davis, 1961;

Fig. 1. Schematic of search strategy.

Table 1
Studies included in synthesis.

Study Country Income Classification Managing Authority Setting Study design

Abrahamsen et al. (1989) Norway High income Public university hospital Urban Case series
Antony and Prasad (2011) India Lower middle income Private university hospital Rural Case series
Brown and Baublis (1977) USA High income Public university hospital Urban Surveillance study
Büyükyavuz et al. (2006) Turkey Upper middle income Public university hospital Suburban Surveillance study
Cabrera and Davis (1961) USA High income Unknown Urban Case series
Crivaro et al. (2009) Italy High income Public university hospital Urban Intervention study
Epstein et al. (1951) USA High income Private hospital Urban Case series
Grundmann et al. (1993) Germany High income Public university hospital Urban Case series
King and Murphy (1964) USA High income Not-for-profit hospital Urban Case series
Lee (2008) Malaysia Upper middle income Private hospital Urban Case-control
Mendis et al. (1976) Sri Lanka Lower middle income Maternity hospital Urban Case series
Molina-Cabrillana et al. (2013) Spain High income Public university hospital Urban Case series
Mosayebi et al. (2011) Iran Upper middle income Maternity and gynecology hospital Urban Case series
Mutlu et al. (2011) Turkey Upper middle income Public university hospital Urban Case-control
Muyldermans et al. (1998) Belgium High income Public-private university hospital Urban Case-control
Naze et al. (2010) France High income Unknown Urban Case series
Plotkin and McKitrick (1966) USA High income Unknown Rural Cohort study
Pegues et al. (1994) Guatemala Lower middle income Public teaching hospital Urban Case series
Randrianirina et al. (2009) Madagascar Low income Public pediatric hospital, public military hospital Urban Case series
Thong et al. (1981) Malaysia Upper middle income Private university hospital Urban Case series
Verweij et al. (1998) Netherlands High income Public university hospital Urban Case series
Walker et al. (2014) Northern Ireland High income Varies Mostly rural Cross-sectional
Wilson et al. (1961) USA High income Public university hospital Urban Case series
Yapicioglu et al. (2012) Turkey Upper middle income Public university hospital Urban Case series
Zheng et al. (2016) China Upper middle income Public university hospital Urban Case series
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Epstein et al., 1951; Thong et al., 1981). One study found colonization
of two mothers (Thong et al., 1981) and two found all tested mothers to
be negative for the microbe of interest (Antony and Prasad, 2011;
Epstein et al., 1951). Five studies (20%) described the infection and/or
colonization of infants older than 28 days, with the oldest at 146 days
(Epstein et al., 1951; Lee, 2008; Molina-Cabrillana et al., 2013;
Randrianirina et al., 2009; Yapicioglu et al., 2012).

Fourteen studies (56%) identified risk factors for nosocomial wa-
terborne infection in neonates. None of the studies mentioned risk
factors for mothers or caretakers. Nine studies noted most or all affected
neonates were either preterm (Antony and Prasad, 2011; Crivaro et al.,
2009) or premature (Cabrera and Davis, 1961; Grundmann et al., 1993;
Mendis et al., 1976; Mosayebi et al., 2011; Mutlu et al., 2011; Wilson
et al., 1961; Yapicioglu et al., 2012). Seven studies noted that affected
neonates were debilitated, had underlying disease, required the highest
level of care, or had prolonged stays in the HCF (Antony and Prasad,
2011; Brown and Baublis, 1977; Grundmann et al., 1993; Randrianirina
et al., 2009; Wilson et al., 1961; Yapicioglu et al., 2012; Zheng et al.,
2016). Four reported low birthweights (Antony and Prasad, 2011;
Crivaro et al., 2009; Mosayebi et al., 2011; Pegues et al., 1994). One
study found neither birthweight nor gestational age was significantly
different between the neonates infected and the controls (Muyldermans
et al., 1998), and another found no significance in prematurity between
those affected and unaffected (Abrahamsen et al., 1989). Two studies
found neonates subject to frequent use of antimicrobials or exposure to
invasive procedures were more at risk (Pegues et al., 1994; Verweij
et al., 1998).

3.3. Causes of infections

The causal agents of clinical disease included the following 12
bacteria: Pseudomonas aeruginosa (n = 10, 43%), Flavobacterium me-
ningosepticum (n = 4, 17%), unspecified Flavobacterium (n = 1, 4%)
Klebsiella pneumoniae (n = 2, 9%), Burkholderia cepacia (n = 1, 4%),
Enterobacter cloacae (n = 1, 4%), Salmonella bareilly (n = 1, 4%),
Salmonella oranienburg (n = 1, 4%), Serratia marcescens (n = 1, 4%),
Spingomonas paucimobilis (n = 1, 4%), coagulase negative
Staphylococcus (n = 1, 4%), and Stenotrophomas maltophilia (n = 1,
4%). One study did not mention the cause of infection, but noted that
Pseudomonas aeruginosa, Escherichia coli, Proteus species, and Aerobacter
cloacae were found in contaminated water linked to a diarrheal out-
break (King and Murphy, 1964).

In 24 of the 25 cases, the infectious agent was isolated from tap
water, an aqueous solution, water reservoir (water bath, ventilator,
humidifier, or incubator), sink(s), and/or faucet(s). In each, one or
more of these sources were concluded to be a primary transmission
route and/or environmental reservoir. The remaining study was unable
to speciate the organisms found in the tap water, but noted elevated
total and fecal coliform in the tap water and confirmed malfunctioning
of the well-water chlorination system (Pegues et al., 1994). Thirteen of

these studies (52%) used genotypic or phenotypic methods to de-
termine whether the strain isolated from the patients was identical to
that in the water source (Antony and Prasad, 2011; Brown and Baublis,
1977; Crivaro et al., 2009; Grundmann et al., 1993; Mutlu et al., 2011;
Muyldermans et al., 1998; Naze et al., 2010; Plotkin and McKitrick,
1966; Thong et al., 1981; Verweij et al., 1998; Walker et al., 2014;
Yapicioglu et al., 2012; Zheng et al., 2016).

The most commonly colonized water sources, reservoirs, and
transmission routes were tap water, sinks, and/or faucets, which were
found to be contaminated in 15 studies (60%). Water baths were con-
taminated in three studies (12%). Additional sources of contamination
included water used to bathe neonates, rinse bottles, formula heater
water, humidifier and ventilator water, distilled water, bottled mineral
water, a saline solution, aqueous chlorhexidine, and incubator water.
The authors of six of the studies (24%) believed healthcare workers’
handwashing with contaminated water was a contributing factor in the
transmission of infection to the neonates (Antony and Prasad, 2011;
Brown and Baublis, 1977; Cabrera and Davis, 1961; Crivaro et al.,
2009; Verweij et al., 1998; Wilson et al., 1961).

Twenty-one studies (84%) described sampling non-water-related
environmental reservoirs. The most commonly tested were incubators,
air, healthcare workers’ hands, disinfectants, soap, floors and walls, and
various equipment and instruments. Nine studies (36%) isolated the
implicated species from non-water reservoirs, including soap
(Yapicioglu et al., 2012), healthcare workers’ hands (Brown and
Baublis, 1977; Crivaro et al., 2009; Pegues et al., 1994), bronchial
suction tubing (Thong et al., 1981), a formula heater (Büyükyavuz
et al., 2006), the handles of a hamper (Cabrera and Davis, 1961),
sponges (Wilson et al., 1961), and nasogastric tubing (Randrianirina
et al., 2009).

3.4. Outcomes measured

Twenty-three studies reported isolation of the infectious agent from
one or more neonates in addition to reporting clinical symptoms of
infection of one or more neonates. One of the remaining studies was an
investigation into taps at multiple HCFs and only reported number of
deaths at these HCFs (Walker et al., 2014). The other was a short article
that provided few details about the affected neonates (King and
Murphy, 1964). Twenty studies (80%) reported death of one or more
neonate(s), though one study noted it was unclear whether the noso-
comial waterborne infection was the cause of the deaths (Muyldermans
et al., 1998).

3.5. Control measures and recommendations for prevention

Twenty-one studies (84%) discussed control measures implemented
to stop the spread of infection. The most frequent measures were
cleaning, replacing, and/or fixing faucets and/or sinks (Abrahamsen
et al., 1989; Cabrera and Davis, 1961; Grundmann et al., 1993; Thong

Table 3
Proposed criteria for reporting of waterborne nosocomial infections.

Keyword Description

Setting Further description of setting, including whether the healthcare facility was located in a rural or urban area and the country income level
HCF water system Description of the HCF’s water system (i.e. source, reliability, additional treatment processes used)
HCF water safety plan Description of building-level water safety plan, if one exists
HCF routine water surveillance Existing or proposed guidelines for routine surveillance of water quality in HCF, if they exist
Water testing Description of all water sources, reservoirs, and transmission routes tested, with disaggregated results, and additional description of any

excluded from testing
Non-water testing Description of all non-water environmental reservoirs tested, with disaggregated results
Hand hygiene Existing or proposed practices for hand disinfection among healthcare workers, and whether or not healthcare workers’ hands were tested as

potential transmission route
Pathways Explanation of potential pathways between water source, reservoir, or transmission route and patients
Causal evidence Evidence of causal relationship between acquired infection and water source, reservoir, or transmission route including a discussion of

temporality (i.e. Bradford Hill criteria)

M. Moffa et al. International Journal of Hygiene and Environmental Health 220 (2017) 1199–1206

1203



et al., 1981; Wilson et al., 1961; Yapicioglu et al., 2012), isolating in-
fected neonates (Abrahamsen et al., 1989; Antony and Prasad, 2011;
Crivaro et al., 2009; Epstein et al., 1951; King and Murphy, 1964),
improving hand disinfection compliance or implementing use of alter-
native hand disinfectants among hospital staff (Antony and Prasad,
2011; Brown and Baublis, 1977; Crivaro et al., 2009; Pegues et al.,
1994; Verweij et al., 1998), sterilizing or disinfecting water before use
by boiling or other methods, particularly in regards to washing neo-
nates (Antony and Prasad, 2011; Molina-Cabrillana et al., 2013; Thong
et al., 1981; Verweij et al., 1998), and replacing water baths with dry
incubators (King and Murphy, 1964; Muyldermans et al., 1998).

Eighteen studies (72%) discussed or recommended long-term stra-
tegies for prevention of future infection. Common themes included in-
creased surveillance and timely identification of infection (Antony and
Prasad, 2011; Büyükyavuz et al., 2006; Crivaro et al., 2009; Epstein
et al., 1951; Mendis et al., 1976; Molina-Cabrillana et al., 2013;
Mosayebi et al., 2011; Muyldermans et al., 1998; Thong et al., 1981;
Zheng et al., 2016) and addressing problems with faucets by replacing
electronic faucets or cleaning or replacing aerators (Verweij et al.,
1998; Walker et al., 2014; Wilson et al., 1961; Yapicioglu et al., 2012).
None of the studies recommended any organizational or systemic fa-
cility changes as a strategy for prevention.

4. Discussion

This systematic review is the first to report in-depth on waterborne
nosocomial infection in neonates and mothers. The causal agent of
clinical disease was most commonly isolated from sinks and faucets,
which were also points of intervention. No studies were found that
reported exclusively on mothers or emphasized mothers as a primary
affected population.

The studies included were heterogeneous in reporting results.
Several lacked information, including the age of the infants or the
number of exposed neonates, which could have been used to calculate
attack rates or otherwise conduct a meta-analysis. This demonstrates a
need for more standardized reporting of nosocomial infections in the
future in order to more comprehensively synthesize the information
required to inform policy, practice, and research. Based on data pro-
vided and omitted from studies included in this review, we propose a
list of criteria to report waterborne infections in HCFs (Table 3).
Standardized reporting will help with future meta-analytic studies.

4.1. Cause of infection

The infectious agents identified through this review were all bac-
terial agents as listed in Table 2. A previous review on waterborne
nosocomial outbreaks included most of these bacteria species and em-
phasized the large disease burden of P. aeruginosa in particular
(Anaissie et al., 2002). The United States Centers for Disease Control
and Prevention (CDC) includes P. aeruginosa, Burkholderia cepacia, Ste-
notrophomonas maltophlia, Serratia marcescens, Sphingomonas spp., and
Enterobacter spp. on its list of prevalent waterborne organisms in
healthcare settings (Sehulster and Chinn, 2003).

The most frequently identified contaminated water sources, re-
servoirs, or transmission routes among the studies in this review were
tap water, sinks, and faucets, which is consistent with previous reviews
on nosocomial waterborne infection (Anaissie et al., 2002; Exner et al.,
2005). Anaisse, et al. notes the buildup of biofilms in the distribution
lines or tanks as a primary cause of this, resulting from water stagnation
and/or poorly designed or aging systems (Anaissie et al., 2002).
Healthcare workers’ handwashing with this contaminated water was
hypothesized as a transmission route in six studies in this review. Cri-
varo, et al. and Brown, et al. found healthcare workers’ hands to be
contaminated with the microbes of interest in their studies (Brown and
Baublis, 1977; Crivaro et al., 2009). Brown, et al. also examined the
spread of the microbe through airborne water droplets from

contaminated tap water and found an affected radius of 1.8 m around
sinks, suggesting microbes can readily reach healthcare workers’ gowns
(Brown and Baublis, 1977). Additionally, the outbreak described by
Randrianirina, et al. spread between two hospitals with shared staff
members who were thought to be responsible for the transmission of
the microbe (Randrianirina et al., 2009). Bathing patients or washing
medical equipment with contaminated water were transmission routes
found in several of these studies and in previous literature (Anaissie
et al., 2002). The majority of the studies included in this review tested
environmental sources other than water sources, such as incubators, air,
and soap. However, most of these sources were not colonized and most
studies concluded they were not a contributing transmission route.

Four of the 25 studies explicitly stated they were unable to conclude
whether the water source, reservoir, or transmission route caused the
patient infections(s) or vice versa (Brown and Baublis, 1977; Crivaro
et al., 2009; Grundmann et al., 1993; Walker et al., 2014). Nine of the
studies established a causal relationship through observing that the
spread of infection was stopped soon after an intervention that ad-
dressed the contaminated water source, reservoir, or transmission route
(Cabrera and Davis, 1961; King and Murphy, 1964; Mendis et al., 1976;
Molina-Cabrillana et al., 2013; Mosayebi et al., 2011; Muyldermans
et al., 1998; Naze et al., 2010; Randrianirina et al., 2009; Yapicioglu
et al., 2012). Almost half (n = 12, 48%) did not discuss temporality in
the observed infections or outbreaks.

4.2. Patient risk factors

Low birthweight, preterm or premature birth, underlying disease,
routine antimicrobial use, and exposure to invasive procedures were
reported patient risk factors for nosocomial waterborne infection in
neonates in several of the studies in this review. Sohn, et al. conducted a
study on nosocomial infection in NICU patients, which focused on both
waterborne and non-waterborne infection, and similarly found low
birthweight as a significant patient risk factor. Infants with birth-
weights ≤1500 g were found to be 2.69 times more likely to acquire a
nosocomial infection, and over fifty percent of the acquired infections
in the NICU were in infants with birthweights ≤1000 g (Sohn et al.,
2001). Baltimore, et al. also noted birthweight as the strongest patient
risk factor in neonatal nosocomial infection, and cited poor immune
defenses and life support systems such as ventilators and catheters as
additional risk factors (Baltimore, 1998). The studies by Abrahamsen,
et al. and Muyldermans, et al. were in contrast to the other studies
included in this review and in contrast with the literature, as they
concluded birthweight and/or gestational age were not significant in
determining which neonates acquired infections (Abrahamsen et al.,
1989; Muyldermans et al., 1998).

4.3. Antimicrobial resistance

The problem of antimicrobial resistance complicating therapy for
neonates was a common theme among the studies in this review. Eleven
of the 25 studies noted that one or more strains of the infectious mi-
crobe showed resistance to two or more classes of antimicrobial agents.
Two studies noted the infectious microbe was susceptible to all anti-
biotics tested (Molina-Cabrillana et al., 2013; Muyldermans et al.,
1998). This is similar to the findings by Anaisse, et al., which found
76% of the waterborne microbes that caused nosocomial outbreaks and
were tested for susceptibility to antimicrobials were resistant to two or
more classes (Anaissie et al., 2002). In a review on neonatal nosocomial
infection, Baltimore, et al. states the high prevalence of antibiotic use in
the NICU promotes antibiotic resistance in infectious agents (Baltimore,
1998). In the outbreak studied by Randrianirina, et al. in Madagascar−
the only low-income country included in this review − the infectious
agent was resistant to nine classes of antimicrobials and three neonates
died because their mothers could not afford treatment (Randrianirina
et al., 2009).
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4.4. Control and prevention

Contaminated sinks and taps were the most commonly implicated
transmission route, and several studies prioritized addressing these
areas in their control measures. Removing colonized aerators, cleaning
taps with disinfectant, and/or fixing leaking sinks were important steps
in controlling several of the outbreaks (Cabrera and Davis, 1961;
Grundmann et al., 1993; Wilson et al., 1961). Removing and replacing
electronic faucets was vital in another outbreak, as electronic faucets
have increased likelihood of being colonized due to the low water
pressure and stagnant water in the column (Exner et al., 2005;
Yapicioglu et al., 2012).

A prevention emphasis among the studies was education of and
proactivity among healthcare providers. This encompasses hand-
washing behaviors and use of sterile water for bathing neonates.
Baltimore, et al. states that handwashing is the “least expensive and
most effective” way to prevent the spread of infection among patients
(Baltimore, 1998). From a historical perspective, Ignaz Semmelweis −
a Hungarian physician and one of the first pioneers of hand disinfection
− demonstrated in 1847 that effective hand disinfection could decrease
maternal mortality rates from 16% to 3% within several months (Pittet
and Boyce, 2001; Semmelweis, 1861). Several outbreaks included in
this review were controlled by encouraging the use of alcohol rubs or
alternative handwashing agents for hand disinfection or by im-
plementing educational programs for staff on the importance of hand-
washing (Antony and Prasad, 2011; Brown and Baublis, 1977; Crivaro
et al., 2009; Verweij et al., 1998). Using sterile water rather than tap
water for washing preterm and at-risk neonates was suggested in other
studies (Thong et al., 1981; Verweij et al., 1998). Overall, there was a
theme of the importance of active surveillance and monitoring of sinks
and taps in neonatal units (Antony and Prasad, 2011; Büyükyavuz et al.,
2006; Crivaro et al., 2009; Molina-Cabrillana et al., 2013; Thong et al.,
1981; Verweij et al., 1998; Zheng et al., 2016). Furthermore, it was
noted that timely identification and response to infections is vital for
controlling them (Crivaro et al., 2009).

4.5. Information gaps and proposed guidelines for reporting

Several information and knowledge gaps were identified through
this review. There were few studies identified from LMICs − despite
evidence suggesting that the maternal and neonatal disease burden is
greatest in these settings (Lawn et al., 2010). Water supply infra-
structure problems are different in LMICs as compared to high-income
countries (World Health Organization and UNICEF, 2015). Pegues,
et al. discusses contributions to the outbreak in a hospital in Guatemala
City, Guatemala included limited supply of and low quality antiseptics
and lack of sinks in addition to the malfunctioning of the well-water
chlorination system, all concerns that may be especially applicable in
other LMICs (Pegues et al., 1994). Problems may be particularly acute
in small facilities in rural areas where sources may not be in the
building or may be unreliable, forcing staff to collect water from distant
sources and store water in the facility, which may introduce additional
contamination (Bain et al., 2014; Shields et al., 2015). Improvements to
HCF monitoring and surveillance systems in LMICs may help document
the extent of the problem and identify areas that have high levels of
exposure to water contamination (Cronk et al., 2015). Upgrades to re-
liable, safe, piped water in these areas would be an optimal solution
(Bartram et al., 2015); use of packaged water may be an appropriate
short-term solution (Williams et al., 2015). These supplies would ben-
efit from safe management and the implementation of building-level
water safety plans to prevent contamination (Cunliffe et al., 2011).

ORION (Outbreak Reports and Intervention Studies of Nosocomial
Infection) is a 22-item checklist intended to raise the standard of re-
porting nosocomial infection by emphasizing transparency and the use
of appropriate statistics (Stone et al., 2007). Based on the information
synthesized from studies in this review, we created a supplemental list

with items especially relevant for waterborne nosocomial infection
(Table 3). Much of this information is not consistently reported in
available literature. For example, only one of the 25 studies described
existing or proposed guidelines for routine surveillance of the water
quality in the hospital. Improvements in reporting waterborne noso-
comial infection would allow for a more comprehensive understanding
of the burden of disease and inform practice and research into this
problem.

4.6. Limitations

A limitation of this study was that the original search strategy did
not include terms for neonatal and maternal health or specific locations
in health care facilities, such as intensive care units. Limitations of the
studies included in this review included the heterogeneity of the stu-
dies. Additionally, in studies, it was difficult to establish causation.
Because all of the studies isolated the infectious agent from the water
source, reservoir, or transmission route after the infection(s) mani-
fested, it was not possible to draw definitive conclusions about tem-
porality.

5. Conclusion

We documented transmission routes, environmental reservoirs, and
patient risk factors common in waterborne nosocomial infection of
neonates, confirming these infections are preventable and can be con-
trolled. Information gaps in the included studies were used to propose
additional criteria for guidelines on reporting nosocomial outbreaks.
Additional studies are necessary to determine the global burden of
disease and develop strategies for prevention of further waterborne
nosocomial infection in this vulnerable population. Improving safe
management of water supplies in maternity settings would reduce un-
necessary morbidity and mortality among neonates and their mothers.

6. Funding

Financial support was provided in part by the Wallace Genetic
Foundation. Ryan Cronk was supported by a training grant from the
NIH National Institute of Environmental Health Sciences (Grant
Number: T32ES007018).

References

Abrahamsen, T.G., Finne, P.H., Lingaas, E., 1989. Flavobacterium meningosepticurn in-
fections in a neonatal intensive care unit. Acta Paediatr. Scand. 78, 51–55.

Anaissie, E.J., Penzak, S.R., Dignani, M.C., 2002. The hospital water supply as a source of
nosocomial infections: a plea for action. Arch. Intern. Med. 162, 1483–1492. http://
dx.doi.org/10.1001/archinte.162.13.1483.

Antony, B., Prasad, B.R., 2011. An outbreak of neonatal septicaemia by Enterobacter
cloacae. Asian Pacific J. Trop. Dis. 227–229. http://dx.doi.org/10.1016/S2222-
1808(11)60034-0.

Büyükyavuz, B.I., Adiloglu, A.K., Onal, S., Cubukcu, S.E., Cetin, H., 2006. Finding the
sources of septicemia at a neonatal intensive care unit: newborns and infants can be
contaminated while being fed. Jpn. J. Infect. Dis. 59, 213–215.

Bain, R., Cronk, R., Hossain, R., Bonjour, S., Onda, K., Wright, J., Yang, H., Slaymaker, T.,
Hunter, P., Pruss-Ustun, A., Bartram, J., 2014. Global assessment of exposure to
faecal contamination through drinking water based on a systematic review. Trop
Med. Int. Heal. 19, 917–927. http://dx.doi.org/10.1111/tmi.12334.

Baltimore, R.S., 1998. Neonatal nosocomial infections. Semin. Perinatol. 22, 25–32.
http://dx.doi.org/10.1016/S0146-0005(98)80005-0.

Bartram, J., Cronk, R., Montgomery, M., Gordon, B., Neira, M., Kelley, E., Velleman, Y.,
2015. Lack of toilets and safe water in health-care facilities. Bull. World Health
Organ. 93, 210. http://dx.doi.org/10.2471/BLT.15.154609.

Bauer, M.E., Bateman, B.T., Bauer, S.T., Shanks, A.M., Mhyre, J.M., 2013. Maternal sepsis
mortality and morbidity during hospitalization for delivery: temporal trends and
independent associations for severe sepsis. Soc. Obstet. Anesth. Perinatol. 117,
944–950. http://dx.doi.org/10.1213/ANE.0b013e3182a009c3.

Brown, D.G., Baublis, J., 1977. Reservoirs of Pseudomonas in an intensive care unit for
newborn infants: mechanisms of control. J. Pediatr. 90, 453–457. http://dx.doi.org/
10.1016/S0022-3476(77)80715-4.

Cabrera, H.A., Davis, G.H., 1961. Epidemic meningitis of the newborn caused by flavo-
bacteria: I. Epidemiology and bacteriology. Am. J. Dis. Child. 101, 43–49.

M. Moffa et al. International Journal of Hygiene and Environmental Health 220 (2017) 1199–1206

1205

http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0005
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0005
http://dx.doi.org/10.1001/archinte.162.13.1483
http://dx.doi.org/10.1001/archinte.162.13.1483
http://dx.doi.org/10.1016/S2222-1808(11)60034-0
http://dx.doi.org/10.1016/S2222-1808(11)60034-0
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0020
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0020
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0020
http://dx.doi.org/10.1111/tmi.12334
http://dx.doi.org/10.1016/S0146-0005(98)80005-0
http://dx.doi.org/10.2471/BLT.15.154609
http://dx.doi.org/10.1213/ANE.0b013e3182a009c3
http://dx.doi.org/10.1016/S0022-3476(77)80715-4
http://dx.doi.org/10.1016/S0022-3476(77)80715-4
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0050
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0050


Crivaro, V., Popolo, A., Caprio, Di, Lambiase, A., Di Resta, A., Borriello, M., Scarcella, T.,
Triassi, A., Zarrilli, M., 2009. Pseudomonas aeruginosa in a neonatal intensive care
unit: molecular epidemiology and infection control measures. BMC Infect. Dis. 9.
http://dx.doi.org/10.1186/1471-2334-9-70.

Cronk, R., Slaymaker, T., Bartram, J., 2015. Monitoring drinking water, sanitation, and
hygiene in non-household settings: priorities for policy and practice. Int. J. Hyg.
Environ. Health. http://dx.doi.org/10.1016/j.ijheh.2015.03.003.

Cunliffe, D., Bartram, J., Briand, E., Chartier, Y., Colbourne, J., Drury, D., Lee, J.,
Schaefer, B., Surman-Lee, S., 2011. Water Safety in Buildings. World Heal. Organ.

Ducel, G., Fabry, J., Nicolle, L., 2002. Prevention of Hospital-Acquired Infections: A
Practial Guide. World Health Organization. WHO/CDS/CSR/EPH/2002.12.

Epstein, H.C., Hochwald, A., Ashe, R., 1951. Salmonella infections of the newborn infant.
J. Pediatr. 38, 723–731.

Exner, M., Kramer, A., Lajoie, L., Gebel, J., Engelhart, S., Hartemann, P., 2005. Prevention
and control of health care-associated waterborne infections in health care facilities.
Am. J. Infect. Control 33, S26–S40. http://dx.doi.org/10.1016/j.ajic.2005.04.002.

George, R.M., Cochran, C.P., Wheller, W.E., 1961. Epidemic meningitis of the newborn
caused by flavobacteria II: clinical manifestations and treatment. Am. J. Dis. Child.
101, 50–58.

Grundmann, H., Kropec, A., Hartung, D., Berner, R., Daschner, F., 1993. Pseudomonas
aeruginosa in a neonatal intensive care unit: reservoirs and ecology of the nosocomial
pathogen. J. Infect. Dis. 168, 943–947. http://dx.doi.org/10.1093/infdis/168.4.943.

Hassan, M., Tuckman, H.P., Patrick, R.H., Kountz, D.S., Kohn, J.L., 2010. Cost of hospital-
acquired infection. Hosp. Top. 88, 82–89. http://dx.doi.org/10.1080/00185868.
2010.507124.

King, B., Murphy, O.M., 1964. Water bath was culprit in nursery infeciton. Med. Pharm.
102.

Knowles, S.J., O’Sullivan, N.P., Meenan, A.M., Hanniffy, R., Robson, M., 2015. Maternal
sepsis incidence, aetiology and outcome for mother and fetus: a prospective study.
BJOG An Int. J. Obstet. Gynaecol. 122, 663–671. http://dx.doi.org/10.1111/1471-
0528.12892.

Lawn, J.E., Kerber, K., Enweronu-Laryea, C., Cousens, S., 2010. 3.6 million neonatal
deaths-What is progressing and what is not? Semin. Perinatol. 34, 371–386. http://
dx.doi.org/10.1053/j.semperi.2010.09.011.

Lee, J.K.F., 2008. Two outbreaks of Burkholderia cepacia nosocomial infection in a
neonatal intensive care unit. J. Paediatr. Child Health 44, 62–66. http://dx.doi.org/
10.1111/j.1440-1754.2007.01173.x.

Leiblein, T.W., Tucker, M., Ashall, M., Lee, S., Gollnisch, C., Hofer, S., 2016. Legionella
and risk management in hospitals-A bibliographic research methodology for people
responsible for built environments and facility management. Int. J. Hyg. Environ.
Health. http://dx.doi.org/10.1016/j.ijheh.2016.07.003.

Li, T., Abebe, L.S., Cronk, R., Bartram, J., 2016. A systematic review of waterborne in-
fections from nontuberculous mycobacteria in health care facility water systems. Int.
J. Hyg. Environ. Health. http://dx.doi.org/10.1016/j.ijheh.2016.12.002.

Mendis, N.M.P., de a Motte, P.U., Gunatillaka, P.D.P., Nagaratnam, W., 1976. Protracted
infection with Salmonella bareilly in a maternity hospital. J. Trop. Med. Hyg. 79,
142–150.

Molina-Cabrillana, J., Artiles-Campelo, F., Dorta-Hung, E., Santana-Reyes, C., Quori, A.,
Lafarga-Capuz, B., Hernández-Vera, J.R., 2013. Outbreak of Pseudomonas aeruginosa
infections in a neonatal care unit associated with feeding bottles heaters. Am. J.
Infect. Control 41, e7–e9. http://dx.doi.org/10.1016/j.ajic.2012.08.004.

Mosayebi, Z., Movahedian, A.H., Soori, T., 2011. Flavobacterium sepsis outbreak due to
contaminated distilled water in a neonatal intensive care unit. J. Hosp. Infect. 78,
214–215. http://dx.doi.org/10.1016/j.jhin.2010.11.022.

Mutlu, M., Bayramoglu, G., Yilmax, G., Saygin, B., Aslan, Y., 2011. Outbreak of
Sphingomonas paucimobilis septicemia in a neonatal intensive care unit. Indian
Pediatr. 48, 723–725.

Muyldermans, G., De Smet, F., Pierard, D., Steenssens, L., Stevens, D., Bougatef, A.,
Lauwers, S., 1998. Neonatal infections with Pseudomonas ueruginosa associated with
a water-bath used to thaw fresh frozen plasma. J. Hosp. Infect. 39, 309–314.

Naze, F., Jouen, E., Randriamahazo, R.T., Simac, C., Laurent, P., Blériot, A., Chiroleu, F.,
Gagnevin, L., Pruvost, O., Michault, A., 2010. Pseudomonas aeruginosa outbreak
linked to mineral water bottles in a neonatal intensive care unit: fast typing by use of
high-resolution melting analysis of a variable-number tandem-repeat locus. J. Clin.
Microbiol. 48, 3146–3152. http://dx.doi.org/10.1128/JCM.00402-10.

Oza, S., Lawn, J.E., Hogan, D.R., Mathers, C., Cousens, S.N., 2015. Neonatal cause-of-
death estimates for the early and late neonatal periods for 194 countries: 2000–2013.
Bull. World Health Organ. 93, 19–28. http://dx.doi.org/10.2471/BLT.14.139790.

Pegues, D.A., Arathoon, E.G., Samayoa, B., Del Valle, G.T., Anderson, R.L., Riddle, C.F.,
O’Hara, C.M., Miller, J.M., Hill, B.C., Highsmith, A.K., Jarvis, W.R., 1994. Epidemic

gram-negative bacteremia in a neonatal intensive care unit in Guatemala. Am. J.
Infect. Control 22, 163–171. http://dx.doi.org/10.1016/0196-6553(94)90005-1.

Pittet, D., Boyce, J.M., 2001. Hand hygiene and patient care: pursuing the Semmelweis
legacy. Lancet Infect. Dis. 1, 9–20. http://dx.doi.org/10.1016/s1473-3099(09)
70295-6.

Plotkin, S., McKitrick, J.C., 1966. Nosocomial meningitis of the newborn caused by a
flavobacterium. JAMA 198, 194–196.

Randrianirina, F., Vedy, S., Rakotovao, D., Ramarokoto, C.E., Ratsitohaina, H., Carod,
J.F., Ratsima, E., Morillon, M., Talarmin, A., 2009. Role of contaminated aspiration
tubes in nosocomial outbreak of Klebsiella pneumoniae producing SHV-2 and CTX-M-
15 extended-spectrum beta-lactamases. J. Hosp. Infect. 72, 23–29. http://dx.doi.org/
10.1016/j.jhin.2009.02.004.

Sehulster, L., Chinn, R.Y.W., 2003. Guidelines for Environmental Infection Control in
Health-Care Facilities. Centers Dis. Control Prev. Healthc. Infect. Control Pract.
Advis. Comm.

Semmelweis, I., 1861. Die Aetiologie, der Begriff und die Prophylaxis des Kindbettfiebers.
CA Hartleben’s Verlag-Expedition, Pest, Wien und Leipzig.

Shields, K.F., Bain, R.E.S., Cronk, R., Wright, J.A., Bartram, J., 2015. Association of
supply type with fecal contamination of source water and household stored drinking
water in developing countries: a bivariate meta-analysis. Environ. Health Perspect.
12, 1222–1231. http://dx.doi.org/10.1289/ehp.1409002.

Sohn, A.H., Garrett, D.O., Sinkowitz-Cochran, R.L., Grohskopf, L.A., Levine, G.L., Stover,
B.H., Siegel, J.D., Jarvis, W.R., 2001. Prevalence of nosocomial infections in neonatal
intensive care unit patients: results from the first national point-prevalence survey. J.
Pediatr. 139, 821–827. http://dx.doi.org/10.1067/mpd.2001.119442.

Stone, S.P., Cooper, B.S., Kibbler, C.C., Cookson, B.D., Roberts, J.A., Medley, G.F.,
Duckworth, G., Lai, R., Ebrahim, S., Brown, E.M., Wiffen, P.J., Davey, P.G., 2007. The
ORION statement: guidelines for transparent reporting of outbreak reports and in-
tervention studies of nosocomial infection. Lancet Infect. Dis. 7, 282–288. http://dx.
doi.org/10.1016/S1473-3099(07)70082-8.

Thong, M., Puthucheary, S., Lee, E., 1981. Flavobacterium meningosepticum infection: an
epidemiological study in a newborn nursery. J. Clin. Pathol. 34, 429–433.

Velleman, Y., Mason, E., Graham, W., Benova, L., Chopra, M., Campbell, O.M.R., Gordon,
B., Wijesekera, S., Hounton, S., Esteves Mills, J., Curtis, V., Afsana, K., Boisson, S.,
Magoma, M., Cairncross, S., Cumming, O., 2014. From joint thinking to joint action: a
call to action on improving water, sanitation, and hygiene for maternal and newborn
health. PLoS Med. 11. http://dx.doi.org/10.1371/journal.pmed.1001771.

Verweij, P.E., Meis, J.F.G.M., Christmann, V., Van Der Bor, M., Melchers, W.J.G.,
Hilderink, B.G.M., Voss, A., 1998. Nosocomial outbreak of colonization and infection
with Stenotrophomonas maltophilia in preterm infants associated with contaminated
tap water. Epidemiol. Infect. 120, 251–256.

Walker, J.T., Jhutty, A., Parks, S., Willis, C., Copley, V., Turton, J.F., Hoffman, P.N.,
Bennett, A.M., 2014. Investigation of healthcare-acquired infections associated with
Pseudomonas aeruginosa biofilms in taps in neonatal units in Northern Ireland. J.
Hosp. Infect. 86, 16–23. http://dx.doi.org/10.1016/j.jhin.2013.10.003.

Williams, A.R., Bain, R.E.S., Fisher, M.B., Cronk, R., Kelly, E.R., Bartram, J., 2015. A
systematic review and meta-analysis of fecal contamination and inadequate treat-
ment of packaged water. PLoS One. http://dx.doi.org/10.1371/journal.pone.
0140899.

Wilson, M.G., Nelson, R.C., Phillips, L.H., Boak, R.A., Angeles, L., 1961. New source of
pseudomonas aeruginosa in a nursery. JAMA 175, 112–114.

World Bank, 2016. World Bank Country and Lending Groups [WWW Document]. URL.
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519.

World Health Organization and UNICEF, 2015. Water, Sanitation and Hygiene in Health
Care Facilities Status in Low- and Middle-income Countries and Way Forward.
(Geneva, Switzerland).

World Health Organization, 2014. Every Newborn: An Action Plan to End Preventable
Deaths.

Yapicioglu, H., Gokmen, T.G., Yildizdas, D., Koksal, F., Ozlu, F., Kale-Cekinmez, E., Mert,
K., Mutlu, B., Satar, M., Narli, N., Candevir, A., 2012. Pseudomonas aeruginosa in-
fections due to electronic faucets in a neonatal intensive care unit. J. Paediatr. Child
Health 48, 430–434. http://dx.doi.org/10.1111/j.1440-1754.2011.02248.x.

Yokoe, D.S., Christiansen, C.L., Johnson, R., Sands, K.E., Livingston, J., Shtatland, E.S.,
Platt, R., 2001. Epidemiology of and surveillance for postpartum infections. Emerg.
Infect. Dis. 7, 837–841. http://dx.doi.org/10.3201/eid0705.010511.

Zheng, R., Zhang, Q., Guo, Y., Feng, Y., Liu, L., Zhang, A., Zhao, Y., Yang, X., Xia, X.,
2016. Outbreak of plasmid-mediated NDM-1-producing Klebsiella pneumoniae
ST105 among neonatal patients in Yunnan, China. Ann. Clin. Microbiol. Antimicrob.
15. http://dx.doi.org/10.1186/s12941-016-0124-6.

M. Moffa et al. International Journal of Hygiene and Environmental Health 220 (2017) 1199–1206

1206

http://dx.doi.org/10.1186/1471-2334-9-70
http://dx.doi.org/10.1016/j.ijheh.2015.03.003
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0065
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0065
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0070
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0070
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0075
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0075
http://dx.doi.org/10.1016/j.ajic.2005.04.002
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0085
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0085
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0085
http://dx.doi.org/10.1093/infdis/168.4.943
http://dx.doi.org/10.1080/00185868.2010.507124
http://dx.doi.org/10.1080/00185868.2010.507124
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0100
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0100
http://dx.doi.org/10.1111/1471-0528.12892
http://dx.doi.org/10.1111/1471-0528.12892
http://dx.doi.org/10.1053/j.semperi.2010.09.011
http://dx.doi.org/10.1053/j.semperi.2010.09.011
http://dx.doi.org/10.1111/j.1440-1754.2007.01173.x
http://dx.doi.org/10.1111/j.1440-1754.2007.01173.x
http://dx.doi.org/10.1016/j.ijheh.2016.07.003
http://dx.doi.org/10.1016/j.ijheh.2016.12.002
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0130
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0130
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0130
http://dx.doi.org/10.1016/j.ajic.2012.08.004
http://dx.doi.org/10.1016/j.jhin.2010.11.022
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0145
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0145
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0145
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0150
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0150
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0150
http://dx.doi.org/10.1128/JCM.00402-10
http://dx.doi.org/10.2471/BLT.14.139790
http://dx.doi.org/10.1016/0196-6553(94)90005-1
http://dx.doi.org/10.1016/s1473-3099(09)70295-6
http://dx.doi.org/10.1016/s1473-3099(09)70295-6
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0175
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0175
http://dx.doi.org/10.1016/j.jhin.2009.02.004
http://dx.doi.org/10.1016/j.jhin.2009.02.004
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0185
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0185
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0185
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0190
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0190
http://dx.doi.org/10.1289/ehp.1409002
http://dx.doi.org/10.1067/mpd.2001.119442
http://dx.doi.org/10.1016/S1473-3099(07)70082-8
http://dx.doi.org/10.1016/S1473-3099(07)70082-8
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0210
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0210
http://dx.doi.org/10.1371/journal.pmed.1001771
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0220
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0220
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0220
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0220
http://dx.doi.org/10.1016/j.jhin.2013.10.003
http://dx.doi.org/10.1371/journal.pone.0140899
http://dx.doi.org/10.1371/journal.pone.0140899
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0235
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0235
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0250
http://refhub.elsevier.com/S1438-4639(17)30359-0/sbref0250
http://dx.doi.org/10.1111/j.1440-1754.2011.02248.x
http://dx.doi.org/10.3201/eid0705.010511
http://dx.doi.org/10.1186/s12941-016-0124-6

	A systematic review of nosocomial waterborne infections in neonates and mothers
	Introduction
	Methods
	Eligibility
	Definitions
	Search strategy
	Data extraction
	Synthesis of results

	Results
	Search results and study characteristics
	Patient populations
	Causes of infections
	Outcomes measured
	Control measures and recommendations for prevention

	Discussion
	Cause of infection
	Patient risk factors
	Antimicrobial resistance
	Control and prevention
	Information gaps and proposed guidelines for reporting
	Limitations

	Conclusion
	Funding
	References




