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Background. Carbapenem-resistant Klebsiella pneumoniae (CRKp) is the most prevalent carbapenem-resistant 
Enterobacterales in the United States. We evaluated CRKp clustering in patients in US hospitals.

Methods. From April 2016 to August 2017, 350 patients with clonal group 258 CRKp were enrolled in the Consortium on 
Resistance Against Carbapenems in Klebsiella and other Enterobacteriaceae, a prospective, multicenter, cohort study. A 
maximum likelihood tree was constructed using RAxML. Static clusters shared ≤21 single-nucleotide polymorphisms (SNP) 
and a most recent common ancestor. Dynamic clusters incorporated SNP distance, culture timing, and rates of SNP 
accumulation and transmission using the R program TransCluster.

Results. Most patients were admitted from home (n = 150, 43%) or long-term care facilities (n = 115, 33%). Urine (n = 149, 
43%) was the most common isolation site. Overall, 55 static and 47 dynamics clusters were identified involving 210 of 350 
(60%) and 194 of 350 (55%) patients, respectively. Approximately half of static clusters were identical to dynamic clusters. Static 
clusters consisted of 33 (60%) intrasystem and 22 (40%) intersystem clusters. Dynamic clusters consisted of 32 (68%) 
intrasystem and 15 (32%) intersystem clusters and had fewer SNP differences than static clusters (8 vs 9; P = .045; 95% 
confidence interval [CI]: −4 to 0). Dynamic intersystem clusters contained more patients than dynamic intrasystem clusters 
(median [interquartile range], 4 [2, 7] vs 2 [2, 2]; P = .007; 95% CI: −3 to 0).

Conclusions. Widespread intrasystem and intersystem transmission of CRKp was identified in hospitalized US patients. Use of 
different methods for assessing genetic similarity resulted in only minor differences in interpretation.
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Carbapenem-resistant Enterobacterales (CRE) remain an 
important threat. The Centers for Disease Control and 
Prevention (CDC) has estimated that 13 100 cases of CRE oc-
curred in hospitalized patients in 2017 [1]. We recently reported 

on the clinical and molecular epidemiology of CRE in the United 
States [2]. We estimated that CRE are isolated from a clinical 
culture in approximately 57 per 100 000 US hospital admissions. 
Carbapenem-resistant Klebsiella pneumoniae (CRKp) is 
the most common CRE species in the United States. Globally, 
K. pneumoniae sequence type (ST) 258 is the most encountered
type within carbapenemase-producing CRKp [3]. Common 
families of carbapenemases include K. pneumoniae 
carbapenemase (KPC), oxacillinase (OXA)-48–like carbapene-
mases, and metallo-β-lactamases such as New Delhi metallo- 
β-lactamase, Verona integron-encoded metallo-β-lactamase, 
and active on imipenem carbapenemases [4]. Previous studies 
have traced CRKp infections in hospitalized patients within 
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and between hospitals, skilled nursing facilities (SNFs), and 
long-term acute care (LTAC) hospitals [5, 6]. Limiting the 
spread of CRKp between healthcare settings is an important 
goal, but defining thresholds of genetic relatedness between 
isolates for epidemiological investigations has been challenging 
[7–9]. Inconsistencies in defining bacterial clusters may steer ep-
idemiologic investigations toward reaching different conclu-
sions regarding likely transmission pathways. Whole-genome 
sequencing has improved the granularity of grouping bacterial 
strains into genetically related clusters. Selecting a static single- 
nucleotide polymorphism (SNP) cutoff has been a traditional 
approach to define closely related isolates. Alternatively, dy-
namic cluster assignment using a combination of sampling 
times, genetic distance, and rates of SNP accumulation and 
transmission may better represent epidemiological links be-
tween genetically similar isolates. This dynamic approach to 
clustering has previously been applied to define clusters for 
Mycobacterium tuberculosis and coronavirus disease 2019 but 
has not been evaluated in gram-negative bacteria [10, 11].

Here, we evaluated hospitalized patients with CG258 CRKp 
from the Consortium on Resistance Against Carbapenems in 
Klebsiella and other Enterobacterales (CRACKLE-2) study [2]. 
To better understand transmission in hospitals, we used static 
and dynamic methods to determine the degree of clustering in 
CRKp isolates from these patients and compared differences be-
tween the 2 approaches using a combination of whole-genome 
sequencing data and probability of recent transmission.

METHODS

Study Design

The CRACKLE-2 study has previously been described [2]. Briefly, 
CRACKLE-2 is a multicenter, prospective, observational cohort 
study of hospitalized patients with at least 1 clinical culture of 
CRE, as defined by the CDC [1]. The CDC defines CRE as 
Enterobacterales that phenotypically test resistant to any carbape-
nem (ie, minimum inhibitory concentrations of ≥4 µg/mL for 
doripenem, meropenem, or imipenem or ≥2 µg/mL for ertape-
nem), or harbor a gene encoding a carbapenemase, or are positive 
for carbapenemase production. Here, we constructed a cohort of 
patients with CG258 CRKp nested within the CRACKLE-2 cohort 
who were enrolled in the United States from 30 April 2016 until 
31 August 2017. One patient was excluded as an outlier as the col-
lected isolate had, on average, >104 pairwise SNP differences from 
the other 350 isolates. Dates of admission, discharge, room trans-
fer, and room location were acquired from the electronic health-
care records for 1 hospital. This hospital was selected as it had 
multiple clusters identified using both static and dynamic meth-
ods. While other hospitals also met these criteria, it was not feasi-
ble to perform secondary data collection at all centers. 
Institutional review board approval was obtained at all participat-
ing centers.

Microbiology and Whole-Genome Sequencing

DNA isolation and genome assembly were performed as part of 
the CRACKLE-2 study [2]. Briefly, single colonies for each iso-
late were selected for sequencing on lysogenic broth agar plates 
supplemented with 0.5 mg/L ertapenem or imipenem. Genomic 
DNA was extracted via the Wizard Genomic DNA Purification 
(Promega) or DNeasy Blood and Tissue (QIAGEN) kits and pre-
pared for sequencing using the Illumina Nextera XT DNA sam-
ple preparation kit (Illumina, San Diego, CA). Trimmomatic 
v0.36 was used to trim low-quality sequences and remove 
Illumina Nextera indexes [12]. Draft genomes were assembled 
using SPAdes v3.11.1 [13] and evaluated using Quast v4.6.2 
[14]. Species were confirmed using StrainSeeker v1.5 [15]. 
Multilocus sequence typing (MLST) was performed using the 
program MLST [16]; capsular polysaccharide gene clusters 
and wzi allele typing was performed using Kleborate v0.1.0 
[17]; and resistance genes were called by ABRicate [18] and 
ARIBA using the National Center for Biotechnology Information 
(NCBI) Bacterial Antimicrobial Resistance Reference Gene 
Database and ResFinder [19, 20]. Inconsistent results be-
tween the 2 programs were manually curated.

Phylogenetic Analysis

Trimmed, paired-end sequences from each draft genome were 
mapped to the reference NJST258_2 genome using Snippy [21]. 
DNA regions masked from the alignment included prophages 
(PHASTER [22]), repeated regions (MUMmer [23]), and areas 
of recombination (Gubbins [24]). A maximum likelihood phy-
logenetic tree from the concatenated core genome SNP sites 
was constructed using RAxML v8.2.4 with a general time- 
reversible model of nucleotide substitution and 4 discrete gam-
ma categories of rate heterogeneity (GTRGAMMA) [25]. The 
phylogenetic tree was annotated with the R packages ggtree 
[26]. Genomes are publicly available on NCBI (PRJNA658369).

Cluster Definitions

Static clusters were defined as strains that shared a most recent 
common ancestor (MRCA) based on phylogenetic analysis and 
a fixed cutoff of ≤21 pairwise SNP differences with every isolate 
within the cluster [5]. Pairwise whole-genome SNP differences 
(ie, includes invariant sites) were calculated using Snippy with var-
iant calling performed using FreeBayes with default minimum 
coverage and quality cutoffs. In cases where an isolate could be 
grouped into 2 clusters, the isolate was assigned based on the small-
er SNP difference between the nearest neighbors in each cluster.

Dynamic clusters were identified using the R program 
TransCluster [10], which uses a probabilistic methodology 
that combines the rate of SNP accumulation (λ), timing of 
CRKp detection, and an estimated transmission rate (β) to 
model the likelihood of isolates being linked by a transmission 
threshold (T) (ie, maximum number of transmission events). 
Pairwise SNP differences identified via Snippy were used to 



measure genetic differences between isolates. The λ was set at 
10.1 substitutions/genome/year as previously estimated using 
paired longitudinal samples of KPC-Kp [27]. The date of 
CRKp culture was collected from electronic healthcare records. 
The β represents the estimated number of transmissions per 
year and is defined as the rate at which intermediate cases occur 
in the total time elapsed between the MRCA of 2 sampled hosts 
and the sampling events [10, 11]. A β value of 5.8 was calculated 
using an average generation time of 62.7 days derived from ep-
idemiologic investigation of nosocomial Kp [28]. The threshold 
for T is defined as the number of intermediate transmissions 
≤T between 2 isolates with a probability of 80%. Based on clus-
ter characteristics at various thresholds, a threshold of T = 5 
was selected (Supplementary Figure 1A and 1B).

Intrasystem clusters were defined as containing only isolates 
collected from the same healthcare system. In contrast, 

intersystem clusters have at least 2 isolates from different 
healthcare systems but may also contain a subset of isolates 
linked within a single healthcare system. Intrasystem and inter-
system clusters are mutually exclusive; each isolate can only be-
long to a single cluster, and each cluster is designated as either 
intrasystem or intersystem. Each healthcare system was com-
prised of either a single hospital or an organization of related 
hospitals.

Statistical Analyses

To compare the average nucleotide identity (ANI) between ge-
netically nearest neighbors (gNN), a 2-tailed Student t test was 
performed. Distributions of SNP difference and continuous 
variables were compared using the Mann–Whitney test. 
Distributions across groups for categorical variables were com-
pared using a Fisher exact test. P values ≤.05 were considered 

Table 1. Comparison of Baseline Patient Characteristics and Clinical Outcomes by Cluster Type

Characteristica
Overall  

(n = 350)

Static Clusters Dynamic Clusters

Not Clustered  
(n = 140)

Clustered  
(n = 210) P Value (95% CIb)

Not Clustered  
(n = 156)

Clustered  
(n = 194)

P Value  
(95% CIb)

Age, y 66 (56–76) 62 (56–73) 67 (56–77) .02 (−7 to −1) 62 (56–74) 66 (56–77) …

Female sex 168 (48) 63 (45) 105 (50) … 72 (46) 96 (49) …

Ethnicity … … … … … … …

Hispanic or Latino 39 (11) 15 (11) 24 (11) … 20 (13) 19 (10) …

Not Hispanic or Latino 254 (73) 100 (71) 154 (73) … 110 (71) 144 (74) …

Not reported/Unknown 57 (16) 25 (18) 32 (15) … 26 (17) 31 (16) …

Time from admission to culture, d 2 (0–12) 1 (0–10) 2 (0–13) … 1 (0–11) 2 (0–13) …

Time from admission to discharge/death, d 17 (8–34) 15 (7–32) 18 (8–35) … 17 (8–34) 16 (8–33) …

Culture source … … … … … … …

Blood 47 (13) 17 (12) 30 (14) … 21 (13) 26 (13) …

Nonwound abdominal 8 (2) 4 (3) 4 (2) … 4 (3) 4 (2) …

Respiratory 89 (25) 38 (27) 51 (24) … 44 (28) 45 (23) …

Urine 149 (43) 61 (44) 88 (42) … 63 (40) 86 (44) …

Wound 43 (12) 15 (11) 28 (13) … 18 (12) 25 (13) …

Other 14 (4) 5 (4) 9 (4) … 6 (4) 8 (4) …

Disease status … … … … … … …

Colonization 204 (58) 87 (62) 117 (56) … 95 (61) 109 (56) …

Infection 146 (42) 53 (38) 93 (44) … 61 (39) 85 (44) …

Charlson score 3 (1–5) 3 (1–5) 3 (1–5) … 3 (1–5) 3 (1–5) …

Pitt score 3 (2–6) 3 (2–6) 3 (2–6) … 3 (2–6) 3 (2–6) …

Clinical response 110 (31) 45 (32) 65 (31) … 53 (34) 57 (29) …

Mortality … … … … … … …

30-d 79 (23) 35 (25) 44 (21) … 37 (24) 42 (22) …

90-d 102 (29) 45 (32) 57 (27) … 48 (31) 54 (28) …

Readmission within 90 d 115 (33) 36 (26) 79 (38) .02 (1.1 to 2.9) 41 (26) 74 (38) .02 (1.1 to 2.8

Preadmission origin … … … … … … …

Home 150 (43) 68 (49) 82 (39) … 76 (49) 74 (38) …

Long-term acute care 29 (8) 12 (9) 17 (8) … 14 (9) 15 (8) …

Long-term care 115 (33) 39 (28) 76 (36) … 42 (27) 73 (38) …

Transfer from other hospital 53 (15) 19 (14) 34 (16) … 22 (14) 31 (16) …

Transfer from outside United States 1 (0) 0 (0) 1 (0) … 0 (0) 1 (1) …

Unknown 2 (1) 2 (1) 0 (0) … 2 (1) 0 (0) …

Abbreviation: CI, confidence interval.  
aData presented as either n (%) or median (interquartile range) unless otherwise stated.  
b95% CI of the median difference.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac791#supplementary-data


statistically significant. Analyses were performed using either R 
(version 4.0.0) or GraphPad Prism (version 9.2.0).

RESULTS

The study cohort consisted of 350 hospitalized patients with a 
single, positive culture for CG258 K. pneumoniae across 25 US 
healthcare systems (with 42 hospitals) in 13 states and the 
District of Columbia. Baseline characteristics of patients and 
isolates are summarized in Tables 1 and 2, respectively. Most 
patients were admitted from home (n = 150, 43%) or a long- 
term care facility (n = 115, 33%). The majority of CRKp isolates 
were from urine (n = 149, 43%) followed by the respiratory 
tract (n = 89, 25%). Overall, isolates were predominantly 
carbapenemase-producing (n = 339, 97%). Within carbapene-
mase-producing (CP)-CRKp isolates, blaKPC-2 (n = 186, 53%) 
and blaKPC-3 (n = 152, 44%) were the most identified carbape-
nemase genes.

The phylogenetic tree is shown in Figure 1. wzi-29 (32%) and 
wzi-154 (48%) were the most common wzi types. Core SNP dif-
ferences between all 350 isolates ranged from 0 to 259 (median, 
74; interquartile range [IQR], 60–87). The overall ANI between 

gNNs was 99.66% (range, 96.65%–100%). Within the same 
healthcare system, the ANI between gNN was slightly higher 
compared with gNN recovered from patients at different 
healthcare systems (median, 99.7 vs 99.5; P < .0001; 95% confi-
dence interval [CI]: .09 to .22).

Clusters

Overall, 55 static and 47 dynamic clusters were identified and in-
corporated 210 of 350 (60%) and 194 of 350 (55%) patients, re-
spectively (Figure 2, Table 3). Most clusters were identified at 
healthcare systems within the Northeast region (static: 29 of 
55, 53%; dynamic: 25 of 47, 53%). Static clusters were identified 
at 19 of 25 (76%) healthcare systems and were comprised of 33 
(60%) intrasystem and 22 (40%) intersystem clusters. Similarly, 
dynamic clusters were identified across 19 of 25 (76%) health-
care systems and consisted of 32 of 47 (68%) intrasystem and 
15 of 47 (32%) intersystem clusters. Overall, 29 of 55 (53%) static 
clusters were identical in size and isolate composition to the dy-
namic clusters. There were 20 and 4 isolates specific to only static 
clusters or dynamic clusters, respectively. Static clusters ranged 
in size from 2 to 21 patients (median, 2), and dynamic clusters 
ranged in size from 2 to 28 patients (median, 2). Overall, 

Table 2. Genetic Characterization of Carbapenem-Resistant Klebsiella pneumoniae Isolates Grouped by Cluster Type

Characteristica
Overall  

(n = 350)

Static Clusters Dynamic Clusters

Not Clustered  
(n = 140)

Clustered  
(n = 210) P Value

Not Clustered  
(n = 156)

Clustered  
(n = 194) P Value

CPE status … … … … … … .030

CPE 339 (97) 132 (94) 207 (99) … 147 (94) 192 (99) …

Non-CP CRE 7 (2) 5 (4) 2 (1) … 6 (4) 1 (1) …

Unconfirmed CRE 4 (1) 3 (2) 1 (0) … 3 (2) 1 (1) …

blaKPC … … … .013 … … <.001

KPC-2 186 (53) 61 (44) 125 (60) … 65 (42) 121 (62) …

KPC-3 152 (44) 71 (51) 81 (39) … 82 (53) 70 (36) …

KPC-8 1 (0) 0 (0) 1 (0) … 0 (0) 1 (1) …

blaOXA-48-like … … … … … … …

OXA-232 2 (1) 0 (0) 2 (1) … 0 (0) 2 (1) …

Multilocus sequence typing sequence type … … … … … … …

CG258b 350 (100) 140/350 (40) 210/350 (60) … 156/350 (45) 194/350 (55) …

Tn4401 type … … … .047 … … .013

Tn4401ac 166 (47) 56 (40) 110 (52) … 61 (39) 105 (54) …

Tn4401b 66 (19) 31 (22) 35 (17) … 33 (21) 33 (17) …

Tn4401d 106 (30) 45 (32) 61 (29) … 53 (34) 53 (27) …

Undetermined 12 (3) 8 (6) 4 (2) … 9 (6) 3 (2) …

wzi capsule typed … … … <.001 … … <.001

154 168 (48) 80 (57) 88 (42) … 93 (60) 75 (39) …

29 112 (32) 41 (29) 71 (34) … 43 (28) 69 (36) …

168 26 (7) 11 (8) 15 (7) … 11 (7) 15 (8) …

50 23 (7) 0 (0) 23 (11) … 0 (0) 23 (12) …

Other 21 (6) 8 (6) 13 (6) … 9 (6) 12 (6) …

Abbreviations: CPE, carbapenemase-producing Enterobacterales; CRE, carbapenem-resistant Enterobacterales.  
aData presented as N (%).  
bIncludes single-locus variants of sequence type 258 (n = 7).  
cTn4401 isoforms containing a 35 bp (n = 1) and 210 DNA (n = 1) deletion upstream of blaKPC gene.  
dIncludes imperfect allele matches for wzi-154 (n = 1), wzi-29 (n = 3), and wzi-168 (n = 1). “Other” includes wzi-150 (n = 3), wzi-174 (n = 5), wzi-83 (n = 5), and undetermined wzi type (n = 8).



dynamic clusters had fewer SNP differences between each pair 
of isolates within individual clusters than static clusters (medi-
an, 8 and IQR, 4–11] vs median, 9 and IQR, 5–15; P = .045; 
95% CI: −4 to 0). Dynamic intersystem clusters generally con-
tained more patients than intrasystem clusters (median, 4 and 
IQR, 2–7 vs median, 2 and IQR, 2–2; P = .007; 95% CI: 0 to 3).

We evaluated the impact of adjusting the transmission 
threshold (T) and β parameter on dynamic clustering. 
Selection of higher T thresholds (ie, allowing for more 

transmission links between patients within a cluster) increased 
the overall number of patients incorporated into clusters with a 
maximum number of patients (n = 260) reached at T = 11 
(Supplementary Figure 1A). Conversely, the number of clusters 
peaked at T = 5 but also reached a plateau at T = 11 
(Supplementary Figure 1B). We observed that as T increased, 
the intrasystem clusters were incorporated into larger and 
more diverse intersystem clusters. Next, we evaluated the im-
pact of varying the β parameter on dynamic clustering. The 

Figure 1. Phylogenetic population structure of Klebsiella pneumoniae CG258 isolates. A maximum likelihood tree indicates the genetic relationships between isolates. 
Additional metadata (from left to right) for each isolate include the wzi type, Tn4401 type, detected Carb. genes, static cluster assignment, and dynamic cluster assignment. 
Individual clusters are coded as unique colors. The right-most panel represents a heat map of the pairwise core SNP distances between isolates with purple to yellow sig-
nifying an increasing number of SNP differences. Abbreviations: –, not detected/unknown; Carb, carbapenemase; KPC, Klebsiella pneumoniae Carbapenemase; OXA, ox-
acillinase; SNP, single-nucleotide polymorphism.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac791#supplementary-data
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overall number of strains within clusters and total number of 
clusters were reduced at the higher β values, which represents 
a faster transmission potential (Supplementary Figure 1C and 
1D, respectively). The highest number of clusters (n = 47) 
was identified at β = 5.8. In alignment with Stimson et al, in-
creasing the transmission rate β resulted in the same clusters 
but at higher transmission cutoffs [10].

Investigation of Spatial Clustering

We further investigated the dynamic cluster assignment com-
pared with the spatial location between 14 unique patients 
within a single hospital (Supplementary Figure 2). Patient 
room data were grouped by hospital floor. Overall, 4 dynamic 
clusters (3 intrasystem and 1 intersystem) were previously 
identified using the spatial distance at the healthcare-system 
level. Intrasystem clusters contained either 2 patients (n = 2) 
or 3 patients (n = 1). The intersystem cluster consisted of 2 

patients, with 1 patient at a different healthcare system but 
within the same geographic region. Most (5 of 9, 56%) of the 
isolates were collected from the same floor (floor C); however, 
only 1 intrasystem cluster had all isolates contained to a single 
floor. Application of the static clustering method identified the 
same clusters.

DISCUSSION

In this prospective cohort of consecutively enrolled patients, we 
show evidence of extensive nosocomial transmission and 
spread of CG258 CRKp in US hospitals. Most patients had a 
CRKp isolate that could be genetically linked to an isolate of 
at least 1 other patient, regardless of the method used to assign 
clusters. Most patients were part of clusters with patients from 
the same healthcare system; however, about one-third of clus-
ters showed evidence of transmission across healthcare sys-
tems. The occurrence of intersystem clusters may indicate 
involvement of other healthcare sites (eg, SNFs, LTAC hospi-
tals) as well as the community in perpetuating CRKp spread 
[29, 30]. These observations emphasize that successful control 
of multidrug-resistant organisms requires infection prevention 
measures at both local and regional levels.

As a group, patients who were part of clusters were not clin-
ically different from those who were not part of clusters. We did 
observe that patients within clusters had a higher rate of read-
mission within 90 days. Longitudinal surveillance culturing of 
patients would assist in better understanding the factors that 
drive cluster formation. When we evaluated bacterial genetics, 
isolates within clusters were more likely to carry the carbapene-
mase gene blaKPC-2 as well as the Tn4401a isoform. blaKPC 

genes are generally located within the Tn3-based transposon 
Tn4401 [31]. We also observed high, but not exclusive, carriage 
of blaKPC-2 among clade I isolates (characterized by the wzi-29 
allele), as noted in other studies [6, 32]. Control of the presence 
of antibiotic-resistant bacteria in the nosocomial environment 
can break transmission chains and decrease the likelihood of 
horizontal transfer of genes associated with antibiotic resis-
tance to other bacteria [33].

Clonal dissemination of ST258 throughout US healthcare 
systems has been linked to several nosocomial outbreaks [34– 
36]. The endemicity of ST258 makes it challenging to distin-
guish independent introduction events from ongoing transmis-
sion in the hospital setting [6, 35]. Isolates that are part of 
clusters share a high degree of genetic similarity, which suggests 
that they are a result of recent transmission [37]. Static cluster-
ing uses a pairwise minimum SNP difference between the core 
genome of isolates to indicate the likelihood of recent transmis-
sion events. The main limitation of this approach is that it re-
quires selection of a cutoff for the SNP threshold. Differences 
in the methodology for genome assembly and variant calling 
as well as biological variability between isolates can alter the 

Figure 2. Structure of dynamic clusters of Klebsiella pneumoniae CG258 iso-
lates. Isolates (circles) are color-coded by healthcare system (n = 25) and grouped 
by region within the United States. Isolates were assigned to the same dynamic 
cluster (connected lines) if they shared an 80% probability of being within a thresh-
old of 5 putative transmissions. Lines are weighted by the transmission threshold 
linking 2 isolates and also color-coded by pairwise SNP distances. Abbreviation: 
SNP, single-nucleotide polymorphism.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac791#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac791#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac791#supplementary-data


relative pairwise SNP differences [5, 8, 9, 38]. Additionally, for 
isolates close to the SNP threshold, there is unlikely to be a large 
difference in transmission likelihood based on a single addi-
tional SNP difference leading to inclusion or exclusion from 
clusters. Indeed, David et al identified a false-positive and false- 
negative rate of 14.6% and 11.7%, respectively, even at the op-
timal threshold of 21 SNPs to discriminate ST258/512 clusters 
in hospitals [5]. Furthermore, it is unlikely that a single SNP 
threshold would perform equally well in different settings. 
For example, Ferrari et al identified a threshold of <16 SNPs 
to define K. pneumoniae KPC isolates as part of the same trans-
mission cluster based on the distribution of core SNPs among 
isolates [9]. Conversely, using phylogenetic analysis, 
Hassoun-Kheir et al identified a cutoff of ≤80 SNPs that separat-
ed K. pneumoniae KPC STs and a stricter cutoff of ≤6 SNPs that 
defined 60.5% of isolates as being both genetically linked and 
sharing high epidemiological support [8]. Misidentification of 
transmission pathways and outbreak sources may result in mis-
direction of time and resources. Thus, threshold-free approaches 
may be a useful complement to current approaches to group ge-
netically similar isolates.

Dynamic clustering is a threshold-free approach that incor-
porates genetic distance, spatial distance, culture timing, the 
rate of SNP acquisition, and the number of transmission events 
over time [10]. However, several parameters also need to be set 
based on previously collected epidemiological and genetic data, 
which may be incomplete. Applying the same transmission pa-
rameters may provide a unified clustering method across bac-
teria with different SNP accumulation rates [10]. Overall, 
using the parameter settings outlined, static and dynamic 

clusters were similar in isolate composition and numbers of pa-
tients per cluster. We applied a SNP threshold of ≤21 when we 
defined static clusters, which performed similarly for dynamic 
clustering using a threshold of 5 transmission events. More de-
tailed exploration toward applying model simulations with a 
comparison to real-world surveillance data is warranted to op-
timize the threshold for detecting true transmission events.

Identification of genetically similar isolates within a hospital 
can support epidemiological data and guide infection preven-
tionists during outbreak investigations and implementation 
of prevention control measures [28]. By either method, we 
found that a majority of CRKp isolates were clustered with at 
least 1 other isolate, with small clusters consisting of 2 patients 
within the same healthcare system being the most commonly 
detected cluster type. Adjusting the transmission threshold 
for grouping clusters may be a useful approach for tailoring 
the scope and precision of epidemiological investigations. 
Similar to setting a more restrictive SNP threshold, a lower cut-
off for transmission events identifies the most similar isolates 
and thus those most likely to be part of an outbreak. 
Likewise, selecting a higher threshold results in larger clusters 
with a greater likelihood of there being a linked transmission 
event occurring within each cluster.

The model parameters for the dynamic clusters were in-
formed based on data from previous publications. It is possi-
ble that the use of different parameters may generate different 
outcomes and perform better for a given dataset. For example, 
the generation time between Klebsiella infections is mostly de-
termined through studies of hospital outbreaks and varies de-
pending on the context of infection and the extent of culture 

Table 3. Comparison of Static and Dynamic Clusters

Static Clusters Dynamic Clusters

Characteristica
Total  

(n = 55)
Intrasystem  

(n = 33)
Intersystem  

(n = 22)
P Value 

(95% CIb)
Total  

(n = 47)
Intrasystem  

(n = 32)
Intersystem  

(n = 15)
P Value 

(95% CIb)

Number of strains within 
clusters

210/350 (60) 112/210 (53) 98/210 (47) … 194/350 (55) 106/194 (55) 88/194 (45) …

Cluster size 2 (2–4) 2 (2–3.5) 3 (2–5) … 2 (2–4) 2 (2–2) 4 (2–7) .007 [−3–0]

Pairwise single-nucleotide 
polymorphism distancec

9 (5–15) 7 (4–15) 12 (8–15) … 8 (4–11) 5 (2–11) 9 (7–11) …

Site location of clusterd

Midwest 12 (22) 4 (12) 8 (36) … 9 (19) 5 (16) 4 (27) …

Northeast 29 (53) 19 (58) 10 (45) … 25 (53) 18 (56) 7 (47) …

South 9 (16) 5 (15) 4 (18) … 7 (15) 4 (13) 3 (20) …

West 9 (16) 5 (15) 4 (18) … 6 (13) 5 (16) 1 (7) …

Time between culture 
dates, d

51 (23–86) 57 (18–100) 40 (28–83) … 50 (23–94) 54 (20–87) 41 (27–102) …

Time from admission to 
culture date, d

3 (1–9) 5 (1–11) 1 (0–8) … 2 (1–8) 2 (1–9) 1 (1–8) …

Abbreviation: CI, confidence interval.  
aData presented as either N (%) or median (interquartile range) unless otherwise stated.  
b95% CI of the median difference.  
cMedian single-nucleotide polymorphism distance between each strain within a cluster.  
dSeveral intersystem static clusters (n = 4) spanned across multiple regions.



surveillance [28, 35, 39, 40]. Therefore, an alternative β value 
may better represent patients linked by strong epidemiologi-
cal support. Additionally, asymptomatic screening cultures 
were not included in CRACKLE-2. Long-term gastrointesti-
nal colonization [41] and environmental reservoirs (eg, 
plumbing, surfaces) [42, 43] can contribute to the  spread of 
CRKp among healthcare facilities. Therefore, the degree of 
clustering may be underrepresented. Additionally, as hospi-
tals were based on the interest of the investigators, the identi-
fied clusters do not comprehensively represent the extent of 
CG258 spread between facilities. As expected, several health-
care systems were relatively overrepresented with high num-
bers of patients with CRKp. However, this represents the 
variability in CRE incidence between healthcare systems and 
regions [2, 44, 45].

In summary, we identified widespread nosocomial transmis-
sion of CRKp in hospitalized patients in the United States. 
Evaluation of genetic similarity is an important tool for epide-
miological studies that requires further standardization. More 
precise determination of genetic similarity and associated like-
lihood of transmission will help identify hot spots of transmis-
sion for more in-depth phylogenetic analyses and direct 
resources for control intervention methods.
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