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Abstract

Infections by multidrug-resistant (MDR) Gram-negative organisms (GN) are associated with a high mortality rate and
present an increasing challenge to the healthcare system worldwide. In recent years, increasing evidence supports
the association between the healthcare environment and transmission of MDRGN to patients and healthcare
workers. To better understand the role of the environment in transmission and acquisition of MDRGN, we
conducted a utilitarian review based on literature published from 2014 until 2019.
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Introduction
Multidrug-resistant (MDR) Gram-negative (GN) organ-
isms (MDRGN), specifically carbapenem-resistant (CR)
organisms, are a recognized healthcare problem world-
wide [1]. Various mechanisms are involved in the devel-
opment of carbapenem resistance depending on the
bacterial species. However, since their discovery, carba-
penemases (e.g., NDM, KPC, and OXA) have emerged
as key drivers of carbapenem resistance across various
Gram-negative bacterial species [2, 3]. Lack of effective
treatment and the consequent high mortality [4] has in-
creased emphasis on the prevention of MDRGN trans-
mission. Prevention toolkits and guidelines have been
drawn up by various organizations to harness the princi-
ples of infection control and prevention to break the
chain of transmission and control the spread of MDRGN
[5–7].
Over the past few years, there has been an increase in

reports associating MDRGN’s persistence in the hospital
environment and subsequent transmission, which has re-
sulted in a greater emphasis on environmental hygiene.

To better understand the role of the environment in the
transmission of CR Enterobacteriaceae (CRE), CR A.
baumanii (CRAB), CR P. aeruginosa (CRPA), and other
MDRGN, we conducted a utilitarian review based on lit-
erature published from 2014 until 2019. We categorised
the studies into outbreak and non-outbreak reports and
focused on four unique hospital environments: aqueous
environment, medical equipment (excluding endo-
scopes), immediate patient environment, and the air
(Table 1).

Aqueous environment
Hospital plumbing systems are held to stringent stan-
dards to reduce transmission of infection to vulnerable
patients. However, the aqueous environment presents
unique challenges to infection prevention and control
(IPC), with wet surfaces providing the solid-liquid inter-
face that predisposes to biofilm formation [8]. These
biofilms have been proven to harbour multidrug-
resistant Gram-negative organisms (MDRO) [2, 9] which
were genetically related to clinical isolates suggesting
that aqueous environment can serve as a reservoir for
human infections. Furthermore, waste material disposed
into the sinks and drains potentially provide the nutri-
ents necessary for the formation and maintenance of
biofilms which function as a reservoir for MDRO [10].
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These MDRO are not contained within the hospital en-
vironment but may spread into the community via the
sewage system. Across the world, in Singapore,
Bangladesh, India, Lebanon and Spain, raw hospital sew-
age has been shown to contain Carbapenamase-
producing Enterobacteriaceae and other MDRGN [11–
17]. As such, it is crucial that environmental contamin-
ation and subsequent transmission of MDRGN within
the hospital is prevented.

Outbreak reports
Various plumbing components have been implicated
in MDRGN outbreaks including sinks and
washbasins in separate outbreaks of CRE, MDR P.
aeruginosa and polyspecies German imipenemase-1
(GIM-1) [18–21], sink faucet aerators in a CRPA
outbreak [22], and multiple plumbing components
from the sink drains to wall pipes in a CRPA out-
break [23]. In a CR Sphingomonas koreensis out-
break, sink aerators, faucets, mixing valves, pipes and
other plumbing fixtures were also found to be con-
taminated [24]. Shower drains have also been impli-
cated with CRPA outbreak [25].
In a study by Stjärne et al., investigation of a CRPA

outbreak revealed contamination of sinks with isolates
closely related to CRPA from patients [23]. Following
sink replacement, CRPA reappeared on sink surveillance
cultures after a mean duration of 13 weeks. Drainpipes
were CRPA culture positive as well, suggesting that the
reservoir was lower down in the drainage system. Even
following acetic acid treatment, 2 wall pipes remained
positive after 10 weeks. Sink drains, siphon and pipes to
the wall were then changed again, but after 5 weeks, 1
pipe became positive again. All bathroom sinks contin-
ued to be treated with acetic acid, and after at least 2
weeks of acetic acid treatment, the nosocomial transmis-
sion of CRPA was stopped. Clinical CRPA infections
reappeared when the acetic acid treatment was stopped.
An established reservoir of MDRGN deep in the drain-

age system has also been described in outbreaks involv-
ing CR Sphingomonas koreensis and KPC-producing
E.coli [21, 24]. Despite replacing various components of
the contaminated sinks for the CR Sphingomonas kor-
eensis [24], and extensive replacement of drains and
plumbing infrastructure all the way to the central drain-
age stacks for the KPC-producing E. coli [21], the sinks
were recolonised after a short period of time. Adjust-
ment of hot-water temperature to 60 °C and augmenta-
tion of free chlorine concentrations to at least 0.5 mg
per litre resulted in the control of the CR Sphinogomo-
nas koreensis outbreak [24]. On the other hand, the
KPC-producing E. coli [21] persisted at a lower rate of
infection in spite of additional control interventions, in-
cluding cohorting, enhanced cleaning measures, and

temporary ward closure for terminal cleaning with so-
dium hypochlorite, and decontamination with hydrogen
peroxide vapour [21].
Retrograde contamination from common sewage pipes

can also occur in showers [25]. The use of showers may
result in airborne or droplet transmission from shower
drains to patients. In a CRPA outbreak study, Hopman
et al. demonstrated CRPA in air samples collected im-
mediately and 15min after running the shower for 10
min. Enhanced infection control and prevention mea-
sures were then adopted with daily cleaning and disin-
fection of environmental surfaces of the patients’ room
and washroom. The shower and sink drains were also
mechanically cleaned and then disinfected. Surveillance
environmental sampling then became negative for CRPA
but halting these measures resulted in recontamination
within 1 week.

Non-outbreak reports
In a quasi-experimental study, water safe strategies in
the healthcare setting, including removal of sinks from
patients’ rooms have demonstrated a decrease in
MDRGN infections in an intensive care unit (ICU) set-
ting [26]. Other water safe strategies were also imple-
mented during the study period, including the use of
antibacterial water filters which were replaced monthly,
replacement of sink siphons and aerators every 3
months, use of filtered water from central sinks and use
of 2% chlorhexidine impregnated washcloths for pa-
tients’ daily hygiene, and discarding dirty water in a dis-
posal room separate from patient areas. Other infection
control and prevention strategies were also introduced,
including measures to improve hand hygiene, contact
precautions for and cohorting of patients colonized or
infected with MDRGN, use of dedicated equipment, up-
dating environmental cleaning protocols and adoption of
ultraviolet light disinfection technology for terminal
cleaning of isolation rooms. The role of water safe strat-
egies was also supported by another quasi-experimental
study in which sink removal and use of water-free pa-
tient care in the ICU resulted in the reduction of
MDRGN colonisation rates [27]. There was a reduced
rate of ICU acquired gram-negative bacilli after removal
of sinks and the introduction of water-free patient care.
While it is difficult to attribute the reduction of
MDRGN to sink removal conclusively, the above studies
highlight the potential role of sinks as a source for
MDRGN infections and the importance of IPC strategies
for prevention of MDRGN acquisition from the aqueous
environment.
A surveillance study in an ICU found sink drains lo-

cated near the toilet were much more likely to be positive
for blaKPC (20/23 sinks drains) compared to sink drains
near the entry door (5/23 sink drains) [28]. The
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difference in contamination of sink drains based on the
proximity to the toilets suggest that sink drains may be
contaminated by the droplets generated during flushing
of toilets. This emphasizes the need for IPC intervention
at the design stage of wards and patient rooms. In a
mathematical modelling study by Julia et al. [29], among
the risk factors identified for sink contamination were the
presence of a sink in adjacent rooms sharing common
plumbing, status of sink in the past 30 days, status of pa-
tient in the same room, presence of MDRO positive pa-
tient in past 14 days, presence of MDRO positive patient
in adjacent room, and infection-control interventions
performed in past 7 days. The investigators also found
that IPC interventions show a non-sustained, negative
effect on sink positivity [29]. These findings are in keep-
ing with the aforementioned studies.
Sink basin design, water drainage speed, and connect-

ivity of the plumbing system may potentially influence
the occurrence and trajectory of MDRGN outbreaks
[30–32]. In an experimental design, replicate hand-
washing sinks were inoculated with a green fluorescent
protein (GFP)-expressing E. coli and dispersal was mea-
sured using settle plates and air sampling [30]. In the
first 2 weeks of the experiment, no environmental con-
tamination was detected from the sink to the level of the
waste trap. However, when a biofilm was allowed to
develop, the sink strainer became colonized with GFP
expressing E. coli. Subsequently, environmental contam-
ination during faucet use occurred as a result of droplet
dispersion [30, 31]. Likewise, when the sink bowl was
already contaminated, the use of the sink resulted in en-
vironmental contamination [30]. These studies also
demonstrated the retrograde contamination of separate
sink waste traps which shared proximal connections in
plumbing.
Sinks could possibly contaminate the immediate sur-

rounding environment for up to 1 m [32]. Key design
factors that influenced the environmental contamination
were the design of the sink basin, speed of drainage of
wastewater, and the location of the sink drains. In an ex-
perimental sink model with contaminated sink waste
traps, sinks that rapidly drained and or had rear-draining
sinks had less environmental contamination [32]. When
sink basin drainage was immediately underneath the fau-
cet, environmental contamination occurred regardless of
the speed of the drainage but was 8 times greater with
slow drainage. The importance of sink basin design was
supported by a separate study, where sinks with faucets
aligned behind a drain had a higher rate of contamin-
ation by P. aeruginosa compared to drains aligned dir-
ectly with, in front of, or to the side of the faucet [33].
Similarly, slower drainage was found to be associated
with a higher microbiological burden and drain positivity
for contamination [33]. In addition, the presence of a

drainage cover was shown to reduce contamination of
countertops and healthcare worker (HCW)s’ gowns in a
study by Hajar et al. [34]. In the absence of a drain
cover, 11% of countertops, 9% of gowns, and 6% of
hands after hand washing demonstrated contamination
with Gram-negative organisms compared to the contam-
ination of 1% of countertops, 2% of gowns and 0% of
hands with drainage cover.

Summary of evidence and future research
Available observational and quasi-experimental evidence
strongly support a significant role of the aqueous envir-
onment as a nosocomial reservoir of MDRGN infections
both in the outbreak and non-outbreak settings. There is
a paucity of randomized controlled trials examining the
role of interventions targeting the aqueous environment
in reducing rates of MDRGN infections.
Existing evidence also provide a strong mechanistic ra-

tionale for potential pathways of dissemination of
MDRGN through hospital plumbing and wastewater
management systems and subsequent spread to patients.
These models suggest that infection risk from aqueous
environments can be modified via design changes.
In addition to established infection prevention mea-

sures targeting human to human MDRGN transmission,
promising environmental interventions demonstrated in
quasi-experimental studies to reduce MDRGN infection
rates include regular cleaning with acetic acid, water safe
strategies, sterilization of water using chemicals or con-
trolled water temperatures and physical replacement or
removal of affected plumbing systems. The current evi-
dence is insufficient for conclusive recommendations in
international guidelines, including the recently published
World health Organizations’ guideline [35], as to the
recommended methods for environmental cleaning and
disinfection of MDRGN.
There is a pressing need for research examining the ef-

fectiveness of aqueous environmental cleaning and disin-
fection interventions (both individually and as part of
bundles) for prevention of transmission of MDRGN.
Additional epidemiologic and mechanistic studies exam-
ining the factors and pathways affecting the transmission
of MDRGN from the aqueous environment would help
inform the design of strategies to be tested.

Dry environmental surfaces
For the purpose of this review, dry environmental sur-
faces include the immediate patient environment, in-
cluding high-touch surfaces such as bed rail, bedside
tables, and call bells.

Outbreak reports
Two recent studies examined the role of the physical en-
vironmental surfaces in the transmission of MDRO in
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two separate ICU outbreaks. In an ICU outbreak of ex-
tensively drug-resistant (XDR) A. baumannii involving
eight patients with clinical infections [36], microbio-
logical sampling of the bedside physical environment
demonstrated contamination with XDR A. baumannii.
The outbreak was rapidly controlled after the institution
of an intensified IPC bundle which included environ-
mental disinfection, routine disinfection of devices, and
terminal cleaning of environment and surfaces. Molecu-
lar analysis revealed diversity in the clones of A. bau-
mannii, which suggested an ongoing evolution of the
isolates and suggests that outbreak strains can quickly
adapt over a short time period of 2–3 months [36]. In
the second ICU outbreak investigation involving both
OXA-48-producing Enterobacteriaceae and MDR A.
baumannii [37], 13 OXA-48-producing Enterobacteria-
ceae carriers and 18 MDR A. baumannii carriers were
identified. Initial outbreak response included in-depth
bleach cleaning of the environment and a review of de-
vice disinfection protocols. Despite this, environmental
surveillance cultures post terminal cleaning showed
persistence of OXA-48 on sinks and mattresses. The
outbreak was subsequently controlled with a combin-
ation of bleach environmental cleaning and hydrogen
peroxide vapour.

Non-outbreak reports
Environmental contamination by MDRGN varies greatly
depending on the endemicity, transmissibility, and resist-
ance mechanism of the organisms, sampling techniques,
and disinfection protocols. In one of the more extensive
studies which was conducted over a period of 32
months, investigators conducted daily environmental
sampling for a week and at day 14 or at the point of dis-
charge of patient occupying the room [38]. A total of
2860 samples surrounding the environment of 80 unique
patients were obtained. The environment surrounding
seventy of these patients demonstrated contamination
across all study days [38]. In another study investigating
the environmental contamination of CRAB in an en-
demic setting, investigators found that ICU rooms occu-
pied by patients carrying CRAB were consistently
colonized by genomically similar strains of CRAB [39].
The investigators also demonstrated persistence of
CRAB in the environment and subsequent clinical infec-
tion, highlighting the need for carefully thought out IPC
strategies to control MDRO in an endemic setting.
Environmental contamination by colonized or infected

patients is a key step in the onward transmission of
MDRO, and understanding risk factors for environmen-
tal contamination may facilitate preventive IPC strat-
egies. A recent study by Mody et al. [40] demonstrated
that contamination of patients’ hands with MDRO is fre-
quent and correlates with contamination of high-touch

surfaces. Patients who were colonized or infected with
CRAB were also shown to have higher environmental
contamination with clonal CRAB compared to patients
who were not [39, 41]. The higher burden of MDRGN
as usually observed in clinical infections, has been shown
to increase environmental contamination [42, 43]. In a
study of 26 patients colonized with KPC-producing CRE
and environmental contamination, a group of 6 patients
were identified as super-spreaders [43]. Majority of these
super-spreaders had high rectal CRE concentrations, and
faecal incontinence was the only patient-level risk factor
for being a super-spreader. Although the median num-
ber of CRE colonies found on environmental sampling
was 3.5 (IQR 1–11), the 6 patients (18% overall) had
more than 50 KPC-producing colonies detected in the
environment. The term super-spreader has been used to
describe a highly infectious person who transmits an
agent of diseases to a disproportionately large number of
individuals often via environmental contamination. Ler-
ner et al. in their study of the transmission of KPC-
producing CRE identified a group of infected/colonized
patients (18%) in whose vicinity the environmental load
of the MDRO was high (80%) and classified them as
super-spreaders [44]. The status of a super-spreader,
however, is not constant. When the rectal concentration
of CRE changed, the degree of environmental contamin-
ation was also noted to change. These findings stress the
importance of early identification and physical separ-
ation of MDRO carriers to reduce environmental con-
tamination and prevent onward transmission.
The degree of environmental contamination of dry

areas of hospital washrooms, depending on the method
of hand drying has also been studied [45]. The 2
methods of hand drying, using paper towels versus using
jet air dryers were evaluated. Significantly fewer bacteria,
including ESBL-producing organisms, were recovered
from the environment when paper towels were used
compared to jet air dryers. As such, in high-risk environ-
ments, the microbial dispersal risk during the use of
medical equipment and para-clinical service equipment
needs to be carefully considered and evaluated before
adoption and use. In an experiment, test surfaces includ-
ing over-bed table, different materials including vinyl,
stainless steel, Formica, and cloth, were inoculated with
CR K. pneumoniae, E. coli and Enterobacter species [46]
to evaluate survivability of organisms up to 72 h. Apart
from CR K. pneumoniae on the Formica surface, all
pathogens survived at < 15% at 24 h and all cultures at
72 h were negative [46]. A systematic review by Muller
et al. suggested copper surfaces harbour fewer bac-
teria than non-copper surfaces; however besides an
increase in cost, there remains uncertainty about the
efficacy for prevention of healthcare-associated infec-
tions or MDRO [47].
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Summary of evidence and future research
Studies have demonstrated MDRGN contaminating dry
surfaces in the hospital environment can also be respon-
sible for the spread of infection [41]. HCWs responsible
for cleaning and decontamination should be educated
and monitored for strict adherence to protocols for de-
contamination of environment where patients infected/
colonized with MDRO are housed. Hospital engineers
and infection control practitioners need to discuss and
collaborate when material choices for environmental
surfaces are being made. Coordination between the IC
team and Microbiology laboratory on need-based envir-
onmental surveillance should be able to pre-empt out-
breaks caused by MDRO which are able to remain
dormant in the hospital environment.

Summary of evidence and future research
Majority of the studies on the dry environment were
conducted in non-outbreak settings with only two stud-
ies implicating the dry environment as a potential source
of an outbreak. Most studies were quasi-experimental
and observational in nature, potentially because they
were conducted as part of routine infection control mea-
sures to control the outbreak. Purpose designed studies
to address the dry environment’s role in human infec-
tions and ways to prevent them are very much needed.

Medical equipment and other appliances
Outbreak reports
Four studies examined the role of medical and para-
clinical service equipment in the transmission of
MDRGN organisms in an outbreak setting. Equipment
implicated in these studies include the Velcro of blood
pressure cuffs, positioning pillow, ice machine and a tea
dispenser. The Velcro of the BP cuff was implicated in
an outbreak of two clones of CRAB among ICU patients
[48]. In another report, an outbreak of blaKPC-2 CR K.
pneumoniae involving 105 patients in a university hos-
pital was traced back to a positioning pillow and was ob-
served to persist for 21 months [49]. Hospitality
equipment may also be a source in an outbreak. One
such example would be the discovery of an ice machine
as the source of an ongoing CRAB outbreak uncovered
incidentally while investigating a CR K. pneumoniae out-
break [50]. The investigators demonstrated clonal re-
latedness of the CRAB isolates from three patients, one
HCW, and the ice machine water outlet, which stresses
the importance of dedicated IPC strategies for ice ma-
chines and other hospitality equipment [51]. In a report
from Japan, a cold tea dispenser was also involved in a
metallo-β-lactamase (MBL) producing Enterobacteria-
ceae outbreak [52]. The outbreak which involved diverse
species of IMP-1 producing Enterobacteriaceae includ-
ing K. pneumoniae, E. coli, Citrobacter freundii,

Klebsiella oxytoca and Enterobacter aerogenes, termi-
nated after the removal of the tea dispenser [52].

Non-outbreak reports
Studies conducted in non-outbreak settings also suggest
portable equipment, personal protective equipment of
HCWs, and kitchen cutting boards play a potential role
in MDRGN transmission. In an ICU experiment, port-
able machines were inoculated with a designed DNA
marker to investigate the role of portable machines as a
vector in microorganism transmission [53]. Doppler
ultrasound machines in surgical ICUs and electrocardio-
gram machines in medical ICUs were inoculated, and
high touch surfaces in the patients’ environment, com-
mon work areas and other portable equipment were
then sampled days after. Results demonstrate contamin-
ation of the environment days after inoculation implicat-
ing HCWs hands as a possible vector for dissemination
of microorganisms in the hospital environment.
Several studies have identified the role of environmental

contamination in the transmission of MDRO from the pa-
tient to hands and clothes of HCWs leading to further
propagation of the organism in the hospital [54–56]. In
one study which looked at 254 HCW-patient interactions
with 52 patients, A baumannii was identified from HCWs
hands or gloves in 30% of the interactions (OR 4.78; 95%
CI 1.24–18.45), HCWs touching the bed rail (OR 2.19;
95%CI 1.00–4.82), performing wound dressing (OR 8.35;
95% CI 2.07–33.63) or interacting with the endotracheal
tube or tracheostomy site (OR 5.15; 95%CI 2.10–12.60)
[56]. In another study, investigators identified other risk
factors including positive environmental cultures (OR 4.2;
95% CI 2.7–6.5), time spent in room for a duration of > 5
min (OR 2.0; 95% CI 1.2–3.4), performing physical exami-
nations (OR 1.7; 95% CI 1.2–2.8), and contact with the
ventilator (OR 1.8; 95%CI, 1.1–2.8) as crucial risk factors
for multidrug-resistant Acinetobacter baumannii
(MDRAB) contamination of HCWs protective clothing
[54]. Yan Z et al. in their study of 67 new patients with
CR-KP found 31.5% of bed units contaminated, 7.9% of
positive environmental samples and 3.6% of ICU staff col-
onized [55].

Summary of evidence and future research
These findings stress to importance of identifying index
patients of outbreaks in order to confidently investigate
the environmental source of outbreak propagation.
Compliance to transmission-based precaution, aggressive
environmental cleaning, and sustained HCW education
in IPC measures may decrease transmission. However,
the mechanisms of transmission of MDRGN are not well
defined warranting further studies and exploration.
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Air environment
The role of air transmission of MDRGN is not well
established and is inconsistent. Air environment of the
patient has been implicated as a possible vector in the
spread of MDRO [57]. Biological aerosols can be de-
tected in the air either in the form of nuclei droplets
(water or body fluids) or as aggregate microorganisms
associated with dry particles. The dry form is likely to be
the cause of the spread of healthcare-associated patho-
gens, including MDRGN [58]. The smaller the particle,
the longer they remain suspended in the air and thus get
widely distributed, especially in the hospital environment
where air movement is uncontrolled. Survival of Gram-
negative bacteria in the air depends on bacterial species,
particle size and climatic factors such as temperature
and humidity. In most studies Acinetobacter spp. and
Pseudomonas spp. have been shown to survive for a con-
siderable period of time [59].
There are two main methods for air sampling, active

and passive. Active sampling uses air impactors, centri-
fugal air machines or filtration systems, which are ex-
pensive but require less time. Passive methods are based
on sedimentation on settle plates; this requires more
time but are least expensive. No one method has shown
to be better than the other. Factors which affect sam-
pling are the amount of air contamination (biological
burden), type of airflow in the room being tested and ac-
tivity levels in the room during sample collection [58].

Non-outbreak reports
All reported studies were conducted in adult patients
and organisms implicated were CRAB and Pseudomonas
species [60–66]. Majority of the studies were conducted
in ICUs [61, 63, 64, 66], one included ICU and step
down medical wards [62], and the other was carried out
in open wards [60]. In all studies, the air sampling
methods differed as some used passive method [61, 63,
65] while others used the active process [60, 62, 64, 66].
Majority of the studies found A. baumannii. The results
of the studies were mixed, with 5 studies demonstrating
air contamination surrounding colonized or infected A.
baumannii patients and 2 studies showing no associ-
ation (Thailand [60] and Maryland, USA [64]). The dif-
ference seen in these studies could be attributed to the
climatic differences, differing IPC practices (close circuit
suctioning of ventilated patients), and the difference in
methodologies. Regardless, these findings stress the
importance of the need for well-designed studies
employing state of the art methods to study the role of
air environment in MDRO transmission and infection.
Air and environmental surface contamination were

significantly higher among rectally colonized patients
compared to patients with respiratory colonization
(38.3% vs 13.1 and 15.5% vs 5.5% respectively), which

was explained by the use of closed-circuit ventilation in
an ICU study [65]. Not surprisingly, air closest to pa-
tients contained higher concentrations of the organism
[66]. Preceding activities prior to air sampling also influ-
enced the degree of air contamination with bacterial
contamination of greater than 60 times being recorded
during treatment activities such as endotracheal suction-
ing and changing of bed sheets and diapers. However,
there was no association between the extent of contam-
ination of air surrounding a patient and burden of CRAB
on patients’ respiratory tract or skin [62].
The complex interplay between underlying disease

characteristics of the patients and pathogens contamin-
ating the air environment has been documented. For ex-
ample, in a study conducted by Panagea et al. in a cystic
fibrosis treatment facility, P. aeruginosa was detected in
the majority of air samples collected from patients’
rooms, ward corridors and outpatient clinics [67]. P. aer-
uginosa has also been described to contaminate hospital
wards, operation theatres, ICUs and labour rooms [59,
68, 69]. Clonal relatedness between strains isolated from
the air and clinical samples show that CRAB can survive
in ICU air for approximately 4 weeks, potentially causing
further nosocomial infections [66].

Summary of evidence and future research
CRAB and P. aeruginosa were the most common organ-
isms implicated in the contamination of the air environ-
ment in the nosocomial setting. Most of the studies
were not designed to show direct transmission of patho-
gens from the air. Even though the design and conduct
of such studies could be resource-intensive, this could
be one of the focus of future research. Additionally,
more research in identifying the ideal methods for
pathogen identification in the air environment is much
needed. Future research could include air microbiome
analysis, potentially compared with classical microbio-
logical methods, in identifying the role of air environ-
ment in persistence and transmission of nosocomial
pathogens.

Conclusions
This review highlights the role of the hospital environ-
ment in persistence and onward transmission of
MDRGN. Environmental contamination with MDRGN
is significant in the outbreak and non-outbreak settings.
The aqueous environment seems to be the biggest reser-
voir for MDRGN in the hospital environment and
maybe a source of MDRGN outbreaks and persistence
in the endemic setting. This may in part, be due to the
difficulties in eradicating MDRGN from the plumbing
systems. More research is needed in identifying the opti-
mal IPC strategy to prevent MDRGN transmission from
the aqueous environment to patients. Dry environmental
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surfaces and medical equipment seem to be associated
more with Gram-positive and non-fermenting Gram-
negative organisms than Enterobacteriaceae [70]. A. bau-
manii was the primary Gram-negative organisms associ-
ated with contamination of dry surfaces and subsequent
transmission to patients.
Existing reports indicate that, other than direct

patient-to-patient transmission and patient-to-HCW-to-
patient transmissions, the hospital environment plays a
crucial role in the transmission of MDRGN. These re-
ports strongly support the need for a clearly defined IPC
strategy to control environmental colonisation and on-
ward transmission of MDRGN. More research is needed
to quantify the proportion of MDRGN transmissions via
environmental contaminations and identify the most ef-
fective IPC strategy to prevent MDRGN transmissions
via the aqueous environment.
Further research is needed to quantify the role of the

hospital environment in the transmission of MDRGN
and IPC strategies to prevent them. Study design should
be rigorous and take into consideration the possible in-
fluence of climate (tropical, sub-tropical and temperate
regions), patient population and ward structure (natur-
ally ventilated and centrally air-conditioned wards). Add-
itionally, the implementation strategy and efficiency of
IPC measures may differ according to resource availabil-
ity, endemicity of MDRGN organisms and the presence
of guidelines, especially in low-middle income countries.
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