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Abstract

Background: Determining infectious cross-transmission events in healthcare settings involves manual surveillance of case clusters by
infection control personnel, followed by strain typing of clinical/environmental isolates suspected in said clusters. Recent advances in genomic
sequencing and cloud computing now allow for the rapid molecular typing of infecting isolates.

Objective: To facilitate rapid recognition of transmission clusters, we aimed to assess infection control surveillance using whole-genome
sequencing (WGS) of microbial pathogens to identify cross-transmission events for epidemiologic review.

Methods: Clinical isolates of Staphylococcus aureus, Enterococcus faecium, Pseudomonas aeruginosa, andKlebsiella pneumoniaewere obtained
prospectively at an academic medical center, from September 1, 2016, to September 30, 2017. Isolate genomes were sequenced, followed by
single-nucleotide variant analysis; a cloud-computing platform was used for whole-genome sequence analysis and cluster identification.

Results: Most strains of the 4 studied pathogens were unrelated, and 34 potential transmission clusters were present. The characteristics of the
potential clusters were complex and likely not identifiable by traditional surveillance alone. Notably, only 1 cluster had been suspected by
routine manual surveillance.

Conclusions: Our work supports the assertion that integration of genomic and clinical epidemiologic data can augment infection control
surveillance for both the identification of cross-transmission events and the inclusion of missed and exclusion of misidentified outbreaks
(ie, false alarms). The integration of clinical data is essential to prioritize suspect clusters for investigation, and for existing infections, a timely
review of both the clinical and WGS results can hold promise to reduce HAIs. A richer understanding of cross-transmission events within
healthcare settings will require the expansion of current surveillance approaches.

(Received 24 October 2018; accepted 7 March 2019)

Recognition of the link between healthcare-associated infections
(HAIs) and the spread of multidrug-resistant organisms has
increased. Although improved process measures have been shown
to reduce the incidence of some HAIs (eg, central-line bloodstream
infections, catheter-associated urinary tract infections, etc.1–3),
the potential for cross-transmission of pathogens—particularly
multidrug-resistant organisms—remains a growing concern. Sig-
nificant efforts have been promoted internationally to reduce the
incidence of cross-transmission events by improving hand hygiene

and by using barrier precautions and enhanced environmental
cleaning approaches.4–7 However, given the limited data on the
incidence of nosocomial infections and their cross transmission,
these measures have often been advanced using hypothetical
frameworks.

The current practice of investigation and verification of cross-
transmission events includes the primarily manual, time-intensive
process of identifying potential case clusters and the subsequent
typing and comparison of these pathogens. Although this has pre-
viously been done via serotyping,8,9 multilocus sequence typing
(MLST),10 and pulse-field gel electrophoresis,11 these methods
have significant limitations. Recent studies have shown that whole-
genome sequencing (WGS) is the most effective approach for
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precise strain identification,12,13 and this approach has now been
applied to the investigation of both community- and healthcare-
associated disease outbreaks.14–18

With the goal of facilitating rapid recognition of transmission
clusters so that preventative measures could be initiated, we under-
took an assessment of infection control surveillance by WGS of
microbial pathogens as the first step in identifying cross-transmission
events for epidemiologic review. To support this study, we developed
and employed a cloud-based computing platform that performs
genomic analysis and clinical correlate assessment of geospatial and
temporal data from integrated medical records. However, for this
approach to be effective, it is critical to determine the degree of genetic
variation between 2 microbial strains that defines the strains as being
so distinctly different as to effectively rule out a cross-transmission
cluster. Because the clinical isolates that represent actual cross
transmissions were unknown, we used intrapatient pathogen varia-
tion (ie, isolates from same patient) to estimate the lower limit of
variation to be expected within cross transmissions. We compared
this parameter to the larger variation seen in the pathogen population
as a whole to define the single-nucleotide variant (SNV) thresholds
that separate potential cross transmissions from unrelated samples
(ie, interpatient samples).

We evaluated this methodology in a large-scale study at an
academic medical center over the course of 1 year. The WGS was
performed for 4 significant and common healthcare pathogens
that collectively represent a sizable and persistent burden within
the healthcare ecosystem: Staphylococcus aureus, Enterococcus
faecium, Pseudomonas aeruginosa, and Klebsiella pneumoniae. A
retrospective clinical review of patients with highly related bacte-
rial isolates was then undertaken to determine the characteristics of
apparent clusters and to identify potential routes of transmission.

Methods

Clinical

UMass Memorial Medical Center (UMMMC) is a 781-bed aca-
demic medical center encompassing 2 campuses in Worcester,
Massachusetts. Patients who had isolates of S. aureus, E. faecium,
P. aeruginosa, and K. pneumoniae identified in clinical or
surveillance cultures obtained in the institution’s inpatient units
or Emergency Departments between September 1, 2016, and
September 30, 2017 were eligible for inclusion. Surveillance cul-
tures for methicillin-resistant S. aureus (MRSA) and vancomycin-
resistant enterococci (VRE) were routinely obtained on admission
and weekly in the 7 adult intensive care units (ICUs), the pediatric
ICU, the neonatal ICU, and the bone marrow transplant unit. For
this study, we included 1 isolate per body site per patient per day.

Clinical and microbiological report data for all eligible patients
were obtained from the UMass Medical School Integrated Data
Lake environment, which is linked to the UMMMC electronic
medical record. Clinical data were staged for deidentification in
a commercially available electronic data management system,
Philips IntelliBridge Enterprise (Philips Healthcare, Cambridge,
MA) and housed within the secure University of Massachusetts
Medical School computing environment. When a positive micro-
biology message was received from the laboratory system for a
pathogen under study, the staged and codified patient data con-
taining transactions of care were deidentified and sent to the
Philips IntelliSpace Epidemiology (PIE) cloud platform for corre-
late assessment (Supplementary Methods online).

When the genomic sequence for an isolate became available, the
FASTQ files were uploaded to the PIE cloud with the same

deidentified tag as the patient correlate data. The PIE cloud-
computing environment (Fig. 1) identifies potential related infec-
tions based on the genomic relatedness of bacterial isolates.
Codified patient data in the PIE platform linked the genomic
analysis results to patient medical records, including antimicrobial
resistance profile, geospatial and temporal correlates. For PIE-
identified genomic clusters, a retrospective manual chart review
of all available clinical data was undertaken by the UMMMC clini-
cal infection control department staff [ie, 6 APIC-certified infec-
tion control practitioners and the hospital epidemiologist (RTE
III)] to determine whether the clinical evidence supported the cross
transmission of the genomically related bacterial isolates between
patients. Clusters were categorized as clinically supported if a
common exposure could be identified, such as a shared ward,
shared provider group, shared procedure, or a shared epidemio-
logic risk (eg, active injection drug use), and further classified as

Fig. 1. Workflow summary diagram of methods used in this study. Patient encounters
occurred within the academic medical center. Patient samples are routinely sent to an
external laboratory for clinical microbial diagnostics. Isolates were obtained from the
clinical microbiology lab for genomic sequencing. The Philips IntelliBridge Enterprise
(IBE) platform resides within the secure clinical environment and receives clinical data
from patient encounters andmicrobiology results through an interface with the UMass
Medical School Integrated Data Lake environment. IBE processes the clinical data pro-
tected health information (PHI) by first deidentifying the data on the IBE platform and
sending the deidentified data to the Philips IntelliSpace Epidemiology (PIE) cloud-
based application. When sequence data are generated from the genomics lab, they
are delivered to the IBE platform, which performs sequence quality control; MLST,
multi-locus sequence typing; and SNV, small nucleotide variants analysis. The PIE plat-
form maps the isolate sequence data to the same deidentified ID of the previously
transmitted clinical data, processes relevant epidemiological measures, and identifies
isolates with high degrees of genomic relatedness as potential transmission clusters.
Potential clusters and the associated clinical correlate data are re-identified and
reported to physician via the PIE application.
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hospital acquired (ie, collected >2 days after admission), commu-
nity acquired (ie, collected at time of or <2 days after admission
without significant prior healthcare exposures), or healthcare
associated (ie, collected at time of or <2 days after admission with
significant prior healthcare exposures).19,20 Patient clusters for
which the classification was unclear or there was no identifiable
epidemiologic link were classified as not supported by the available
retrospective information.

The study was approved by the University of Massachusetts
Medical School Institutional Review Board (no. H00010132).

Microbial

All isolates from patients meeting the eligibility criteria described
above were requested from the clinical microbiology laboratory,
and all received isolates were processed for sequencing. Isolates
were excluded from the analysis if the obtained sequence coverage
failed to meet target thresholds. Key factors contributing to exclu-
sion included normal variation in sequence output, low-input DNA
quality or quantity DNA, and/or inadequate bacterial growth.
Detailed methods are provided in the Supplementary Materials
online. Overall, 69.9% of all isolates received were successfully
analyzed; by species, 75.6% of S. aureus isolates were analyzed,
47.8% of K. pneumonia were analyzed, 61.8% of P. aeruginosa were
analyzed, and 61.9% of E. faecium were analyzed.

Results

During the study period, isolates were received from 1,073 patients
with a positive culture for the 4 species of interest. Sequencing
was undertaken on all isolates, with adequate data for analysis
available for 823 patients, 87% of whom were inpatients. Patient
ages ranged from infancy to >89 years (median age, 56 years)
(Table 1). In total, 1,257 isolates were analyzed: S. aureus (75.8%
of the total), E. faecium (6.8%), P. aeruginosa (9.4%), and
K. pneumoniae (8.0%). The body site distribution of these isolates
is presented in Table 1. No device-related isolates were included,
and 57 MRSA and 11 VRE were obtained from surveillance cul-
tures. Vancomycin resistance was reported in 83.7% of E. faecium
isolates; resistance due to extended-spectrum β-lactamases (ESBL)
was reported in 11.0% ofK. pneumoniae; andmethicillin resistance
was reported in 48.4% of S. aureus.

The number of SNV differences between all pairwise isolate
combinations was determined for each species (Figs. 2 and 3).
Each species exhibited a wide distribution of SNV distances among
isolates. The median distance ranged markedly among species,
with a median of 195 SNV for S. aureus at the low end and 4,400
for K. pneumoniae at the high end (Fig. 2A). Members within the
same sequence type demonstrated less SNV distance variation
between pairs, with median distances ranging from 65 to 317 SNV
for S. aureus and K. pneumoniae, respectively (Fig. 2B).

To establish a threshold for SNV differences that represents a
closer genetic relationship, we considered differences among
strains of the same sequence type isolated from the same patients
(ie, intrapatient). These intrapatient values should approximate
SNV differences expected for isolates associated with transmission
between patients (ie, interpatient values). Our patient popula-
tion with multiple isolates included 175 patients with S. aureus,
11 patients with E. faecium, 13 patients with P. aeruginosa, and
13 patients withK. pneumoniae. The different intrapatient samples
were obtained over a range of 0 to 321 days. The median intrapa-
tient SNV differences were substantially lower than interpatient
SNV differences, ranging from S. aureus (n= 4), to E. faecium

(n= 6), P. aeruginosa (n= 13), and K. pneumoniae (n= 16.5)
(Fig. 2C). We further compared the distributions of intra-
and interpatient distances with histograms (Fig. 3) and receiver
operating characteristic (ROC) curves (Supplemental Fig. S1
online). The former shows the raw numbers and the latter the
percentages of intra- and interpatient distances captured by each
threshold.

By focusing on the specificity of the cutoff, we used the 2
visualizations as guidance to establish working thresholds of

Table 1. Patient Demographics and Isolate Clinical Characteristics

Characteristic Receiveda Analyzedb

Total patients, no. (% female) 1,073 (44.0) 823 (44.6)

Patient age, median y (range) 57 (0–89) 56 (0–89)

% Inpatients 83.1 86.7

Total isolates, no. 1,799 1,257

S. aureus, no. (% MRSA) 1,260 (46.7) 953 (48.4)

Blood 421 (40.1) 317 (42.3)

Body fluid 54 (33.3) 44 (34.1)

Cerebrospinal fluid 2 (0) 2 (0)

Respiratory 93 (40.9) 62 (45.1)

Urine 33 (27.3) 23 (21.7)

Wound 576 (49.3) 436 (50.0)

Surveillance (nasal swab) 67 (98.5) 58 (98.3)

Other 14 (42.9) 11 (36.4)

E. faecium, no. (%VRE) 139 (87.8) 86 (83.7)

Blood 29 (89.7) 18 (88.9)

Body fluid 9 (88.9) 5 (100)

Urine 41 (80.5) 29 (75.9)

Wound 33 (84.8) 23 (78.3)

Surveillance (perirectal) 27 (100) 11 (100)

Other 0 : : : 0 : : :

P. aeruginosa, no. 191 : : : 118 : : :

Blood 29 : : : 19 : : :

Body fluid 4 : : : 2 : : :

Respiratory 45 : : : 26 : : :

Urine 49 : : : 23 : : :

Wound 61 : : : 45 : : :

Other 3 : : : 3 : : :

K. pneumoniae, no. (% ESBL) 209 (12.4) 100 (11.0)

Blood 49 (20.4) 26 (11.5)

Body fluid 7 (0) 3 (0)

Respiratory 24 (0.8) 7 (0)

Urine 100 (7.0) 55 (9.1)

Wound 27 (22.2) 8 (37.5)

Other 2 (50.0) 1 (100)

Note. MRSA,methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant enterococci;
ESBL, extended-spectrum β-lactamase.
aPatient and isolate counts for isolates obtained from clinical diagnostic lab.
bPatient and isolate counts for isolates for which genomic analyses were completed.
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12 SNV for S. aureus, 10 for E. faecium, 30 for P. aeruginosa, and
15 for K. pneumoniae. Applying single-linkage clustering and
the species-specific thresholds, we identified interpatient clusters.
In total, 34 clusters were defined involving 96 patients: 28 clusters
involved S. aureus, 5 clusters involved E. faecium, and 1 cluster
involved P. aeruginosa (Fig. 4A; Supplementary Table S3 online).

Hospital infectious disease control personnel performed a clini-
cal chart review of the 34 genetically identified clusters to assess
clinical impact and support for potential transmissions within
the hospital. Overall, 9 clusters had obvious clinical associations
that were identified through retrospective investigation, while 25
did not (Supplementary Table S3 online). Of these clusters, the
hospital infectious disease control personnel, as part of standard
care practice, had identified patients in cluster 26 as belonging
to a potential transmission group. No other clusters were suspected
by infectious disease control personnel over the study period.

On average, clusters comprised 2.9 patients. Notably, the largest
genetic cluster, cluster 2, included 21 MRSA isolates from 13
patients who all had community-onset MRSA infections (Fig. 4B;
Supplementary Fig. S2 online). Of these patients, 6 shared a history
of recent or current intravenous drug use. In addition, 1 patient
was an emergency medical technician who may have had occupa-
tional contact with intravenous drug users. Two other patients with
no prior history of injection-related drug use had chronic medical
conditions for which they were being followed by the same clinical
service, and 4 additional patients had no history of intravenous
drug use and no obvious clinical connection to the other cases.

A second genetically identified cluster, cluster 14, involved
6 patients who had 7 MRSA isolates collected over a 192-day span,
and this cluster lacked any obvious clinical support (Fig. 4C;
Supplementary Fig. S3 online). The 7 isolates were highly geneti-
cally related, with a maximum of 12 SNV differences. Although all
of the patients had apparent hospital-acquired MRSA, our retro-
spective chart review did not identify any obvious clinical relation-
ship(s) among the patients. The cluster was not detected by the
hospital’s routine infection control surveillance because all of the
patients had cultures obtained on different dates and were associ-
ated with different inpatient units.

Discussion

Significant time demands are placed on infection control personnel
for general surveillance, staff education, and mandatory reporting

of select infections, including central-line–associated bloodstream
infections, catheter associated urinary tract infections, and surgical
site infections.21,22 Infection control departments are expected to
monitor, investigate, and control potential outbreaks; however,
traditional approaches have significant limitations. If there is no
obvious geotemporal relatedness, it can be difficult to identify
patients with cross transmissions. Moreover, chance geotemporal
clustering of patients with phenotypically similar but genetically
unrelated bacterial strains can lead to infection control personnel
instituting unnecessary control measures for pseudo-outbreaks
(ie, false alarms). Thus, there are benefits to excluding or validat-
ing potential cross-transmission events based on high-resolution
genomic data.

An initial finding of this study is the relatively marked
differences in the pairwise variant distribution of the 4 bacterial
species. As demonstrated in the SNV difference distance histo-
grams (Fig. 3), the 2 gram-positive pathogens showed notably
fewer genetic differences overall and appeared to have some clus-
tering that suggests differing circulating clades within the hospital’s
patient population. Pseudomonas aeruginosa also showed evi-
dence of genetic distance clustering, albeit with far greater genetic
diversity. For K. pneumoniae, most isolates appeared to have a
Gaussian distribution of genetic distances. These species-specific
differences were likely related to differences in the biology and eco-
logic niches of the 4 species.23–27

A second finding was that most strains within this institution
appeared to be unique, likely representing endogenous flora of indi-
vidual patients acquired outside the institution as opposed to cross
transmissions—an observation in agreement with similar studies
analyzing isolates of S. aureus, E. faecium, and K. pneumoniae from
single institutions or cities.16,28,29 Thus, in most instances, the find-
ing of a phenotypically similar bacterial strain in 2 ormore patients,
on a given hospital unit, in a given time period, likely does not re-
present an actual cross transmission. The ability to disambiguate
this rapidly can reduce or eliminate personnel time and resources
devoted to themanagement of pseudo-outbreaks—and could even-
tually impact penalties that hospitals may acquire for infections
inaccurately characterized as hospital acquired.

Importantly, we also identified a subset of clinical isolates
that showed a relatively high degree of genetic relatedness, with
0–50 SNV differences between pairs or clusters of isolates; these
may represent isolates involved in cross-transmission events in
either the hospital or the community. In our WGS analysis of

Fig. 2. Distribution of single-nucleotide variant (SNV) differences by species, sequence type, and intrapatient isolates. Pairwise counts of SNV differences between isolates are
presented for each of the species in the study. (A) The median distance and distribution varied markedly by species when all intraspecies isolates were considered. (B) Within
sequence types, the SNV variation was much less, with median values ranging from 65 SNV for S. aureus to 317 SNV for K. pneumoniae. (C) Some patients produced isolates on
multiple days or frommultiple body locations. To better define SNV differences potentially indicative of transmission, we determined themedian SNV differences for isolates from
the same patient and of the same sequence type. These median values ranged from 4 to 16.5 SNV for S. aureus and K. pneumoniae, respectively.
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1,257 isolates from 823 patients, we identified 34 clusters involving
96 patients that carried highly genetically related bacterial isolates.
Only 1 transmission cluster had been suspected by traditional
infection control surveillancemethods over the course of the study.
Through retrospective clinical review, we were able to identify
likely routes of cross transmission in 9 of the clusters, with cross
transmission appearing to have occurred in both the inpatient
and outpatient settings. Significantly, we noted apparent ongoing
cross transmission of 1MRSA isolate (cluster 14) over a>6-month

period in the healthcare setting, in which the persistent lack of typ-
ical geotemporal clustering prevented recognition by standard
infection control surveillance. Thus, a third major finding of this
study is that routine genomic sequencing can identify and inform
infection control personnel of patient transmission events,
allowing appropriate follow-up and investigation for better out-
break control.

Although the determination of thresholds used to define
apparent clusters was not arbitrary, as shown in the pairwise SNV
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histograms (Fig. 3) and the ROC curve analyses (Supplementary
Fig. S1 online), the application of threshold values requires
ongoing assessment. This need is highlighted by an apparent clus-
ter involving 2 patients in which we identified very strong clinical
support for cross transmission of E. faecium. The isolate from 1
patient was vancomycin susceptible and the isolate from the other
patient was vancomycin resistant, and the SNV difference between
the patient isolates was 11 SNVs (compared to the defined thresh-
old was 10 SNVs) (Supplementary Fig. S4 online). Further refine-
ment of analytic analyses and the expansion of the genomic
datasets should allow improved characterization of SNV thresh-
olds for determining highly likely and likely cross-transmission
clusters.

The study undertaken in this report has several limitations.
First, this study was performed in a single academic medical center
and was influenced by the characteristics of the patient population

and the institution’s infection control program. Second, only a sub-
set of all the inpatient and emergency department isolates of the
4 pathogens underwent genomic sequencing and analysis; thus,
some clusters were likely missed. Third, the predominant use of
clinical isolates and the inclusion of surveillance isolates on only
select units may have led to some selection bias. Fourth, most intra-
patient isolates were obtained during a relatively restricted time
period, limiting our ability to define genetic variation over time
and the determination of thresholds to define potential clusters.
Fifth, although the PIE system is intended to operate in near real
time tomake recommendations on infections that might be related
and merit investigation, the manual clinical validation of clusters
determined by PIE was undertaken retrospectively, at least several
months after the cross transmissions might have occurred, which
limited our ability to performmore granular clinical investigations.
Sixth, this initial trial did not incorporate environmental isolates
that may have helped further elucidate potential reservoirs and
associated routes of transmission.

This work supports the integration of genomic and clinical epi-
demiologic data analyses to augment surveillance of nosocomial
infections. This initial trial was not designed to be performed in
real time but, with present technology, the potential turnaround
time for WGS analysis of a cultivated isolate could be <48 hours.
Thus, our cloud-computing approach has potential to inform
infection control practice proactively. Using the PIE cloud-
computing environment, we were able to analyze and generate
potential relatedness matches for the entire dataset in ~3 hours,
which is consistent with another estimate by Chen et al,30 who also
used the platform. Thus, we were able to achieve a time scale that
is relevant for more rapid clinical investigation and intervention
to identify and limit outbreaks, which contributes to improving
overall patient outcomes.

Rapid, genomically informed surveillance efforts also have
the potential to mitigate healthcare costs. According to published
estimates, adult patients infected with multidrug-resistant bac-
teria present added costs ranging from $6,000 to $30,000.31 In
a K. pneumoniae outbreak involving neonates, costs averaged
$42,700 per infant.32 These costs represent a significant economic
burden that is avoidable with proper tools and newer surveillance
strategies.

Within a broader context, as rapid WGS analysis will allow for
genotypic antimicrobial susceptibility analyses in addition to
assessment for genetic relatedness, we anticipate that methodolo-
gies such as ours will also facilitate better antimicrobial steward-
ship programs (ASPs)33,34 within healthcare. These are critical
points to highlight because current ASP initiatives must be aimed
at improving the tracking of infections, their nuanced analysis, and
the reporting of antibiotic use coupled with monitoring of resis-
tance patterns. This study has demonstrated approaches that, if
implemented with near real-time surveillance capability, may hold
promise to reduce infection rates and care costs in hospitals.
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