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Background. Data on household transmission of carbapenemase-producing Enterobacterales (CPE) remain limited. We studied
risk of CPE household co-colonization and transmission in Ontario, Canada.

Methods. We enrolled CPE index cases (identified via population-based surveillance from January 2015 to October 2018) and
their household contacts. At months 0, 3, 6, 9, and 12, participants provided rectal and groin swabs. Swabs were cultured for CPE
until September 2017, when direct polymerase chain reaction (PCR; with culture of specimens if a carbapenemase gene was de-
tected) replaced culture. CPE risk factor data were collected by interview and combined with isolate whole-genome sequencing to
determine likelihood of household transmission. Risk factors for household contact colonization were explored using a multivariable
logistic regression model with generalized estimating equations.

Results.  Ninety-five households with 177 household contacts participated. Sixteen (9%) household contacts in 16 (17%) households
were CPE-colonized. Household transmission was confirmed in 3/177 (2%) cases, probable in 2/177 (1%), possible in 9/177 (5%), and un-
likely in 2/177 (1%). Household contacts were more likely to be colonized if they were the index case’s spouse (odds ratio [OR], 6.17; 95%
confidence interval [CI], 1.05-36.35), if their index case remained CPE-colonized at household enrollment (OR, 7.00; 95% CI, 1.92-25.49),

or if they had at least 1 set of specimens processed after direct PCR was introduced (OR, 6.46; 95% CI, 1.52-27.40).

Conclusions.

Nine percent of household contacts were CPE-colonized; 3% were a result of household transmission. Hospitals

may consider admission screening for patients known to have CPE-colonized household contacts.
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Carbapenemase-producing Enterobacterales (CPE) are resistant
to all B-lactams and many other antibiotics [1, 2]. Invasive infec-
tions caused by these organisms are associated with case fatality
rates as high as 70% [1, 3-6]. In south-central Ontario, Canada, the
incidence of CPE has approximately doubled every 2 years since
it was first detected in 2007, to 1.3 clinical isolates per 100 000
population in 2017 [7]. Understanding the epidemiology of CPE
transmission is critical to guide prevention and control programs.

Infection control recommendations for CPE prevention
have consisted of identifying colonized patients in healthcare
facilities and instituting strategies to prevent patient-to-patient
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spread [8, 9]. Although these measures are necessary, they
are insufficient if CPE transmission occurs in the community.
There are numerous potential sources of exposure to CPE in
community settings [10-12], but data from studies of extended-
spectrum [-lactamase—producing Enterobacterales suggest that
household transmission may be one important risk [13].

Data regarding the colonization of household contacts of CPE
cases are sparse. Publications describe 1 case each in Australia,
New Zealand, Belgium, Israel, and the Netherlands [14-18]. We
took advantage of population-based surveillance for CPE early
in its emergence in south-central Ontario, Canada, to study the
risk of and factors associated with colonization of household
contacts of CPE cases.

METHODS

Study Design and Setting

The Toronto Invasive Bacterial Diseases Network (TIBDN) has
performed population-based surveillance for CPE in metropol-
itan Toronto and the regional municipality of Peel in Ontario,
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Canada, since its first detection in the area in October 2007 [19].
Households were eligible for inclusion in this prospective cohort
study if a consenting CPE index case identified between January
2015 and October 2018 and at least 1 consenting household con-
tact resided at a fixed address in the community (eg, apartment,
house), at which both index case and contact spent at least 20
hours per week. Parents/legal guardians provided consent for
participants aged <16 years; participants aged 8-15 years pro-
vided assent. Surveillance was approved by the research ethics
boards of all TIBDN hospitals. The Sinai Health System Research
Ethics Board (Toronto, Canada) approved the study.

Data Collection

At the study’s first home visit (month 0), trained study staff used
standardized forms to gather demographic, clinical, personal
hygiene, travel, and healthcare exposure data for the prior year
from index cases and their household contacts. Follow-up visits
occurred at months 3, 6, 9, and 12, at which travel and healthcare
exposure in the prior 3 months were recorded. At each home
visit, index cases and household contacts provided groin and
rectal swabs (Starswabs, Starplex Scientific, Etobicoke, Canada).

Laboratory Procedures

At the microbiology research laboratory at Sinai Health
System, swabs were inoculated into 3 mL of brain heart in-
fusion (BHI) broth (Oxoid, Nepean, Canada) and incubated
aerobically at 37°C for 24 hours. Broths were subcultured
to a biplate of MacConkey crystal violet agar with 2 mg/mL
cefpodoxime/0.125 mg/mL meropenem (Oxoid) [20]. One
colony of each morphologically distinct oxidase-negative
gram-negative bacillus was subcultured to Muller-Hinton
agar with a 10-ug meropenem disc (Oxoid). Isolates with
meropenem inhibition zones of <27 mm were identified to the
species level using matrix-assisted laser desorption/ionization
time-of-flight (VITEK-MS Plus, bioMérieux, Marcy—l’EtoiIe,
France) [21]. Isolates that were B-CARBA-positive (Bio-Rad,
Marnes-la-Coquette, France) had carbapenemase genes iden-
tified by polymerase chain reaction (PCR) at the National
Microbiology Laboratory (Winnipeg, Canada) or the Public
Health Ontario Laboratory (Toronto, Canada) as previously
described [22]. From September 2017 onward, carbapenemase
genes were detected directly from the incubated BHI broth by
PCR given evidence that this was more sensitive than culture
[23]. DNA was extracted from 200 uL of incubated BHI broth
by boiling, then carbapenemase genes (bluKPC, bla, blaoX N
bla,, bla,,, and bla_, ) were detected via multiplex real-time
PCR (qPCR) using the ABI 7500 real-time sequence detection
system (Applied Biosystems, Foster City, CA) [24]. Culture, as
described above, was performed from remaining BHI broth
if carbapenemase genes were detected by direct PCR; if an
organism was not recovered, another culture method was at-
tempted (Supplementary Methods).

If the household contact and corresponding index case
CPE isolate pair were of the same species and carbapenemase
gene(s), isolates underwent whole-genome sequencing using
NextSeq (Illumina, San Diego, CA) at the National Microbiology
Laboratory. Isolates in the index case/household contact pair
were conservatively considered highly related if the single nu-
cleotide variant (SNV) distance between them was <10 [25, 26],
as determined using the SNVPhyl pipeline [27] (Supplementary
Methods).

If the household contact and corresponding index case CPE
isolate pair had the same carbapenemase gene(s) but were of
different species (or the same species with isolates >10 SNVs
apart), isolates underwent Illumina and MinION (Oxford
Nanopore Technologies, Oxford, UK) long-read sequencing
to resolve plasmids. Relatedness of carbapenemase gene-con-
taining plasmids is described for each pair in Supplementary
Table 2, including plasmid replicon type, size, and percent iden-
tity. For plasmid pairs with <99% match, differences and poten-
tial relatedness via recombination were noted (Supplementary
Methods).

Outcome

The primary outcome was household contact colonization/in-
fection with CPE, defined as at least 1 study or clinical specimen
yielding CPE by direct PCR and/or culture.

Definitions

The duration of prestudy exposure of household contacts to
each index case was defined as the number of days that the
index case spent in the household between their most likely
CPE acquisition date and the date of household enrollment and
sampling (examples in Supplementary Figure 1).

The time prestudy between index case CPE acquisition, index
case identification, and household enrollment meant that not all
index cases remained colonized at study start. Index cases were
defined as colonized at household enrollment if at least 1 sample
yielded CPE at baseline or follow-up visits.

Household transmission was defined as “confirmed” when
exposed household contacts had no risk factors for CPE ac-
quisition, an isolate with the same carbapenemase gene as the
index case isolate, and either an isolate or carbapenemase gene—
containing plasmid with a DNA sequence highly related to that
of the index case. Risk factors for CPE acquisition included
prior hospitalization, gastrointestinal endoscopy, and travel to
the Indian subcontinent (high-risk travel) [19, 28]. Household
transmission was “probable” when household contacts had no
CPE risk factors and the same carbapenemase gene as the index
case, but household contact specimens were PCR-positive only
so isolate/plasmid comparisons were unavailable or when the
index case and household contact isolates or carbapenemase
gene—containing plasmids were highly related and the house-
hold contacts had CPE risk factors prior to enrollment but 3
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or more negative sets of screening specimens before their first
positive. Household transmission was “possible” if household
contact and index case isolates had the same carbapenemase
genes in isolates or on plasmids that were highly related, but
the household contact had high-risk travel concurrent with the
index case and 2 or fewer negative sets of screening samples
between travel and their first positive. Household transmis-
sion was “unlikely” if household contact and index case isolates
had different carbapenemase genes or the same carbapenemase
genes on unrelated plasmids.

The CPE household acquisition rate per 1000 person-weeks
at risk was defined as the number of confirmed, probable, and
possible household transmission events divided by the number
of weeks household contacts were at risk before and during the
study, multiplied by 1000 [13].

Statistical Analyses

Index case and household contact characteristics were summar-
ized using descriptive statistics. Proportions were compared
using the )(2 or Fisher exact test as appropriate, and medians
were compared using Wilcoxon rank sum tests. Cumulative
probabilities of household contacts becoming CPE-colonized
were described using Kaplan-Meier survival curves.

To assess risk factors for household contact colonization, we
used logistic regression models with generalized estimating
equations with an exchangeable correlation matrix to account
for clustering at the index case level. First, bivariate analyses
were performed to determine whether index case/household

contact characteristics were associated with household contact
colonization. Significantly associated variables (P < .05) were
included in an exploratory multivariable model. Included vari-
ables were household contact age (in years), relationship to the
index case (spouse vs other), Charlson score [29] (1 or greater
vs zero), frequency of primary bathroom sharing with the index
case (almost always vs less than almost always), travel to the
Indian subcontinent in the year prior to enrollment (yes vs no),
number of participating household contacts (2 or more vs 1),
whether all home visits occurred prior to the introduction of di-
rect PCR in September 2017 (yes vs no), and whether the index
case remained CPE-colonized at household enrollment (yes vs
no). Variables were not collinear (variance inflation factors <5).
The multivariable model was also run excluding unlikely trans-
mission events. P values <.05 were considered statistically sig-
nificant using 2-sided tests. Statistical analyses were performed
using SAS 9.6M6 (University Edition).

RESULTS

The study flow diagram is shown in Figure 1. Overall, 177 of
343 (52%) household contacts in 95 index case households con-
sented to participate; the median proportion of participating
household contacts in these households was 75% (interquartile
range [IQR], 25%-100%). The 95 index cases with participating
household contacts were similar to the 187 other eligible index
cases, except that their CPE acquisition was more likely to be at-
tributed to prior hospitalization abroad (62% vs 39%, P <.0001)

282 eligible ICs

94 ICs declined participation

\4
177 HCs enrolled (95 households)
9 HCs CPE-colonized

Month 0 Screening:

» 10 ICs could not be contacted
83 ICs with all HCs declining participation

\4
142 HCs (75 households)
4 newly CPE-colonized

Month 3 Screening:

» 35 HCs withdrew

v

131 HCs (70 households)
0 newly CPE-colonized

Month 6 Screening:

» 11 HCs withdrew

\4

119 HCs (64 households)
1 newly CPE-colonized

Month 9 Screening:

» 12 HCs withdrew

» 22 HCs withdrew

v

97 HCs (54 households)
2 newly CPE-colonized

Month 12 Screening:

Figure 1.
contact; IC, index case.

Study flow diagram, including number of newly positive HCs at each study visit. Abbreviations: CPE, carbapenemase-producing Enterobacterales; HC, household

CPE Household Transmission « CID 2021:73 (1 December) o e4609



and their CPE species was more likely to be Escherichia coli
(64% vs 49%, P = .04; Supplementary Table 1).

Among the 95 participating index cases, the median age was
71 years (range, 3-91) and 37 (39%) were female (Table 1). CPE
species among index cases were predominantly E. coli (61, 64%)
or Klebsiella pneumoniae (24, 25%), and carbapenemases were
primarily NDM- (55, 58%) or OXA-48-like (28, 29%). Index
cases had a median of 1 (range, 1-8) participating household
contact. The estimated median time of household contact ex-
posure to colonized index cases prior to study start was 97 days
(IQR, 51-215). At household enrollment, 61 (64%) index cases
remained colonized.

Among 177 participating household contacts, the median age
was 43 years (range, 0-95) and 110 (62%) were female (Table 1).
Most household contacts were the spouse (56, 32%) or child/
child-in-law (60, 34%) of index cases. At enrollment, 85 (45%)
household contacts had at least 1 CPE risk factor other than
household exposure: 80 (45%) had traveled to the Indian sub-
continent (of whom 3 were hospitalized there and 8 were hospi-
talized in Canada) and 5 (3%) were only hospitalized in Canada.

Colonization of Household Contacts
Among the 177 participating household contacts, 16 (9%) in 16
(17%) households were CPE-colonized: 9 (5%) were detected

Table 1. Baseline Characteristics of Participating Index Cases and Household Contacts

Index Cases Household Contacts
Characteristic (N = 95) (N =177)
Female sex, n (%) 37 (39) 110 (62)
Age, median (range), years 71 (3-91) 43 (0-95)
Charlson score, n (%)
0 29 (31) 161 (91)
1-2 40 (42) 15 (8)
3-4 15 (16) 1(1)
>5 11 (12) 0(0)
Receipt of antibiotics in prior 6 months, n (%) 82 (86) 28 (16)
Travel in prior year, n (%)
Indian subcontinent 68 (72) 80 (45)
Other countries (except United States/northern Europe) 11 (12) 15 (8)
None or United States/northern Europe 16 (17) 82 (46)
Hospitalization in prior year, n (%)
Abroad 59 (62) 3(2)
In Canada 24 (25) 13 (7)
None 12 (13) 161 (91)
Index case-specific characteristics
Number of participating household contacts, median (range) 1(1-8) NA
Time from first CPE identification to household enrollment, median (IQR), days 59 (35-129) NA
CPE species, n (%) NA
Escherichia coli 61 (64)
Klebsiella pneumoniae 24 (25)
Other® 10 (11)
Carbapenemase produced, n (%)
NDM 55 (58) NA
OXA-48-like 28 (29)
NDM/OXA-48-like 5 (b)
KPC 5 (5)
VIM 2(2)
Prestudy exposure of household contacts to index cases, median (IQR), days 97 (561-215) NA
Number of index cases that remained CPE-colonized at enrollment, n (%) 61 (64) NA
Household contact-specific characteristics
Relationship to index case, n (%)
Spouse NA 56 (32)
Parent 16 (9)
Child or child-in-law 60 (34)
Grandchild 31(18)
Other” 14 (8)

Abbreviations: CPE, carbapenemase-producing Enterobacterales; IQR, interquartile range; NA, not applicable.

“Enterobacter spp. (7), Providencia rettgeri (1), Morganella morganii (1), Citrobacter freundii (1).

®Sibling (4), caregiver (2), child’s parent-in-law (2), cousin (1), fiancé (1), nephew (1), parent-in-law (1), child-in-law’s parent (1), grandchild’s spouse (1).
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at enrollment and 7 (4%) were first detected in follow-up
(Figure 1). No household contacts had a clinical specimen that
yielded CPE during the study. The median number of positive
specimens among colonized household contacts was 2 (inter-
quartile range, 1-2); 8 household contacts had a single positive
specimen.

The overall colonization rate was 12/92 (13%) among house-
hold contacts with their own risk factors (85 had risk factors
at enrollment, 7 had risk factors in follow-up) and 4/85 (5%)
among those without risk factors (P = .07). Household con-
tacts who had all home visits prior to the introduction of di-
rect PCR (compared with those who had at least 1 home visit
after the introduction of direct PCR) were significantly less
likely to be detected as colonized (3/114, 2% vs 13/63, 21%;
P <.0001). Among household contacts not colonized at enroll-
ment (n = 168), the cumulative incidence estimate for CPE col-
onization by 12 months was 5% (Figure 2A). Among the subset
of these household contacts whose index cases remained colon-
ized at enrollment (n = 111), CPE colonization by 12 months
was 6% (Figure 2B).

Risk of Household Transmission
Categories of household transmission are shown in Table 2
and Supplementary Table 2. Household transmission

was confirmed in 3/177 (2%) household contacts, prob-
able in 2/177 (1%), possible in 9/177 (5%), and unlikely in
2/177 (1%).

All index cases had at least 1 CPE risk factor. In 2 of 3 house-
holds with confirmed transmission and 1 of 2 with probable
transmission, household contacts were colonized at enrollment
(month 0), so transmission occurred prior to study start. In the
second household with probable transmission, the household
contact and index case had traveled concurrently to the Indian
subcontinent; however, the household contact became colon-
ized after 4 consecutive sets of negative screening samples after
concurrent travel with the index case.

In the 9 households with possible transmission, household
contacts were either colonized at enrollment or had a first pos-
itive specimen after only 1-2 sets of negative specimens upon
return from concurrent travel with their index cases. Thus, it
was not possible to determine whether the household contact
acquired CPE from the index case or whether both were ex-
posed during concurrent travel. In the 2 households with un-
likely transmission, the household contacts had their own CPE
risk factors.

The CPE household acquisition rate was 1.42 per 1000 person-
weeks at risk if confirmed, probable, and possible household
acquisitions were considered, or 0.50 per 1000 person-weeks
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Figure 2. Cumulative incidence of CPE colonization among HCs (4) who were not identified as colonized at enrollment (N = 168) and (B) whose index cases remained col-
onized at enrollment (N = 111). Month 12 visits (per-protocol visits at 365-395 days after enrollment) were delayed in 14 households due to travel or scheduling challenges,
resulting in 33 HCs being censored beyond 395 days. Abbreviations: CPE, carbapenemase-producing Enterobacterales; HC, household contact.
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Table 2. Categorization of Likelihood of Transmission From Index Case to Household Contacts in 16 Households With Carbapenemase-Producing

Enterobacterales—Colonized Household Contacts

Transmission IC/HC Description of Relatedness Between IC and HC Pairs of
Category HC Risk Factors IC/HC Species and ST Carbapenemase Isolates/Carbapenemase Gene—Containing Plasmids
Confirmed None Escherichia coli ST405 NDM-5 Highly related isolates (1 SNV)
(n=3) E. coli ST167 NDM-5 Highly related bla,,,, ~~containing plasmids? in related iso-
lates (20 SNVs)
E. coli ST359 NDM-7 Highly related bla,,, ,~containing plasmids® in related iso-
lates (54 SNVs)
Probable None E. coli(IC), culture- NDM NA (HC PCR-positive but culture-negative)
(n=2) negative (HC)
High-risk co-travel Klebsiella pneumoniae NDM-1 Highly related isolates (6 SNVs)
with IC® ST410
Possible (n = 9) High-risk co-travel E. coli ST372 OXA-181 Highly related isolates (0 SNVs)
with IC° E. coli ST410 NDM-5 Highly related isolates (4 SNVs)
E. coli ST405 NDM-5 Highly related isolates (9 SNVs)
K. pneumoniae ST307 NDM-5 Highly related bla,,, .~containing plasmids?® in related iso-
lates (19 SNVs)
E. coli ST8655 (IC) and OXA-181 Highly related bla,, ,,,—containing plasmids? in unrelated
ST940 (HC) isolates (>25 000 SNVs)
E. coli ST410 (IC) and OXA-181 Highly related bla,, ,,,—containing plasmids® in unrelated
ST372 (HC) isolates (>25 000 SNVs)
E. coli ST405 (IC) and NDM-5 Highly related bla,,, .—containing plasmids® in unrelated
ST457 (HC) isolates (>25 000 SNVs)
E. coli (IC), culture- OXA NA (HC PCR positive but culture negative)
negative (HC)
E. coli(IC), isolate una- NDM NA (HC isolate unavailable)
vailable (HC)
Unlikely (n = 2) High-risk travel K. pneumoniae ST14 (IC), OXA-232 (IC), Unrelated plasmids®
E. coli ST8131(HC) OXA-181 (HC)
K. pneumoniae ST15 (IC), NDM-1 Unrelated plasmids®
Enterobacter cloacae
ST171 (HC)

Abbreviations: CPE, carbapenemase-producing Enterobacterales; HC, household contact; IC, index case; NA, not applicable; PCR, polymerase chain reaction; SNV, single nucleotide variant;

ST, sequence type.

“See Supplementary Table 2.

°HC colonization was detected after 4 negative screens post—co-travel with the IC.
°HC colonization was detected after 0 to 2 negative screens post-co-travel with the IC.

at risk if only confirmed and probable household acquisitions
were included.

Risk Factors for CPE Colonization of Household Contacts

Table 3 shows index case and household characteristics by
whether the household had colonized household contacts,
and Table 4 shows household contact characteristics by col-
onization status. In an exploratory multivariable model,
household contacts were significantly more likely to be col-
onized if they were the index case’s spouse (odds ratio [OR],
6.17; 95% confidence interval [CI], 1.05-36.35), if their
index case remained colonized at household enrollment (OR,
7.00; 95% CI, 1.92-25.49), or if at least 1 set of specimens was
processed after direct PCR was introduced (OR, 6.46; 95%
CI, 1.52-27.40). When unlikely transmission events were ex-
cluded, index case spouse (OR, 6.87; 95% CI, 1.07-43.97),
index case colonization at household enrollment (OR, 9.80;
95% CI, 1.77-54.33), and direct PCR testing (OR, 5.69; 95%
CI, 1.37-23.61) remained associated with household contact
colonization.

DISCUSSION

In this cohort in Ontario, Canada, 9% of household contacts
of CPE cases were identified as CPE-colonized; some were
probably from household transmission and others possibly fol-
lowing coexposure with the index case abroad. Household con-
tacts were more likely to be colonized if they were the index
case’s spouse, if their index case remained colonized at house-
hold enrollment, or if at least 1 home visit occurred after direct
PCR was introduced.

No published studies have systematically examined CPE
household transmission. However, a recent meta-analysis
examined risk of cocarriage/acquisition of extended spectrum
B-lactamase—producing Enterobacterales (ESBLE) in house-
holds [13]. Among the 7 prospective cohort studies that we
identified (6 included in the meta-analysis) [30-36], the pro-
portion of colonized household contacts ranged from 8% to
37%. In 3 of these studies, the rate of ESBLE household acquisi-
tion among household contacts could be calculated [13]. Rates
in 2 studies were similar to our CPE household acquisition rate

e4612 « CID 2021:73 (1 December) o Jamal et al


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1295#supplementary-data

Table 3. Index Case and Household Characteristics by Whether Households Had Carbapenemase-Producing Enterobacterales—Colonized Household
Contacts
Households With No CPE-Colonized Households With at Least 1 CPE- P
Characteristic Household Contacts (n = 79) Colonized Household Contacts (n = 16) Value
Index case characteristics
Female sex, n (%) 33 (42) 4 (25) 2
Age, median (IQR), years 71 (46-77) 70 (65-78) 7
Charlson score of 3 or greater, n (%) 21(27) 5(31) 7
Receipt of antibiotics in prior 6 months, 70 (89) 12 (75) 2
n (%)
Index case remaining CPE-colonized at 47 (60) 14 (88) .04
enrollment, n (%)
Travel in prior year (with/without hospitali-
zation), n (%)
Indian subcontinent 53 (67) 15 (94) .07
Other countries (except United States/ 10 (13) 1(6)
Northern Europe)
None or United States/Northern Europe 16 (20) 0(0)
Hospitalization in prior year, n (%)
Outside Canada 50 (63) 9 (56) 6
In Canada 21 (27) 4 (24)
None 8 (10) 3(19)
CPE species, n (%)
Escherichia coli 51 (65) 10 (63) 7
Klebsiella pneumoniae 19 (24) 5(31)
Other 9 (11) 1(6)
Carbapenemase produced, n (%)
NDM 47 (59) 8 (50) 6
OXA-48-like 21(27) 7 (44)
NDM/OXA-48-like 4 (5) 1(6)
KPC 5 (6) 0(0)
VIM 2(3) 0(0)
Household characteristics
Prestudy exposure to index case, median 97 (51-225) 86 (52-202) 9
(IQR), days
2 or more participating household con- 28 (35) 5 (31) 7
tacts, n (%)

Abbreviations: CPE, carbapenemase-producing Enterobacterales; IQR, interquartile range.

of 1.42 per 1000 person-weeks (2.90 and 1.69 acquisitions per
1000 person-weeks at risk) [30, 35]; 1 study of antibiotic ex-
posure in households reported a much higher rate of 19.2 per
1000 person-weeks [36]. CPE and ESBLE may have similar
household transmission rates; our estimated rate may be lower
than others given our use of whole-genome sequencing to as-
sess transmission.

There are challenges in assessing the risk of CPE household
transmission. First, transmission risk presumably starts when
a colonized index case and contact share a household and con-
tinues until the index case clears colonization. However, the
precise date of CPE acquisition among index cases is often un-
known, and with sampling every 3 months in our study and
others, the precise date of CPE clearance may also be unavail-
able. Second, a substantial fraction of household contacts may
themselves have risk factors for CPE acquisition; as seen in this
study, co-acquisition from another source is difficult to distin-
guish from household transmission. Third, a single negative set

of specimens is insufficient to establish absence of colonization
[37]. In 1 study [18], which reported household transmission
when a household contact was detected as colonized following 1
negative specimen after co-traveling with their index case, their
first specimen post-travel may have been a false-negative, and
the household contact may have acquired CPE abroad. Finally,
direct PCR from patient specimens appears more sensitive than
culture for CPE detection [23, 38, 39]. In our study, household
contacts were more likely to be detected as colonized if at least
1 study visit occurred after the introduction of direct PCR. We
may have missed household transmission events when using
culture alone, prior to direct PCR implementation.

This study had limitations. CPE yield may have been im-
proved, and more household transmission detected, if addi-
tional body sites had been sampled (eg, urine) and if direct PCR
had been used from study start. Nonetheless, our use of over-
night broth enrichment and eventual use of direct PCR likely
improved yield over other methods. Two household contact
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Table 4. Household Contact Characteristics by Household Contact Colonization Status

CPE-Negative Household

CPE-Colonized Household

Characteristic Contacts (n = 161) Contacts (n = 16) PValue
Female sex, n (%) 98 (61) 12 (75) 4
Age, median (IQR), years 41 (23-61) 68 (40-78) .001
Charlson score of 1 or greater, n (%) 12 (7) 4 (25) .04
Relationship to index case, n (%)
Spouse 42 (26) 14 (88) <.0001
Child 44 (27) 2 (13)
Other 75 (47) 0(0)
Receipt of antibiotics in prior 6 months, n (%)? 27 (19) 3(19) 1.0
Travel in prior year (with/without hospitalization), n (%)
Indian subcontinent 68 (42) 12 (75) .04
Other countries except United States/northern Europe) 14 (9) 1(6)
None or United States/northern Europe 79 (49) 3(19)
Hospitalization in prior year, n (%)
Outside Canada 3(2) 0(0) .8
In Canada 12.(7) 1(6)
None 146 (91) 15 (94)
Contact with index case, n (%)
Skin-to-skin contact almost daily 61 (38) 6 (38) 1.0
Always share primary bathroom 75 (47) 14 (88) .002
Always share hand/body towels 39 (24) 7 (44) .09
All home visits prior to introduction of direct polymerase 111 (69) 3(19) .0001

chain reaction, n (%)

Abbreviations: CPE, carbapenemase-producing Enterobacterales; IQR, interquartile range.

“Data missing for 22 household contacts, as this question was not added to the data collection form until December 2015.

specimens had carbapenemase genes identified by direct PCR
but did not yield CPE on culture; this limited interpretation
of transmission because sequencing could not be performed.
It is possible that some of the 8 colonized household contacts
with only 1 positive specimen had false-positive PCR results;
however, all genes matched their index case genes, making this
unlikely. Our index cases primarily had NDM- and/or OXA-48-
like producing E. coli; this was expected given frequent travel of
our population to the Indian subcontinent, but our results may
not be generalizable to populations where other CPE are dom-
inant. Epidemiological data were collected by interviews, and
participants’ memories may not be accurate. Our assessment of
risk factors for household contact colonization is exploratory
because of the small sample size, and we did not consider the
role of the household environment in transmission. Risk factors
for household acquisition specifically require investigation.

In summary, in this prospective cohort study of CPE index
cases and their households, we found that 9% of household
contacts were CPE-colonized due to a combination of house-
hold transmission and shared risk factors with index cases.
This suggests limited spread of CPE in the community and
supports other data demonstrating that CPE transmission in
high-income countries occurs predominately in hospitals [40].
In light of our findings, hospital CPE admission screening
programs may consider including household contacts of known
CPE cases (screening is cost-effective in low-prevalence popula-
tions [41]), and physicians who treat gram-negative sepsis may

select antibiotics differently for household contacts of known
CPE cases. There is also an urgent need to improve implemen-
tation of CPE prevention and control programs in Ontario [8]
and likely other jurisdictions. This has the potential to improve
the rate of detection of CPE in our hospitals and subsequently
reduce spread [42].
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