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A

Rationale & Objective: Contaminated water and
other fluids are increasingly recognized to be
associatedwith health care–associated infections.
We investigated an outbreak of Gram-negative
bloodstream infections at 3 outpatient
hemodialysis facilities.

StudyDesign:Matchedcase-control investigations.

Setting & Participants: Patients who received
hemodialysis at Facility A, B, or C from July 2015
to November 2016.

Exposures: Infection control practices, sources
of water, dialyzer reuse, injection medication
handling, dialysis circuit priming, water and
dialysate test findings, environmental reservoirs
such as wall boxes, vascular access care
practices, pulsed-field gel electrophoresis, and
whole-genome sequencing of bacterial
isolates.

Outcomes: Cases were defined by a positive
blood culture for any Gram-negative bacteria
drawn July 1, 2015 to November 30, 2016 from
a patient who had received hemodialysis at
Facility A, B, or C.

Analytical Approach: Exposures in cases and
controls were compared using matched univari-
ate conditional logistic regression.
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Results: 58 cases of Gram-negative bloodstream
infection occurred; 48 (83%) required
hospitalization. The predominant organisms were
Serratia marcescens (n = 21) and Pseudomonas
aeruginosa (n = 12). Compared with controls,
cases had higher odds of using a central venous
catheter for dialysis (matched odds ratio, 54.32;
lower bound of the 95% CI, 12.19). Facility staff
reported pooling and regurgitation of waste fluid
at recessed wall boxes that house connections for
dialysate components and the effluent drain within
dialysis treatment stations. Environmental samples
yielded S marcescens and P aeruginosa from
wall boxes. S marcescens isolated from wall boxes
and case-patients from the same facilities were
closely related by pulsed-field gel electrophoresis
and whole-genome sequencing. We identified
opportunities for health care workers’ hands to
contaminate central venous catheters with
contaminated fluid from the wall boxes.

Limitations: Limited patient isolates for testing,
on-site investigation occurred after peak of
infections.

Conclusions: This large outbreak was linked to
wall boxes, a previously undescribed source of
contaminated fluid and biofilms in the immediate
patient care environment.
More than 6,500 outpatient centers provide hemodi-
alysis to more than 450,000 patients in the United

States.1 Morbidity and mortality are high in this popula-
tion.1 In 2014, there were 29,516 bloodstream infections
(BSIs) among hemodialysis outpatients reported to the
Centers for Disease Control and Prevention (CDC).2 BSIs in
hemodialysis patients are most commonly caused by
Gram-positive organisms.2 BSIs caused by Gram-negative
organisms are less common. However, there are reports
of outbreaks due to these organisms in outpatient hemo-
dialysis facilities attributed to water sources including
contaminated reprocessed dialyzers,3-6 improperly
handled medications,7 hemodialysis equipment,8-11 and
dialysate.12

Water reservoirs, including waste water systems, have
been increasingly associated with health care–associated
infections.13-17 Dialysis effluent is a liquid waste product
of the hemodialysis process. We describe a large outbreak
of Gram-negative BSIs linked to dialysis effluent drains
located in wall boxes.
In August 2016, CDC detected a cluster of 5 BSIs caused
by Serratia marcescens in an outpatient hemodialysis facility
(Facility A) through review of routine surveillance data
reported to the National Healthcare Safety Network
(NHSN).18 During subsequent consultations with state
health departments, we learned that 2 additional outpatient
hemodialysis facilities (Facilities B and C) owned by the
same company had experienced BSIs caused by similar
Gram-negative organisms.19 Multiple Gram-negative or-
ganisms were identified, most commonly S marcescens,
Pseudomonas aeruginosa, and Enterobacter cloacae. In October to
November 2016, at the states’ request, CDC participated in
an on-site investigation to determine the extent of the
outbreak and source of infections.
Methods

Case Definitions and Characteristics

A case was defined as a blood culture from which any
Gram-negative bacteria was identified during July 1, 2015
1
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to November 30, 2016 from a patient who received he-
modialysis at Facility A, B, or C. There must have been at
least 21 days between positive cultures for more than 1
case to occur in a single patient.

To identify additional cases, we reviewed Facility A, B,
and C electronic medical records and surveillance data
submitted to NHSN. Infection preventionists at select area
hospitals were also queried to identify cases diagnosed on
admission to other facilities.

We developed a standardized data abstraction form and
extracted patient demographics, medical history, blood
culture results, and clinical course. Information abstracted
from the dialysis session on the date of the event (earliest
of the following: date of positive blood culture, symptom
onset, or outpatient dialysis session closest to date of
positive blood culture if culture was collected upon hos-
pitalization) and the 2 prior sessions included time of
dialysis (shift), staff caring for the patient, dialysate in-
formation, and medications received.

Epidemiologic Investigation

Two 1:1–matched case-control investigations were per-
formed at Facilities A and B to examine risk factors for
becoming a case.

The first investigation focused on patient-specific risk
factors (eg, age and comorbid conditions). Case-patients
were compared with randomly selected control-patients
matched by facility. Control-patients received hemodialy-
sis at Facility A or B and did not develop a Gram-negative
BSI during the investigation period.

The second investigation examined factors that were
specific to a patient during a particular treatment (ie,
session-specific factors; eg, medications received). For
each case-patient, a session date of interest was selected
that corresponded to the date of the event. Each case-
patient’s selected treatment session was matched to a
randomly selected control-patient’s treatment session by
date and facility. Control sessions were excluded if any of
the following criteria were met: patient had blood cultures
collected 7 days before or after the treatment session date,
received intravenous antibiotics during the session, or had
signs or symptoms of a BSI during the treatment session.

All statistical analyses were performed using SAS,
version 9.3 (SAS Institute Inc). Matched odds ratios
(mORs) and 95% confidence intervals (CIs) were calcu-
lated using matched univariate conditional logistic
regression with exact analysis. Two-sided P < 0.05 was
considered significant. For select continuous and ordinal
variables, the median value or quartiles were used to create
categorical variables.

Review of Practices

We conducted site visits at Facilities A, B, and C and
interviewed staff and administrators at each facility. We
focused on opportunities for water exposure, including
dialyzer reuse; injection medication handling; and dialysis
2

circuit priming. We examined results of routine monthly
water and dialysate testing, including endotoxin and bac-
terial colony counts, and environmental reservoirs such as
wall boxes. We also evaluated central venous catheter
(CVC) and vascular access care and maintenance practices.

Wall boxes are frames recessed into the wall at each
dialysis treatment station that house connections for the
dialysis machine to receive reverse-osmosis water, acid,
and bicarbonate concentrates that are proportioned in the
machine to produce dialysate. Wall boxes also contain a
connection to a drain line, through which effluent
(ie, spent dialysate or waste) from the dialysis machine
empties into the sanitary sewer system (Fig 1).

Clinic Observations

Using standardized tools,20 we observed infection control
practices, including dialysis machine and station disinfec-
tion, CVC and vascular access care practices, injectable
medication preparation and administration, priming pro-
cedures, and hand hygiene.

Laboratory Testing and Environmental Sampling

Collection and Processing of Surface and Water
Samples

One-liter water samples from individual sinks and reverse-
osmosis tanks were collected. We used 3M Sponge-Sticks
and swabs to obtain environmental surface samples from
sink faucets, counters, dialysis machine prime buckets, and
wall boxes. Sponge-Sticks and swabs were processed using
methods previously described.3 Water bacterial quality was
evaluated using heterotrophic plate counts as previously
described.21

Organism Identification and Strain Typing
The identity of organisms isolated from environmental
samples and available case-patient isolates was confirmed
using matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry. Pulsed-field
gel electrophoresis (PFGE) was performed on all S
marcescens, P aeruginosa, and E cloacae isolates. Isolates with
>90% and 99% similarity in PFGE band patterns were
considered closely related and indistinguishable,
respectively.

For greater resolution of a possible point source, whole-
genome sequencing of the environmental and patient
isolates of S marcescens was performed to determine relat-
edness. DNA was extracted from isolates using an auto-
mated nucleic acid purification system (Maxwell 16 MDx
Instrument; Promega). High-quality input genomic DNA
was fragmented using Covaris ultrasonic fragmentation.
Sample libraries were prepared using the NuGen Ovation
Ultralow DR Multiplex System 1-96 kit. Sequencing was
done with an Illumina MiSeq, producing 250–base pair
paired-end reads.

Genome assemblies were constructed from high-quality
sequencing reads using a de novo assembly algorithm.
AJKD Vol XX | Iss XX | Month 2019



Figure 1. Dialysis station wall boxes with bicarbonate, acid,
reverse osmosis water, and waste connections and lines labeled.

Original Investigation
Species IDs were verified using Kraken.22 To determine the
relatedness between S marcescens isolates, phylogenetic
analysis was performed using high-quality single-nucleo-
tide polymorphisms (SNPs) from a reference mapping
approach,23 using A3 as the reference sequence given
that it had the highest quality assembly as determined by
N50 length (a measure of assembly contiguity).

Ethics and Informed Consent

This activity underwent human subjects review at CDC and
was determined to constitute a nonresearch urgent public
health response. Therefore, individual-level informed
consent was not obtained.
Results

Epidemiologic Investigation

Facilities A, B, and C were located in close geographic
proximity (<20 miles apart). The facilities had between 12
and 36 dialysis treatment stations. The 3 facilities shared
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corporate ownership, and some products such as medi-
cations, dialyzers, acid, and bicarbonate came from the
same distributors. Facilities A and B shared the same
municipal water supply, while Facility C had a different
supply. Staff were not commonly shared across the 3
facilities.

We identified 58 cases from July 2015 through
November 2016 (Fig 2) occurring in 51 patients. The
majority (n = 52; 90%) occurred at Facilities A and B. For
comparison, during the preceding year, 12 Gram-negative
BSIs were identified at the 3 facilities. The monthly patient
census in the 3 facilities remained stable and did not in-
crease between July 2014 and November 2016. The Gram-
negative organisms most commonly identified were
S marcescens (n = 21; 36%), P aeruginosa (n = 12; 21%), and
E cloacae (n = 11; 19%). Sixteen (28%) cases had multiple
Gram-negative organisms isolated. Forty-eight (83%) cases
resulted in hospitalization, with a median length of stay of
8 (interquartile range, 4-11) days. The majority of cases
had a CVC for dialysis access (n = 50; 86%; Table 1). No
individual staff members were associated with infections
across or within facilities and no single dialysis machine
was associated with a majority of infections.

When patient-specific risk factors were examined, case-
patients and matched control-patients were similar in age,
sex, and comorbid conditions (Table 2). Longer dialysis
vintage was associated with lower odds of infection (mOR,
0.19; 95% CI, 0.05-0.57).

Among session-specific risk factors, using a CVC for
dialysis access was significantly associated with increased
BSI odds (mOR, 54.32; lower bound of the 95% CI,
12.19). Dialyzing after the first treatment shift (mOR,
2.83; 95% CI, 1.07-8.78) and having more than 3 staff
members involved in the patient’s care during the session
(mOR, 3.75; 95% CI, 1.20-15.52) were more common
among case-patients than control-patients.

Clinic Observations and Review of Practices

Infection control deficiencies were noted at all 3 facilities.
Inadequate aseptic technique during CVC care was
observed; for example, during 2 of 6 (33%) observed CVC
connections, the CVC was not connected to the blood
tubing aseptically. Although 44 of 51 (86%) hand hygiene
opportunities were successful, we still observed multiple
missed hand hygiene opportunities, particularly as staff
moved between “dirty” and “clean” areas at the dialysis
stations, most frequently not changing gloves or not per-
forming hand hygiene when changing gloves. We
observed more than 20 separate machine and station
cleaning and disinfection processes. At all 3 facilities, we
found multiple lapses, including not applying disinfectant
to all surfaces (83%) or applying an inadequate amount of
disinfectant (61%). Regarding prime buckets, we observed
multiple staff members not applying disinfectant to them
or rinsing them with tap water after disinfection. We
found clean supplies stored in close proximity to sinks at
all 3 facilities. In Facilities B and C, medication preparation
3
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Figure 2. Epidemic curve of Gram-negative bloodstream infections in hemodialysis patients at Facilities A, B, and C (n = 64). Solid
box indicates investigation period from July 2015 to November 2016; n = 58. Dashed arrows indicate date reuse of dialyzers ceased
at each facility.
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areas were adjacent to sinks without a splash guard
in place.

Reuse of dialyzers was practiced at some facilities at the
start of the outbreak but had ceased at all facilities before
the on-site investigation (Fig 2). Hemodialysis machines
underwent daily heat disinfection and chemical disinfec-
tion with bleach every 72 hours. Routine testing of the
water distribution loop and machines revealed endotoxin
levels and bacterial colony counts below action levels set
by the Association for the Advancement of Medical
Instrumentation (AAMI).24

Staff at Facility A reported problems with wall boxes
that became apparent in early 2016 and peaked in summer
2016. This included clogging and regurgitation of fluid
from the drain, odors, and insect infestation. Administra-
tors also observed that staff would touch wall boxes (eg, to
change acid concentrate) and then proceed directly to CVC
or other patient care without performing hand hygiene. At
all 3 facilities, we observed that wall box basins were damp
and frequently had visible pools of fluid, foaming, and
waste fluid backing out of the drain. Sediment clogging the
waste drains was also noted (Fig S1).

Laboratory Testing and Environmental Sampling

In total, 43 environmental samples from the 3 facilities
underwent testing (Table S1). Gram-negative bacteria
were found in multiple environmental sources, including
tap water, sinks, and surfaces. Notably, all wall box sam-
ples grew at least 1 of the 3 most common outbreak
pathogens, S marcescens, P aeruginosa, and E cloacae. These or-
ganisms were infrequently isolated from sinks, water, or
other surfaces at the facilities.
4

Eighteen patient isolates were available for testing,
including 9 S marcescens, 5 P aeruginosa, and 1 each of the
following: Escherichia coli, Burkholderia cepacia, E cloacae, and
Klebsiella pneumoniae. PFGE identified 2 clusters of S marcescens
in Facility B (clusters B and C; Fig S2) and 1 cluster of P
aeruginosa in Facility A (cluster B; Fig S2). There were no
related clinical isolates across different facilities by PFGE or
whole-genome sequencing. There were clusters of S mar-
cescens isolates within facilities differing by 4 to 227 SNPs,
while unrelated isolates across facilities differed by more
than 18,000 SNPs (Fig 3).

S marcescens isolates from a wall box (C3) and a patient
(C4) at Facility C were found to be indistinguishable by
PFGE; whole-genome sequencing showed that these 2
isolates differed by only 4 SNPs from a core of 85.94% of
the reference genome (Figs 3 and S2). SNP analysis
revealed related wall box (A2) and patient (A3) S marcescens
isolates at Facility A that differed by 34 SNPs (from a core
of 46.47%) and were unrelated to those at Facility C (Fig
3).

Control Measures

During summer 2016, before the start of the on-site
investigation, facility administrators implemented a wall
box drain care protocol at Facilities A and B, educated staff
on the importance of performing hand hygiene after
touching wall boxes, and had increased their frequency of
hand hygiene audits. Patients at Facilities A and B received
a letter informing them of increased infections and the
steps that facility administrators were taking to decrease
infections. At the time of our on-site investigation, these
interventions had not been introduced at Facility C.
AJKD Vol XX | Iss XX | Month 2019



Table 1. Characteristics of Cases With Gram-Negative
Bloodstream Infections at Outpatient Hemodialysis Facilities A,
B, and C

Parameter Value
Patient Characteristics (n=51)a

Age, y 62 [49-72]
Female sex 29 (57%)
Race
Black 36 (71%)
White 14 (27%)
Missing 1 (2%)

Charlson comorbidity index score
0 0 (0%)
1-2 1 (2%)
3-4 20 (39%)
≥5 30 (59%)

Current or former IV drug user 4 (8%)
Facility
A 29 (57%)
B 17 (33%)
C 5 (10%)

Dialysis vintage, mo 11 [4-33]
Case Treatment Characteristics (n= 58)

Acid delivery method
Jug (via container not attached to wall box) 31 (53%)
Standard (via wall box) 26 (45%)
Missing 1 (2%)

Dialysis treatment shift
First 16 (27%)
Second 17 (29%)
Third 23 (40%)
Nocturnal 1 (2%)
Missing 1 (2%)

Dialysis treatment schedule
Monday/Wednesday/Friday 24 (41%)
Tuesday/Thursday/Saturday 32 (55%)
Nocturnal 1 (2%)
Missing 1 (2%)

Vascular access type used
Central venous catheter 50 (86%)
Arteriovenous fistula/graft 7 (12%)
Missing 1 (2%)

No. of staff involved in patient’s treatment session
≤3 24 (41%)
>3 33 (57%)
Missing 1 (2%)

Infections and Outcomes (n= 58)

Gram-negative organisms
Serratia marcescens 21 (36%)
Pseudomonas aeruginosa 12 (21%)
Enterobacter cloacae 11 (19%)
Klebsiella sppb 9 (16%)
Escherichia coli 4 (7%)
Stenotrophomonas maltophilia 4 (7%)
Pantoea spp 2 (3%)
Providencia stuartii 2 (3%)
Otherc 9 (16%)

(Continued)

Table 1 (Cont'd). Characteristics of Cases With Gram-
Negative Bloodstream Infections at Outpatient Hemodialysis
Facilities A, B, and C

Parameter Value
>1 Gram-negative organism isolated 16 (28%)
Hospitalized 48 (83%)
Hospital length of stay, d 8 [4-11]
Central venous catheter removedd 29 (58%)
Died ≤2 weeks after positive blood culture 1 (2%)
Note: Values for continuous variables given as median [interquartile range]; for
categorical variables, as count (percentage).
Abbreviation: IV, intravenous.
aIn 51 patients, 58 cases occurred.
bKlebsiella oxytoca (n = 5), Klebsiella pneumoniae (n=4).
cOne each of the following: Achromobacter dentrificans, Acinetobacter spp, Aer-
omonas hydrophila, Burkholderia cepacia, Citrobacter koseri, Delftia acidovorans,
Empedobacter brevus, Pseudomonas stutzeri, and Sphingomonas paucimobilis
dOf 50 cases that occurred in patients with a central venous catheter.
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We recommended remedying the infection control
lapses identified, including improving aseptic technique
during CVC access, care, and maintenance; machine and
station cleaning and disinfection; and hand hygiene, with
particular emphasis on hand hygiene after wall box con-
tact. Facility C initiated a wall box drain care protocol
similar to that at Facilities A and B. Staff at all facilities were
re-educated and received training regarding the impor-
tance of hand hygiene, aseptic technique during CVC care,
and station disinfection. Between December 2016 and
May 2017, 3 Gram-negative BSIs were reported by the 3
facilities.
Discussion

In this investigation, we determined that wall boxes were
contaminated with Gram-negative organisms and
contributed to a large outbreak of BSIs. Although wall
boxes have not previously been identified as a cause of
health care–associated infections; water-related biofilms
have been associated with health care–associated infections
across the spectrum of health care13-16,25,26 with risk that
is not limited to Gram-negative infections.27 Contaminated
sink faucets, aerators, or drains can serve as a reservoir of
organisms and be associated with infections through
splashing or contact with the hands of health care
personnel.28-31 Medications may become contaminated
with water during preparation or administration.32,33

Waterborne organisms can be dispersed through devices
that do not come into direct contact with patients but
contain contaminated water.34,35 Sources of contaminated
water, fluids, and biofilms that can cause infections are still
being identified, as illustrated in this investigation and the
recent discovery of Mycobacterium chimera infections associ-
ated with heater-cooler units used in coronary bypass
procedures.36,37

In this outbreak, Gram-negative organisms commonly
found in water-related biofilms (S marcescens, P aeruginosa, and
E cloacae) caused a large number of infections. In almost
one-third of cases, more than 1 Gram-negative organism
5



Table 2. Risk Factors for Gram-Negative Bloodstream Infections in Patients at Outpatient Hemodialysis Facilities A and B

Cases Controls mOR (95% CI) Pa

Patient-Specific Risk Factorsb

No. of patients 46 46
Age category
18-44 y 8 (17%) 6 (13%) 1.00 (reference)
45-64 y 20 (44%) 19 (41%) 0.82 (0.21-3.00) 0.9
≥65 y 18 (39%) 21 (46%) 0.71 (0.19-2.46) 0.7

Male sex 18 (39%) 26 (57%) 1.90 (0.84-4.58) 0.1
Race
White 12 (26%) 6 (13%) 1.00 (reference)
Black 33 (72%) 40 (87%) 0.33 (0.06-1.34) 0.2
Missing 1 (2%) 0 (0%)

Charlson comorbidity index score
0-2 1 (2%) 6 (13%) 1.00 (reference)
3-4 19 (41%) 17 (37%) 5.93 (0.66-53.51) 0.1
≥5 26 (57%) 23 (50%) 6.05 (0.69-52.78) 0.1

Dialysis vintage
<26 mo 29 (63%) 15 (33%) 1.00 (reference)
≥26 mo 12 (26%) 31 (67%) 0.19 (0.05-0.57) <0.001c

Missing 5 (11%) 0
Session-Specific Risk Factorsb

No. of sessions 52 52
Acid delivery method
Jug (via container not attached to wall box) 30 (58%) 34 (65%) 1.00 (reference)
Standard (via wall box) 21 (40%) 18 (35%) 1.33 (0.52-3.58) 0.7
Missing 1 (2%) 0 (0%)

Dialysis treatment shift
First shift 14 (27%) 26 (50%) 1.00 (reference)
After first shift 37 (71%) 26 (50%) 2.83 (1.07-8.78) 0.03c

Missing 1 (2%) 0 (0%)
Dialysis treatment schedule
Monday/Wednesday/Friday or nocturnal 23 (44%) 22 (42%) 1.00 (reference)
Tuesday/Thursday/Saturday 28 (54%) 30 (58%) 0.50 (0.01-9.61) 0.9
Missing 1 (2%) 0 (0%)

IV medications
Epoetin alfa 39 (75%) 45 (87%) 0.50 (0.13-1.61) 0.3
Doxercalciferol 36 (69%) 39 (75%) 0.70 (0.23-2.04) 0.6
Heparin 39 (75%) 44 (85%) 0.67 (0.24-1.77) 0.5
Iron sucrose 23 (44%) 16 (31%) 2.75 (0.82-11.84) 0.1

Dialysis access
Arteriovenous fistula/graft 6 (11%) 45 (87%) 1.00 (reference)
Central venous catheter 45 (87%) 7 (13%) 54.32 (12.19-∞) <0.001c

Missing 1 (2%) 0 (0%)
No. of staff involved in treatment session
≤3 22 (42%) 34 (65%) 1.00 (reference)
>3 29 (56%) 18 (35%) 3.75 (1.20-15.52) 0.02c

Missing 1 (2%) 0 (0%)
Abbreviations: CI, confidence interval; IV, intravenous; mOR, matched odds ratio.
aP value for mOR.
bTwo case-control studies were performed to examine both patient- and session-specific risk factors; 52 cases occurred in 46 patients. Patient-specific controls were
matched on facility. Session-specific controls were matched on facility and date of event.
cP < 0.05.

Original Investigation
was identified, further supporting the conclusion that an
environmental reservoir was the source. Gram-negative
organisms were found in the environment, notably at
dialysis station wall boxes. Matching patient and wall box
6

isolates were identified within facilities. Infection control
breaches, primarily poor hand hygiene, provided a
mechanism of pathogen spread from wall boxes to pa-
tients. Routine testing performed monthly by the facilities
AJKD Vol XX | Iss XX | Month 2019



Figure 3. Phylogenetic trees of reference-based single-nucleotide polymorphism (SNP) analysis comparing Serratia marcescens
case-patient and wall box isolates from 3 different outpatient hemodialysis facilities (A, B, and C; SNPs from core genome size of
29.87%). The phylogenetic tree represents genetic distances based on branch length; that is, isolates A2 and A3 (which have short
branches between one another) are closely related to one another and more distantly related to isolates A1 and A4; *C3 and C4 were
found to be indistinguishable using pulsed-field gel electrophoresis. Core genome size of isolates for individual facility whole genome
sequencing comparisons are as follows: Facility A, 46.47%; Facility B, 78.46%; Facility C, 85.94%. The sequence reads generated as
part of this study are available at National Center for Biotechnology Information BioProject ID PRJNA454492.
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failed to show excessive contamination of reverse-osmosis
water or bicarbonate solutions.

We found that CVC use was strongly associated with
becoming a case, likely due to higher risk for contami-
nation during CVC care and a propensity toward biofilm
formation.38 Being on dialysis for fewer months was
associated with being a case, possibly related to a high CVC
prevalence among newer hemodialysis patients.1 Dialyzing
later in the day (when environmental surfaces are likely to
have greater levels of contamination), and more staff
involved in a patient’s care were risk factors for BSI, sug-
gesting that environmental contamination and infection
control breaches played a role in transmission of in-
fections. Although the close proximity and common
ownership of facilities initially suggested a possible point
source, we believe this was unlikely due to the lack of
related isolates between facilities and variety of organisms
causing infections.

There are no standards for wall box configuration, yet
they are generally similar in design. Multiple connections
are present that allow the dialysis machine to receive
reverse-osmosis water, bicarbonate, and acid (Fig 1). The
waste line leaving the dialysis machine connects and
empties into the sanitary sewer system, functioning as any
other drain with the resulting formation of biofilms and
subsequent proliferation of organisms including the bac-
teria that were implicated in this outbreak. Typically, the
“clean” side of the wall box device (connections for
treated water, dialysate, and bicarbonate) is not separated
from the “dirty” side (waste line and drain).

Although malfunctioning wall boxes (eg, with foam or
fluid regurgitation) make it nearly impossible for health
care personnel to manipulate connections without directly
contacting the waste fluid, our investigation suggested that
even properly functioning wall boxes can serve as a source
for transmission. The dialysate effluent or waste that drains
AJKD Vol XX | Iss XX | Month 2019
into the wall box is rich in nutrients and might facilitate the
formation of biofilms and proliferation of Gram-negative
organisms. Facilities A and B had a p-trap and large
visible air gap at each dialysis station wall box, and these
wall boxes appeared to be more prone to fluid splashing
and foaming. By contrast, Facility C had traps located distal
to floor drains, with several wall boxes emptying into each
floor drain and less reported clogging and foaming.
Regardless of the plumbing features in place, contamina-
tion with Gram-negative organisms was present. We found
related S marcescens isolates in wall boxes at Facility C despite
no overt signs of wall box dysfunction.

CDC is communicating with AAMI, state health de-
partments, and dialysis providers to better understand how
wall boxes contribute to patient infections, as well as
design features and disinfection strategies to help mitigate
these risks. It is unknown how often wall boxes contribute
to infections. The findings of this investigation suggest that
it is perhaps occurring in other facilities without being
recognized. All dialysis facilities should perform routine
cleaning and disinfection of wall boxes, as part of the
immediate patient care environment, at least daily
(Table 3).39 Centers with overtly malfunctioning wall
boxes should take immediate steps to remediate clogged
drain pipes and improve outflow. In some centers, wall
box design improvements might be necessary. New dial-
ysis facilities should consider installing wall boxes that
separate the waste line and drain from the area in which
clean supply ports are housed and minimize splashing at
air gaps. Improved adherence to basic infection control
practices such as hand hygiene and aseptic technique is
critical in all dialysis facilities and can help mitigate po-
tential risk for infection from wall boxes.

Our investigation has strengths and limitations. We
investigated infections at 3 different facilities, illustrating
that our findings were not isolated to a single facility. We
7



Table 3. Suggested Approaches to Dialysis Wall Box Maintenance and Interventions for Infection Prevention

Issue Steps and Strategies
Staff may lack awareness of
infectious risks associated with
wall boxes and necessary
infection prevention and control
measures

• Educate staff on the risks associated with wall boxes and practices to prevent wall box–related
infections

• Hand hygiene should be performed after coming into contact with wall box or any of its
components; reinforce and regularly assess compliance with hand hygiene

Wall boxes are part of the
immediate patient care
environment and are
considered contaminated or
dirty

• Each facility should develop policies about the specific frequency and methods for wall box
surface disinfectiona,b

• Wall box surfaces should be disinfected at least daily (eg, at the end of the day after all pa-
tients have dialyzed); cleaning and disinfection might be needed more frequently (eg, when
visibly dirty)

• Cleaning and disinfection of the wall box should be performed after the patient has left the
station and not concomitant with patient care activities

• An EPA-registered hospital disinfectant should be applied to all surfaces of the wall box and
any attached hosesc

• Ensure high-touch surfaces (eg, connections for acid, bicarbonate, and reverse osmosis
water) are disinfected

• Wipes or other supplies used to disinfect the wall box should be discarded after use and not
used to disinfect other surfaces in the dialysis station

• More than 1 disinfectant wipe or application may be needed to ensure all wall box surfaces are
visibly wet with disinfectant to achieve the contact time specified by the manufacturer

Wall boxes contain drains that
are predisposed to the
development of biofilms

• Interventions to decrease the rate of biofilm formation should be considered as a preventive
measure on a routine schedule for drains and traps (eg, drain cleaners, drain gels, enzymatic
cleaners)c

Wall box drains may become
clogged; splashing and foaming
at the wall box may occur

• Interventions performed by a qualified plumber aimed at removing clogs should be used; the
frequency or type of these interventions may need to be modified over time to address the
clogging if there is not an adequate response

• Alternative wall box designs that separate dirty (waste line and drain) from clean (acid, bi-
carbonate, and reverse osmosis water supply connections) areas and relocate or reconfigure
the air gap may be needed if foaming or splashing are a persistent problem

Biofilms in wall box drains may
contain opportunistic
pathogens that can cause HAIs

• Conduct routine surveillance (eg, monthly) for HAIs, including bloodstream infections, and
regularly review results

• Blood cultures positive for Gram-negative organisms commonly found in water-related biofilms
should prompt investigation into possible reservoirs in the patient environment, including wall
boxes

• Contact local or state public health authorities to help investigate potential wall box–related
infections and clusters

Abbreviations: EPA, Environmental Protection Agency; HAIs, health care–associated infections.
aFollow the manufacturer’s label instructions for proper dilution, preparation, contact time, and use of disinfectant.
bSuggestions for disinfectant selection and use are described within the Centers for Disease Control and Prevention Environmental Surface Disinfection in Dialysis
Facilities: Notes for Clinical Managers document.40
cChemicals should not be mixed; follow product instructions for use.

Original Investigation
performed a multipronged investigation that included
epidemiologic studies, infection control observations,
environmental sampling, and molecular analysis that led to
our final conclusions. On-site observations and environ-
mental sampling took place after the peak of infections at
Facilities A and B. Facility B also underwent renovations
before the start of the investigation. We had a limited
number of patient isolates available for testing and
although we were able to visually inspect all wall boxes,
we were unable to sample every wall box or water source.
We sampled wall boxes in areas of the facility at which
most of the case-patients dialyzed; 75% of the wall boxes
sampled were located in a station at which a case-patient
had dialyzed. Although the overall evidence suggests that
contamination from wall boxes combined with poor hand
hygiene practices was the cause of this outbreak, we
observed other breaches that could have contributed to the
infections (eg, preparation of medications near sinks) and
many lapses in station disinfection. Therefore, it was
critical that these other infection control challenges were
8

addressed, in addition to remediation of the wall boxes.
Although dialyzer reuse was ongoing at the start of the
outbreak and may have contributed to some infections, at
least 47 infections occurred after reuse was discontinued.

Providers should be aware that wall boxes are a potential
source of Gram-negative BSIs in dialysis settings. Infections
with Gram-negative organisms commonly found in water-
related biofilms should prompt investigation into water
and sources of waste fluid serving as potential reservoirs in
the health care environment. Infection prevention and
control practices should be regularly assessed and incor-
porated into routine quality improvement activities in all
health care settings to decrease the likelihood of pathogen
transmission from the environment to patients.
Supplementary Material

Supplementary Item (PDF)

Figure S1: Photographs of dialysis station wall box waste lines and
drains at Facility A.
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Figure S2: PFGE comparison of patient isolates and environmental
samples from 3 outpatient hemodialysis facilities.

Table S1: Environmental samples collected from outpatient hemo-
dialysis facilities A, B, and C.

Article Information

Authors’ Full Names and Academic Degrees: Shannon A.
Novosad, MD, MPH, Jason Lake, MD, MPH, Duc Nguyen, MD,
Elizabeth Soda, MD, Heather Moulton-Meissner, PhD, Mai T. Pho,
MD, Nicole Gualandi, RN, MS, MPH, Lurit Bepo, MD, MPH,
Richard A. Stanton, PhD, Jonathan B. Daniels, MS, George
Turabelidze, MD, Kristen Van Allen, MSN, CNN, CIC, Matthew
Arduino, DrPH, Alison Laufer Halpin, PhD, Jennifer Layden, MD,
PhD, and Priti R. Patel, MD, MPH.

Authors’ Affiliations: Epidemic Intelligence Service (SAN, JLake,
ES) and Division of Healthcare Quality Promotion, National Center
for Emerging and Zoonotic Infectious Diseases (SAN, JLake, DN,
HM-M, NG, LB, RAS, JBD, MA, ALH, PRP), Centers for Disease
Control and Prevention; Division of Bacterial Diseases, National
Center for Immunization and Respiratory Diseases, Atlanta, GA
(ES); Illinois Department of Public Health, Chicago, IL (MTP,
JLayden); Missouri Department of Health and Senior Services, St.
Louis, MO (GT); and DaVita Kidney Care, Denver, CO (KVA).

Address for Correspondence: Shannon A. Novosad, MD, MPH,
Division of Healthcare Quality Promotion, Centers for Disease
Control and Prevention, 1600 Clifton Rd NE, Mailstop: H-16-3,
Atlanta, GA 30329. E-mail: ydz1@cdc.gov

Authors’ Contributions: Study concept and design: SAN, JLake,
DN, ES, NG, GT, MA, JLayden, PRP; data acquisition/analysis/
interpretation: SAN, JLake, ES, MTP, LB, GT, KVA, JLayden;
statistical analysis: SAN, DN, PRP; laboratory support: HM-M,
RAS, JBD, ALH; study supervision: DN, GT, JLayden, PRP. Each
author contributed important intellectual content during manuscript
drafting or revision and accepts accountability for the overall work
by ensuring that questions pertaining to the accuracy or integrity
of any portion of the work are appropriately investigated and
resolved.

Support: None.

Financial Disclosure: The authors declare that they have no
relevant financial interests.

Acknowledgements: We thank Sally Hess, Judith Noble-Wang,
Kathy L. Seiber, and Rolieria West-Deadwyler for assistance with
the investigation; Taylor Guffey for review of surveillance data; and
Ryan Fagan and Bryan Christensen for contributions to our
understanding of wall box design and function. Dr Bepo was an
Epidemiology Elective Student assigned to the Division of
Healthcare Quality Promotion at the CDC.

Disclaimer: The findings and conclusions in this article are those of
the authors and do not necessarily represent the official position of
the CDC.

Prior Presentation: Preliminary results of this investigation were
presented at the Society for Healthcare Epidemiology of America
(SHEA) Annual Conference; March 29, 2017; St. Louis, MO.

Peer Review: Received December 4, 2018. Evaluated by 3 external
peer reviewers, with direct editorial input from an Associate Editor
and the Editor-in-Chief. Accepted in revised form May 5, 2019.

References

1. Saran R, Robinson B, Abbott KC, et al. US Renal Data System
2018 Annual Data Report: epidemiology of kidney disease in the
United States. Am J Kidney Dis. 2019;73(3)(suppl 1):A7-A8.
AJKD Vol XX | Iss XX | Month 2019
2. Nguyen DB, Shugart A, Lines C, et al. National Healthcare
Safety Network (NHSN) dialysis event surveillance report for
2014. Clin J Am Soc Nephrol. 2017;12(7):1139-1146.

3. Edens C, Wong J, Lyman M, et al. Hemodialyzer reuse and
gram-negative bloodstream infections. Am J Kidney Dis.
2017;69(6):726-733.

4. Flaherty JP, Garcia-Houchins S, Chudy R, Arnow PM. An
outbreak of gram-negative bacteremia traced to contaminated
O-rings in reprocessed dialyzers. Ann Intern Med.
1993;119(11):1072-1078.

5. Oyong K, Marquez P, Terashita D, et al. Outbreak of blood-
stream infections associated with multiuse dialyzers containing
O-rings. Infect Control Hosp Epidemiol. 2014;35(1):89-91.

6. Welbel SF, Schoendorf K, Bland LA, et al. An outbreak of
gram-negative bloodstream infections in chronic hemodialysis
patients. Am J Nephrol. 1995;15(1):1-4.

7. Grohskopf LA, Roth VR, Feikin DR, et al. Serratia liquefaciens
bloodstream infections from contamination of epoetin alfa at a
hemodialysis center. N Engl J Med. 2001;344(20):1491-1497.

8. Arnow PM, Garcia-Houchins S, Neagle MB, Bova JL, Dillon JJ,
Chou T. An outbreak of bloodstream infections arising from
hemodialysis equipment. J Infect Dis. 1998;178(3):783-791.

9. Block C, Backenroth R, Gershon E, et al. Outbreak of blood-
stream infections associated with dialysis machine waste ports
in a hemodialysis facility. Eur J Clin Microbiol Infect Dis.
1999;18(10):723-725.

10. Humar A, Oxley C, Sample ML, Garber G. Elimination of an
outbreak of gram-negative bacteremia in a hemodialysis unit.
Am J Infect Control. 1996;24(5):359-363.

11. Wang SA, Levine RB, Carson LA, et al. An outbreak of
gram-negative bacteremia in hemodialysis patients traced to
hemodialysis machine waste drain ports. Infect Control Hosp
Epidemiol. 1999;20(11):746-751.

12. Jackson BM, Beck-Sague CM, Bland LA, Arduino MJ, Meyer L,
Jarvis WR. Outbreak of pyrogenic reactions and gram-negative
bacteremia in a hemodialysis center. Am J Nephrol.
1994;14(2):85-89.

13. Berrouane YF, McNutt LA, Buschelman BJ, et al. Outbreak of
severe Pseudomonas aeruginosa infections caused by a
contaminated drain in a whirlpool bathtub. Clin Infect Dis.
2000;31(6):1331-1337.

14. Buttery JP, Alabaster SJ, Heine RG, et al. Multiresistant Pseu-
domonas aeruginosa outbreak in a pediatric oncology ward
related to bath toys. Pediatr Infect Dis J. 1998;17(6):509-513.

15. Kanamori H, Weber DJ, Rutala WA. Healthcare outbreaks
associated with a water reservoir and infection prevention
strategies. Clin Infect Dis. 2016;62(11):1423-1435.

16. Schlech WF 3rd, Simonsen N, Sumarah R, Martin RS.
Nosocomial outbreak of Pseudomonas aeruginosa folliculitis
associated with a physiotherapy pool. CMAJ. 1986;134(8):
909-913.

17. Trautmann M, Lepper PM, Haller M. Ecology of Pseudomonas
aeruginosa in the intensive care unit and the evolving role of
water outlets as a reservoir of the organism. Am J Infect
Control. 2005;33(5)(suppl 1):S41-S49.

18. Guffey T, Nguyen DB, Shugart A, et al. An approach to detect
blood stream infection outbreaks using NHSN. Oral presen-
tation at: Society of Healthcare Epidemiology of America
(SHEA) Annual Conference; March 29, 2017; St. Louis, MO.

19. Novosad SA, Lake J, Soda E, et al. Unusual source of
gram-negative bloodstream infections in hemodialysis patients.
Poster presented at: Society for Healthcare Epidemiology of
America (SHEA) Annual Conference; March 29, 2017; St.
Louis, MO.
9

mailto:ydz1@cdc.gov
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref1
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref1
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref1
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref2
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref2
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref2
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref3
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref3
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref3
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref4
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref4
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref4
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref4
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref5
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref5
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref5
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref6
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref6
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref6
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref7
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref7
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref7
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref8
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref8
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref8
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref9
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref9
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref9
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref9
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref10
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref10
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref10
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref11
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref11
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref11
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref11
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref12
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref12
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref12
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref12
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref13
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref13
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref13
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref13
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref14
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref14
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref14
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref15
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref15
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref15
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref16
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref16
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref16
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref16
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref17
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref17
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref17
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref17


Original Investigation
20. Centers for Disease Control and Prevention. Dialysis safety
audit tools and checklists. https://www.cdc.gov/dialysis/
prevention-tools/audit-tools.html. Accessed May 1, 2018.

21. Rice EW, Baird RB, Eaton AD, Clesceri LS, eds. Standard
Methods for the Examination of Water and Wastewater. 22nd
ed. Washington, DC: American Public Health Association,
American Water Works Association, Water Environment
Federation; 2012.

22. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic
sequence classification using exact alignments. Genome Biol.
2014;15(3):R46.

23. Katz LS, Griswold T, Williams-Newkirk AJ, et al. A comparative
analysis of the Lyve-SET phylogenomics pipeline for genomic
epidemiology of foodborne pathogens. Front Microbiol.
2017;8:375.

24. Payne GM, ed. Dialysis Water and Dialysate Recommenda-
tions: A User Guide, 2014, Association for the Advancement of
Medical Instrumentation (AAMI), Arlington, VA.

25. Muyldermans G, de Smet F, Pierard D, et al. Neonatal
infections with Pseudomonas aeruginosa associated with a
water-bath used to thaw fresh frozen plasma. J Hosp Infect.
1998;39(4):309-314.

26. Williams MM, Armbruster CR, Arduino MJ. Plumbing of
hospital premises is a reservoir for opportunistically
pathogenic microorganisms: a review. Biofouling. 2013;29(2):
147-162.

27. Soda EA, Barskey AE, Shah PP, et al. Vital signs: health
care-associated Legionnaires’ disease surveillance data
from 20 states and a large metropolitan area - United
States, 2015. MMWR Morb Mortal Wkly Rep. 2017;66(22):
584-589.

28. Bert F, Maubec E, Bruneau B, Berry P, Lambert-Zechovsky N.
Multi-resistant Pseudomonas aeruginosa outbreak associated
with contaminated tap water in a neurosurgery intensive care
unit. J Hosp Infect. 1998;39(1):53-62.

29. Hota S, Hirji Z, Stockton K, et al. Outbreak of multidrug-
resistant Pseudomonas aeruginosa colonization and infection
secondary to imperfect intensive care unit room design. Infect
Control Hosp Epidemiol. 2009;30(1):25-33.

30. Kappstein I, Grundmann H, Hauer T, Niemeyer C. Aerators as
a reservoir of Acinetobacter junii: an outbreak of bacteraemia
10
in paediatric oncology patients. J Hosp Infect. 2000;44(1):
27-30.

31. Lowe C, Willey B, O’Shaughnessy A, et al. Outbreak of
extended-spectrum beta-lactamase-producing Klebsiella oxy-
toca infections associated with contaminated handwashing
sinks(1). Emerg Infect Dis. 2012;18(8):1242-1247.

32. Ashraf MS, Swinker M, Augustino KL, et al. Outbreak of
Mycobacterium mucogenicum bloodstream infections among
patients with sickle cell disease in an outpatient setting. Infect
Control Hosp Epidemiol. 2012;33(11):1132-1136.

33. Yablon BR, Dantes R, Tsai V, et al. Outbreak of Pantoea
agglomerans bloodstream infections at an oncology clinic-Illinois,
2012-2013. Infect Control Hosp Epidemiol. 2017;38(3):
314-319.

34. Edens C, Liebich L, Halpin AL, et al. Mycobacterium chelonae
eye infections associated with humidifier use in an outpatient
LASIK clinic–Ohio, 2015. MMWR Morb Mortal Wkly Rep.
2015;64(41):1177.

35. Gervich DH, Grout CS. An outbreak of nosocomial Acineto-
bacter infections from humidifiers. Am J Infect Control.
1985;13(5):210-215.

36. Lyman MM, Grigg C, Kinsey CB, et al. Invasive nontuberculous
mycobacterial infections among cardiothoracic surgical pa-
tients exposed to heater-cooler devices(1). Emerg Infect Dis.
2017;23(5):796-805.

37. Sax H, Bloemberg G, Hasse B, et al. Prolonged outbreak of
Mycobacterium chimaera infection after open-chest heart
surgery. Clin Infect Dis. 2015;61(1):67-75.

38. Passerini L, Lam K, Costerton JW, King EG. Biofilms on
indwelling vascular catheters. Crit Care Med. 1992;20(5):
665-673.

39. Sehulster LM, Chinn RYW, Arduino MJ, Carpenter J, et al. Guide-
lines for environmental infection control in health-care facilities.
Recommendations from CDC and the Healthcare Infection Con-
trol Practices Advisory Committee (HICPAC). 2003. https://
www.cdc.gov/infectioncontrol/pdf/guidelines/environmental-
guidelines.pdf. Accessed August 6, 2018.

40. Centers for Disease Control and Prevention. CDC’s environ-
mental surface disinfection in dialysis facilities: notes for clinical
managers. https://www.cdc.gov/dialysis/PDFs/collaborative/
Env_notes_Feb13.pdf. Accessed April 28, 2019.
AJKD Vol XX | Iss XX | Month 2019

https://www.cdc.gov/dialysis/prevention-tools/audit-tools.html
https://www.cdc.gov/dialysis/prevention-tools/audit-tools.html
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref21
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref21
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref21
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref21
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref21
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref22
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref22
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref22
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref23
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref23
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref23
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref23
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref25
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref25
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref25
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref25
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref26
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref26
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref26
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref26
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref27
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref27
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref27
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref27
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref27
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref28
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref28
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref28
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref28
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref29
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref29
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref29
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref29
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref30
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref30
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref30
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref30
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref31
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref31
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref31
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref31
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref32
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref32
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref32
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref32
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref33
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref33
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref33
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref33
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref34
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref34
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref34
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref34
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref35
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref35
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref35
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref36
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref36
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref36
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref36
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref37
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref37
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref37
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref38
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref38
http://refhub.elsevier.com/S0272-6386(19)30797-8/sref38
https://www.cdc.gov/infectioncontrol/pdf/guidelines/environmental-guidelines.pdf
https://www.cdc.gov/infectioncontrol/pdf/guidelines/environmental-guidelines.pdf
https://www.cdc.gov/infectioncontrol/pdf/guidelines/environmental-guidelines.pdf
https://www.cdc.gov/dialysis/PDFs/collaborative/Env_notes_Feb13.pdf
https://www.cdc.gov/dialysis/PDFs/collaborative/Env_notes_Feb13.pdf

	Multicenter Outbreak of Gram-Negative Bloodstream Infections in Hemodialysis Patients
	Methods
	Case Definitions and Characteristics
	Epidemiologic Investigation
	Review of Practices
	Clinic Observations
	Laboratory Testing and Environmental Sampling
	Collection and Processing of Surface and Water Samples
	Organism Identification and Strain Typing

	Ethics and Informed Consent

	Results
	Epidemiologic Investigation
	Clinic Observations and Review of Practices
	Laboratory Testing and Environmental Sampling
	Control Measures

	Discussion
	Supplementary Material
	References


