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Abstract

Background: We describe a nosocomial outbreak of community-associated
methicillin-resistant Staphylococcus aureus (CA-MRSA) ST59-SCCmec type V in a

neonatal intensive care unit (NICU) in Hong Kong.

Methods: In-depth epidemiological analysis was performed by whole genome
sequencing (WGS) of the CA-MRSA isolates collected from patients and
environment during weekly surveillance, and healthcare workers from the later phase
of the outbreak. Case-control analysis was performed to analyse potential risk factors

for the outbreak.

Results: The outbreak occurred from September 2017 to February 2018 involving 15
neonates and 1 healthcare worker. WGS analysis revealed complicated transmission
dynamics between patients, healthcare worker, and environmental, from an
unrecognized source introduced into the NICU within 6 months before the outbreak.
In addition to enforcement of directly observed hand hygiene, environmental
disinfection, cohort nursing of colonized and infected patients, together with contact
tracing for secondary patients, medical, nursing, and supporting staff were segregated
where one team would care for CA-MRSA confirmed/CA-MRSA exposed patients,
and the other for newly admitted patients in the NICU only. Case-control analysis
revealed use of cephalosporins [Odds ratio: 49.84 (3.10 — 801.46), p=0.006] and
length of hospitalization [Odds ratio: 1.02 (1.00 — 1.04), p=0.013] as significant risk

factors for nosocomial acquisition of CA-MRSA in NICU using multivariate analysis.

Conclusion: WGS facilitates the understanding of transmission dynamics of an

outbreak, providing insights for outbreak prevention.
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Introduction

Since the identification of community-associated Staphylococcus aureus (CA-
MRSA) among the indigenous populations lacking history of healthcare contacts in
western Australia in the early 1980s, global dissemination of CA-MRSA had occurred
in both community and healthcare settings with nosocomial outbreaks [1]. In view of
the virulence of CA-MRSA and a higher clinical attack rate of developing invasive
infections after colonization, it is important to enhance infection control practices
through early recognition of CA-MRSA in colonized or infected patients, and
implementation of contact precautions with single room isolation, contact tracing of
potential secondary cases, environmental disinfection, and hand hygiene practice to
prevent the spread of CA-MRSA in the healthcare settings. With the advance in
molecular diagnostics, whole genome sequencing and modelling have been used to
understand the molecular epidemiology and transmission dynamics in outbreak

settings [2, 3].

In contrast to the general and geriatric medical units where healthcare-
associated MRSA (HA-MRSA) is endemic, HA-MRSA and CA-MRSA are not yet
endemic in our neonatal and pediatric populations in Hong Kong. Therefore, we
report the investigation of nosocomial outbreak of CA-MRSA in a neonatal intensive
care unit in Hong Kong, using whole genome sequencing-based typing to
understanding the transmission dynamics of CA-MRSA between patients, healthcare

workers, and the hospital environment.
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Methods
Epidemiological investigation of the outbreak

An outbreak of CA-MRSA was identified in a neonatal intensive care unit
(NICU) in Queen Mary Hospital, an acute care university-affiliated teaching hospital
with 1700 beds in the Hong Kong West Healthcare Network. This 16-bed NICU has
two 6-bed cubicles and two two-bed rooms, located within ward K10N, where another
44 beds are designated for babies with low birth weight or requiring special care,
including babies discharged from the NICU. The medical, nursing, and supporting
staff are responsible for patients in the NICU as well as those requiring special care in
ward K10N. We defined CA-MRSA as a strain of MRSA demonstrating the presence
of the Panton-Valentine leukocidin (PVL) gene and staphylococcal cassette
chromosome (SCC) mec type IV or type V as previously described [4-8]. An outbreak
was defined as three or more epidemiologically-linked patients colonized or infected
with CA-MRSA in the same unit since the diagnosis of the first case as previously
described [9, 10]. The infection control team coordinated the epidemiological
investigation and enhanced infection control measures to control the spread of CA-

MRSA in the NICU.

Contact tracing and screening were conducted to identify all potential
asymptomatic carriers exposed to the CA-MRSA-positive cases as previously

described [11].

Nasal swabs were taken for culture from all patients. A case was defined as a
patient colonized or infected with CA-MRSA after 48 hours of hospitalization, while
a control was defined as CA-MRSA-negative patient who had stayed in the same

ward for 3 days of more during the outbreak period. Case-control analysis was
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performed to identify the risk factors for the nosocomial acquisition of CA-MRSA in

this outbreak.

Patient with newly diagnosed CA-MRSA colonization or infection would be
transferred to a single room with implementation of contact precautions. Cohort
nursing of cases would be arranged if the single room was not fully occupied.
Environmental disinfection with terminal cleansing would be performed by trained
supporting staff for the entire cubicle or room, wherever a CA-MRSA patient was

identified, using chlorine dioxide solution 125 ppm (Tristel Solutions Ltd., NY).

Screening of healthcare workers for CA-MRSA colonization was offered on a
voluntary basis. Nasal swabs were collected by infection control nurses. Staff with
CA-MRSA colonization would be counseled by a designated infection control nurse
in a confidential manner. Decolonization with intranasal mupirocin twice daily and
4% chlorhexidine bathing daily for 5 days would be provided. Repeated CA-MRSA
screenings were performed to document the clearance of CA-MRSA colonization one

week post-decolonization for two consecutive weeks.

Environmental surveillance for CA-MRSA during the outbreak

Weekly environmental surveillance cultures were taken by infection control
nurses to assess the extent of contamination by CA-MRSA as previously described
[10]. Briefly, patient immediate areas such as incubators for babies, resuscitaires,
ventilators, infusion pumps, designated stethoscopes, phototherapy lamps,
touchscreen monitors, bedside computer keyboards, and bedside tables were sampled.
Equipment in the communal areas were also sampled, including file cabinets, milk

fridges, milk preparation benches, trolleys, sinks, baby scales, portable ultrasound
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equipment, computer keyboards and telephones at the nursing station, and

breastfeeding pumps.

Environmental samples were collected using Polywipe sponge swabs of 5 cm
x 10 cm (Medical Wire & Equipment, UK) as previously described [12]. These swabs
are sterile pre-moistened thin flexible sponges tailor-made for sampling
environmental surfaces. Each sampled sponge swab was placed in an individual
sterile plastic bag, which would be sealed and labeled for further processing in the

microbiology laboratory.

Laboratory investigation

Swab specimens collected from the study subjects were delivered to the
laboratory immediately for inoculation on MRSA chromID culture media
(bioM¢érieux), and then incubated aerobically at 35°C for 48 hours. For each sponge
swab, 2 ml sterile normal saline (0.85% saline) was added into the sterile plastic bag.
The sponge was squeezed repeatedly for proper mixing. Then, 100 pl suspension
from the bag would be inoculation on a MRSA chromID culture media and processed
as described above. Colonies were confirmed to be Staphylococcus aureus by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) (Bruker Daltonics, Bremen, Germany). The Kirby—Bauer disk diffusion method
was used to determine the antimicrobial susceptibility of the S. aureus and results

interpreted according to the CLSI [13-15].

The SCCmec types were determined by PCR as previously described [5, 6].
SCCmec types were designated according to the ccr type and mec class combinations

[7, 81.



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

Whole genome sequencing and bioinformatics analyses

The isolates were analyzed further by genome sequencing using an Illumina
MiSeq Platform (Illumina, California, USA) at the Genome Research Center of the
University of Hong Kong at >150-fold coverage. A commercial software package
(CLC Genomics Workbench 9.01) was used for de novo assembly and further
improved using a Sanger pipeline [16]. The BLAST Ring Image Generator was used
to align and compare the genomic diversity [17, 18]. The genome of a CA-MRSA
strain HKU96 (ST59, SCCmec V, PVL positive), collected from the wound of a
patient in our hospital in 2010, was sequenced in the same run and used as an
unrelated control (designated as strain C). Online databases, including the
SCCmecFinder, ResFinder 3.0, the CARD (comprehensive antibiotic resistance
database) v3.0.0 database and Virulence-Finder 1.5 were used to identify and annotate
SCCmec cassette, acquired resistance genes, chromosomal mutations-associated with
resistance and virulence determinants, respectively [19-22]. Parsnp was used for core-
genome alignment and variant calls [23]. MEGA 7 and BEAST 1.10 were employed
for the construction of phylogenetic trees [24, 25]. A recently described method
TransPhylo was used for automated inference of person-to-person transmission events
from the genomic data. The method involves a reversible jump Monte-Carlo Markov
Chain (MCMC) algorithm and is suitable for investigation of partially sampled and
ongoing outbreak [26]. A consensus transmission tree was constructed with the dated
phylogeny from BEAST and a colored phylogeny was used to illustrate the

transmission scenario as previously described [26].

Mean mutation rate and the 95% Highest Posterior Density (HPD) interval
was calculated using Tracer v1.7.1 through deciphering the log file from BEAST [27].

Snippy v3.0 (https://github.com/tseemann/snippy) was used to identify indels
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(insertions/deletions) using strain C as the reference genome at a minimum threshold
of 30 xcoverage. All indels were summarized and annotated using in-house scripts
(Supplementary file, Table S1). Rearrangements and inversions were identified after
whole genome alignment using Mauvae v2.4.0 and confirmed using MUMmer4 [28,
29]. Recombination events were further predicted on the core genome alignment

using Gubbins [30].

To place our CA-MRSA isolates into the context of published genomes, all S.
aureus genomes (n = 10,197, last accessed on 3 December 2018) available at the

GenBank repository (https://www.ncbi.nlm.nih.gov/genome/genomes/154) were

downloaded and the sequence type of each assigned using MLST v2.7
(https://github.com/tseemann/mlst). Genomes assigned to ST59 and its single locus
variant (n = 39) together with our CA-MRSA genomes (n = 20) were further analyzed
for variant sites using ParSNP v1.1.2 [23]. Afterwards, the SNPs were employed to
construct a Maximum Likelihood phylogenetic tree with 1,000 times bootstrap
using IQ-TREE v1.5.4 and the GTR+I+G substitution model [31]. The
phylogenetic tree was visualized using FigTree v1.4.3 as in our previous work
[32]. Metadata of all genomes were retrieved from Genbank using in-house python

scripts.

Statistical Analysis

Chi-square test, Student t test, and logistic regression were used where
appropriate. SPSS, version 20 (IBM), and XLSTAT were used to perform the

statistical analyses. A level of significance at 5% was adopted.
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Results

Epidemiological investigation and outbreak control

On 4 September 2017, CA-MRSA was cultured from a pus swab collected
from the right palm in a 31-day old neonate (patient 1, P1, index case) with
prematurity of 33 weeks of gestation who was 1610 gm at birth. Terminal disinfection
of P1’s bed in the 6-bed cubicle was performed using chlorine dioxide solution 125
ppm (Tristel Solutions Ltd., NY). The 10 neonates staying in the same cubicle with
the index case (contacts) were screened, and one additional patient (P2) was identified
to be CA-MRSA carrier (Figure 1). These two cases were cohorted in the same
cubicle with contact precautions, while hand hygiene among healthcare workers and
environmental cleaning were enforced. All known CA-MRSA patients were
discharged by 9 October 2018, but on 27 October 2017, a third neonate (P3) was
noted to have CA-MRSA isolated from blood, endotracheal aspirates, and tip of
intravenous catheter. Further contact tracing of the 5 neonates staying in the same
cubicle of P3 revealed two more neonates with CA-MRSA colonization (P4 and P5),

and a hospital outbreak in the NICU was declared.

To control further nosocomial transmissions of CA-MRSA in the NICU, phase
2 infection control measures including universal admission screening, weekly
surveillance for all hospitalized patients, weekly environmental culture, and directly
observed hand hygiene once every 2 hours for all healthcare workers were
implemented [33, 34], in addition to the phase 1 infection control measures described
above. While no further cases of CA-MRSA were identified by universal admission
screening, weekly surveillance culture revealed 10 more CA-MRSA carriers (P6 to
P15) during the outbreak period (Figure 1), where five of them (P11 to P15) were

admitted to the NICU after phase 2 infection control measures were implemented.
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In response to the ongoing nosocomial transmission especially among the
newly admitted patients, phase 3 infection control measures were initiated with the
support from hospital administration. Healthcare workers (medical, nursing, and
supporting staff) were segregated into two teams, one team is responsible for the care
of CA-MRSA positive/CA-MRSA neonates, while the other for newly admitted CA-
MRSA negative neonates confirmed by admission screening. Segregation of bedside
ultrasonography equipment was made possible by urgent purchase of a new one for

the newly admitted neonates.

A total of 482 nasal swabs were collected from 144 patients (~3.3 screening
specimens per patient). Except for two CA-MRSA patients (P1 and P3) who were
detected from clinical specimens, 13 CA-MRSA cases were diagnosed by active
surveillance culture. The remaining 131 patients without CA-MRSA on screening
culture were served as control. Case-control analysis revealed that use of
cephalosporins during hospitalization and length of hospitalization were significant
risk factors for nosocomial acquisition of CA-MRSA in the NICU using multivariate

analysis (Table 1).

Three sessions of educational talk was held at the bedside to explain the
rationale of staff screening. Of the 163 healthcare workers opted for screening, 6
(3.7%) were colonized with MRSA, and 1 (0.6%) was confirmed to be CA-MRSA
colonization (Table 2). All healthcare workers with known MRSA and CA-MRSA

carriage received decolonization therapy.

Environmental surveillance for CA-MRSA during the outbreak

10
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Upon identification of the fifth case of CA-MRSA, environmental cultures
were collected from the patient immediate and communal areas before terminal
disinfection of the NICU during phase 2 and 3 of infection control measures. Two
(1.7%) of the 121 environmental samples collected at baseline were contaminated
with CA-MRSA, one was collected from the window bench and the other from the
baby scales. Repeated environmental cultures of communal areas at weekly interval
involving 198 specimens revealed only one item (scale for weighing babies) positive

with CA-MRSA.

Whole-genome sequencing of the CA-MRSA isolates

A total of 19 isolates (15 patient isolates, one healthcare worker isolate and 3
environmental isolates) were tested by whole-genome sequencing. All the isolates
belonged to spa t441 and ST59. Blast search revealed that the outbreak isolates were
most closely related to strain M013 (Genbank accession CP003166) which is
representative of a ST59-SCCmec type V CA-MRSA clone reported in Taiwan [35].
Therefore, strain MO013 was included as a reference to facilitate orientation and
mapping of the de novo contigs from the 19 isolates into draft genomes. Circular plot
of the draft genomes showed a very high degree of shared identity among the

outbreak isolates and with the unrelated control (Figure 2).

A phylogenetic tree based on core SNPs identified the 19 isolates to a highly
related cluster (Figure 3). The numbers of SNP difference in pairwise comparison
among the outbreak isolates ranged from 2 to 17, compared with 153 to 163 SNPs
between the isolates and the unrelated control. All the isolates shared an identical

profile of virulence genes. These include genes encode exoenzyme (aur),

11
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staphylococcal complement inhibitor (scn), enterotoxins (seb, sek, seq), Panton-
Valentine leukocidin (pv/), beta-hemolysin (2/b) and gamma hemolysin (2lgABC). In
the isolates, pv/ was found in a phi5S96PVL-like prophage while the enterotoxin genes
were found within pathogenicity island SaP1. With the exception of one isolate (P10),
the outbreak isolates shared an identical profile of acquired resistance genes which
correlate with the observed phenotypic resistance to streptomycin (ant(6)-Ia, aph(3’)-
IIl), B-lactam (mecA, blaZ), erythromycin (ermB), chloramphenicol (caf) and
tetracycline (fetK). In strain P10, susceptibility to chloramphenicol correlated with the
loss of a cat-carrying, pC223-like plasmid (GenBank accession AY355285.1). The
outbreak and control isolates has the SCCmec type V cassette and can be further
designated as subtype Vb. The profiles of chromosomal mutations that may be
associated with resistance phenotypes were identical in all the isolates. These included
substitution in two putative fosfomycin resistance genes, mur4 (E291D and T396N)
and glpT (A100V). No mutations were found in the following chromosomal genes
included in the CARD database: mepR, mgrA, arlR, arlS, cls, 16s TIRNA, rpoB, gyrA,
B, parC, parE, pgsA, EF-Tu, fusA, fusE, mprF, walF, UhpT, menA, and 23S

rRNA.

Inference of transmission tree and phylogenetic construction of the ST59 populations

Figure 4 showed the colored phylogeny and consensus transmission tree for
this outbreak. It shows that the outbreak started after an un-sampled unidentified
source that introduced the clone to the unit, initially affecting P2 and P5. Afterwards,
the inference indicted several small clusters of onward transmission. These included a
smaller P5 related cluster involving two patients (P6 and P8) and contamination of an
environment (S1). The larger P2-related cluster followed a more complex route of

transmission, from P2 to three patients (P1, P3 and P10) and two environmental
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surfaces (W and S2). After that, transmission occurred from P3 to three other patients
(P4, P11 and P12), and P11 to two further patients (P13 and P14). The colonized
healthcare worker (HCW) was inferred to have acquired the CA-MRSA from P10.
The environmental surface (W) was linked to the transmission to 3 patients (P7, P9

and P15).

The mutation rate in the outbreak CA-MRSA isolates was estimated to be 3.8
x 10 per site per year (95% HPD interval, 8.9 x 107 to 7.2 x 10°). Alignment
against the control strain revealed a total of 41 indels in the isolates (Supplementary
file, Figure S1 and Table S1). These included 15 deletions (involving 1 to 6 bases),
insertions (involving 1 to 56 bases) and 7 complex ones (with double base
substitutions and combination of deletion and substitution). To explore the ancestral
origin of the outbreak CA-MRSA isolates, the genomes were analyzed against all
completed and draft ST59 or its single locus variants genomes deposited in the
GenBank (supplementary file, Figure S2). SNP calling and phylogenetic analysis
revealed that our isolates were linked to a phylogenetic cluster with ST59/SCCmec
type V isolates originating from Taiwan (2000 to 2005), mainland China (2012-2016)

and Europe (2009-2014).
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Discussion

This is the first nosocomial outbreak of CA-MRSA ever reported in Hong
Kong. This outbreak occurred in NICU where MRSA and CA-MRSA is not endemic.
However, the spread of CA-MRSA could not be readily controlled because our usual
proactive infection control measures including directly observed hand hygiene before
meal and medication for hospitalized adult population [9, 33, 36-38], as well
antimicrobial stewardship [39] could not be applied in this group of patients. These
neonates stayed in the NICU for prolonged periods, requiring intensive patient care by
healthcare workers, and have received multiple courses of antimicrobial therapy. As
illustrated in our case-control analysis, length of stay in the NICU with a mean of 60
days, and use of cephalosporins during hospitalization were significantly associated
with CA-MRSA colonization or infection by multivariate analysis. Given the limited
number of single rooms in the NICU, the risk of nosocomial transmission of CA-
MRSA would have been increased due to cohort nursing of colonized or infected
patients in NICU [40]. The CA-MRSA outbreak lasted for 6 months from September
2017 to February 2018. Our outbreak persisted for a longer time when compared with
previously reported outbreaks in neonatal settings [41, 42]. Despite the enforcement
of hand hygiene practice and environmental disinfection, the nosocomial transmission
of CA-MRSA was not controlled until segregation of medical, nursing, and
supporting staff into two teams to look after CA-MRSA confirmed/exposed patients,
and newly admitted patients in the NICU to further eliminate transmission from the

affected to the unaffected patients.

Screening of the healthcare workers for CA-MRSA colonization was also
performed on a voluntary basis in a confidential manner. The clinical evidence for

healthcare workers screening in CA-MRSA outbreak is lacking. Most of the evidence
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for healthcare workers screening comes from outbreak reports where the outbreak of
MRSA was under control following the introduction of staff screening as part of the
infection control measures [43]. Although one (0.6%) of our healthcare workers was
confirmed to be CA-MRSA colonization, the epidemiological analysis could not

differentiate if the healthcare was a source or victim in the outbreak.

In an attempt to understand the routes of transmission, we obtained the
genomic data from the CA-MRSA isolates in this cluster and analyzed the patterns of
shared nucleotide variation using the TransPhylo algorithm. Since the culture
sampling is incomplete, it is possible that some patients, staff and visitors with CA-
MRSA carriage may remain undetected. In addition, differences in the genomic
sequences among the isolates are influenced by time gaps between transmission
events and detection of CA-MRSA carriage. Therefore, an inference method is
required for reconstruction of transmission events. Transphylo takes these
confounding issues into account and transmission events are inferred by analyzing the
time-labeled genomic data with a reversible jump MCMC algorithm, particularly
considering the observation of cases and a branching process with constant
reproduction number throughout the outbreak [26]. Therefore, the output is useful in
providing a most likely scenario for the transmission events. The finding (Figure 4)
not only dismissed the healthcare worker as the source but illustrated the acquisition
of CA-MRSA from patient 10 (P10), it also revealed that the outbreak started after an
un-sampled, unrecognized CA-MRSA patient, introducing the clone to the NICU
within six months before the recognition of this outbreak. The environmental surface
(W) was also linked to the transmission of CA-MRSA to 3 patients (P7, P9 and P15).
With this information, the healthcare worker could be reassured as an unlikely source

of this outbreak. Decolonization could be given to the concerned healthcare worker to
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minimize risk of manifestation to invasive CA-MRSA infections [44], as this outbreak
strain contains virulence genes encoding exoenzyme, staphylococcal complement
inhibitor, enterotoxins, Panton-Valentine leucocidin, beta-hemolysin and gamma
hemolysin as shown in our analysis. Admission screening should be considered for
early recognition of asymptomatic CA-MRSA for outbreak prevention [45], and
environmental surveillance and disinfection should be enforced as previously

described [10].

The CA-MRSA outbreak isolates were attributed to the ST59/SCCmec V
clone. This clone has previously been reported to be prevalent in Hong Kong,
mainland China and Taiwan [5, 6, 46]. Genomic comparison and phylogenic analysis
indicated that the isolates have likely evolved from ancestral CA-MRSA isolates in
Taiwan in the early 2000s. Animal and in vitro experiments have demonstrated that
the ST59/SCCmec V clone is more virulent than the ST59/SCCmec 1V variant [46].
The virulent nature of this clone together with the detection in a vulnerable population
further prompted us to offer decolonization to all positive babies and healthcare
workers. The genomes of the ST59/SCCmec V outbreak isolates have remained
relatively stable over the sampling timeframe. The observed evoluntionary changes
were largely limited to a relatively small numbers of SNP and indels. The mutation
rate in the ST59 populations were similar to those previously reported for ST22 and
ST239 MRSA populations [47]. Although three substitutions in two putative
fosfomycin resistance genes were identified in the genomes, all of our outbreak
isolates were phenotypically susceptible to fosfomycin. According to Fu et al, the
three substitutions that we observed in the genomes were not associated with
fosfomycin resistance [48]. Use of whole genome sequencing technique provides in-

depth epidemiological analysis of an outbreak in a clinical unit, but could also be
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373 applied to investigation of protracted outbreaks involving patients from different
374  inpatient and outpatient departments [2]. However, the technological requirement and
375  cost may prohibit routine use of whole genome sequencing in outbreak investigation

376  at this moment.
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Figure legend

Figure 1. Timeline and measures to control the outbreak of community-associated
methicillin-resistant Staphylococcus aureus (CA-MRSA) in the neonatal intensive care unit

(NICU)

Note. The diagonal boxes represent the period of hospitalization of patient 1 (P1) to patient
15 (P15) in the NICU. @ denote the time of collection of clinical specimens culture positive
for CA-MRSA. P1: CA-MRSA isolated from pus swab collected from the right palm; P3:
CA-MRSA isolated from blood culture, endotracheal aspirate, and catheter tip of intravenous

catheter.
# denote the time of collection of screening specimens culture positive for CA-MRSA.

DOHH, directly observed hand hygiene - delivery of alcohol-based hand rub to all healthcare

workers

Figure 2. Whole-genome sequencing analysis of the clinical and environmental isolates of

community-associated methicillin-resistant Staphylococcus aureus

Note. Circular plot of genome diversity between the 19 CA-MRSA isolates from the outbreak
and the unrelated control. The circular maps were generated with the BLAST Ring IMAGE
Generator and each genome was colored according to the pairwise identity against the control
strain C in the following order (inner to outer circles): C, P1, P2, P3, P4, P5, P6, P7, P8, P9,

P10, W, S1, S2, P11, P12, P13, P14, P15 and HCW.
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Figure 3. Maximum likelihood phylogenetic tree of 20 ST59 SCCmec type V CA-MRSA

isolates based on total core genome SNPs.

Note. A control strain (C) unrelated to the present outbreak was included as an outgroup. P1
to P15 represent patient isolates from patient 1 to patient 15, whereas HCW represents the
isolate from the healthcare worker. The environmental isolates were collected from window
bench (W), and baby scale (S1) at baseline period, and baby scale (S2) on repeated

environmental culture.

Figure 4. Phylogeny and consensus transmission tree for CA-MRSA outbreak.

(A) A best-case scenario, colored phylogeny of the 19 CA-MRSA isolates from the current
study. In the phylogeny, each branch was colored by a separate color for each host (P1 to
P15, HCW) or environmental source (S1, S2, W). Both sampled and the potential existence
of an un-sampled individual is included in the phylogeny. Each section of the colored tree
represents the genomic evolution happening within a distinct host. Changes of colors on
branches correspond to transmission events from one host to another. The transmission

events are further indicated by red stars.

(B) A consensus transmission tree for the current CA-MRSA outbreak. Each horizontal line
represents an isolate. Vertical arrows represent transmission from one host (or environment)
to another. The red circles indicate the specimen collection date for each host and

environmental source.
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Table 1. Epidemiological characteristics of patients with and without community-associated methicillin-resistant Staphylococcus
aureus (CA-MRSA) during the outbreak period

Characteristics

Patients with CA-
MRSA colonization

Patients without CA-
MRSA colonization

Bivariable analysis

Multivariable analysis

or infection (n=15) | or infection (n=131)" QOdds ratio (95% CI) p value Odds ratio (95% CI) | p value
Week of gestation at birth (mean + SD) 30.9+4.36 352+3.89 0.77 (0.66 — 0.89) <0.001
Birth weight in gm (mean + SD) 1505 + 781 2258 + 884 0.99 (0.98 - 1.00) <0.001
Male sex (%) 5(33.3%) 76 (58.0%) 0.36(0.12—-1.12) 0.068
Presence of
Arterial catheterization (%) 7 (46.7%) 19 (14.5%) 5.16 (1.68 — 15.89) 0.002
Central venous catheter (%) 13 (86.7%) 40 (30.5%) 14.79 (3.19 - 68.60) <0.001
Supportive therapies or procedures
Transfusion of packed cell or plasma (%) 7 (46.7%) 16 (12.2%) 6.29 (2.01 - 19.69) 0.001
Total parental nutrition (%) 13 (86.7%) 49 (37.4%) 10.88 (2.36 — 50.24) <.0001
Mechanical ventilation (%) 4 (26.7%) 15 (11.5%) 2.81(0.79 - 9.96) 0.097
Use of broad spectrum antibiotics during
hospitalization
Cephalosporins 15 (100%) 40 (30.5%) 70.03 (4.09 — 0.003 49.84 (3.10-801.46) | 0.006
1199.22)*
Carbapenems 4 (26.7%) 3(2.3%) 15.52 (3.08 — 78.30) 0.002
Length of hospitalization, day (mean + SD) 59.7+£31.3 26.3+27.0 1.02 (1.01 - 1.05) ¢ <0.001 1.02 (1.00 — 1.04) 0.013

CPAP, Continuous positive airway pressure; * Controls were CA-MRSA-negative patients who had stayed in the same ward for 3
days of more during the outbreak period; ° final model was selected by backward selection procedure with the full model including all
the variables examined in the bivariable analysis. The Hosmer-Lemeshow test p value = 0.981; © calculated by logistic regression; ¢
Haldane correction applied to avoid zero error.
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Table 2. Screening of healthcare workers with exposure to neonatal intensive care unit during
the outbreak of community-associated methicillin-resistant Staphylococcus aureus *

Professional category of | Number of staff in the | Number (percentage) of staff
healthcare = workers  with | category receiving voluntary MRSA
exposure to NICU and CA-MRSA screening
Pediatrician 39 34 (87.2%)

Pediatric surgeon 7 6 (85.7%)

Pediatric ophthalmologist 1 (33.3%)

Pediatric radiologist 4 0

Pediatric nurse ° 141 78 (55.3%)

Physiotherapist 15 7 (46.7%)

Occupational therapist 2 1 (50.0%)

Supporting staff 40 36 (90.0%)

Total 251 163 (64.9%)

MRSA, methicillin-resistant Staphylococcus aureus; CA-MRSA, community-associated
methicillin-resistant Staphylococcus aureus; NICU, neonatal intensive care unit.

“Of 163 healthcare workers who opted for screening, 6 (3.7%) were MRSA carrier, where 1
of whom (0.6%) was confirmed to be CA-MRSA. The professional category of MRSA and
CA-MRSA-positive healthcare workers was not disclosed for confidentiality; ° Pediatric
nurses were rotating between pediatric intensive care unit and neonatal intensive care unit so
both groups of nursing staff were offered voluntary screening; © supporting staff including
patient care, clerical, and cleansing staff also rotated between the pediatric intensive care unit

and neonatal intensive care unit.
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Figure 1.

Outbreak of community-associated methicillin-resistant Staphylococcus aureus in
the neonatal intensive care unit
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