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IMPORTANCE The longitudinal association among persistent Staphylococcus aureus
colonization, household environmental contamination, and recurrent skin and soft tissue
infection (SSTI) is largely unexplored to date.

OBJECTIVES To identify factors associated with persistent S aureus colonization and recurrent
SSTI in households with children with community-associated methicillin-resistant S aureus
(MRSA) SSTI.

DESIGN, SETTING, AND PARTICIPANTS This 12-month prospective cohort study included 150
children with community-associated MRSA SSTI, 542 household contacts, and 154 pets
enrolled from January 3, 2012, through October 20, 2015. A total of 5 quarterly home visits
were made to 150 households in the St Louis, Missouri, region. Statistical analysis was
performed from September 18, 2018, to January 7, 2020.

EXPOSURES Covariates used in S aureus strain persistence and interval SSTI models included S
aureus colonization and contamination measures, personal hygiene and sharing habits,
health history, activities external to the home, and household characteristics (eg, cleanliness,
crowding, home ownership, and pets). Serial samples to detect S aureus were collected from
household members at 3 anatomic sites, from pets at 2 anatomic sites, and from
environmental surfaces at 21 sites.

MAIN OUTCOMES AND MEASURES Molecular epidemiologic findings of S aureus isolates were
assessed via repetitive-sequence polymerase chain reaction. Individual persistent
colonization was defined as colonization by an identical strain for 2 consecutive samplings.
Longitudinal, multivariable generalized mixed-effects logistic regression models were used to
assess factors associated with persistent S aureus personal colonization, environmental
contamination, and interval SSTI.

RESULTS Among 692 household members in 150 households, 326 (47%) were male and 366
(53%) were female, with a median age of 14.82 years (range, 0.05-82.25 years). Of 540
participants completing all 5 samplings, 213 (39%) were persistently colonized with S aureus,
most often in the nares and with the strain infecting the index patient at enrollment. Nine
pets (8%) were persistently colonized with S aureus. Participants reporting interval intranasal
mupirocin application were less likely to experience persistent colonization (odds ratio [OR],
0.44; 95% credible interval [CrI], 0.30-0.66), whereas increasing strain-specific
environmental contamination pressure was associated with increased individual persistent
colonization (OR, 1.17; 95% CrI, 1.06-1.30). Strains with higher colonization pressure (OR, 1.47;
95% CrI, 1.25-1.71) and MRSA strains (OR, 1.57; 95% CrI, 1.16-2.19) were more likely to persist.
Seventy-six index patients (53%) and 101 household contacts (19%) reported interval SSTIs.
Individuals persistently colonized with MRSA (OR, 1.56; 95% CrI, 1.17-2.11), those with a
history of SSTI (OR, 2.55; 95% CrI, 1.88-3.47), and index patients (OR, 1.54; 95% CrI,
1.07-2.23) were more likely to report an interval SSTI.

CONCLUSIONS AND RELEVANCE The study findings suggest that recurrent SSTI is associated
with persistent MRSA colonization of household members and contamination of
environmental surfaces. Future studies may elucidate the effectiveness of specific
combinations of personal decolonization and environmental decontamination efforts in
eradicating persistent strains and mitigating recurrent SSTIs.
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S taphylococcus aureus is the most common cause of skin
and soft tissue infection (SSTI) in the United States.1,2

The emergence of community-associated methicillin-
resistant S aureus (MRSA) in recent decades has posed unique
infection prevention challenges because community-
associated MRSA establishes community reservoirs and spreads
via asymptomatic colonization.3,4

States of S aureus colonization include noncarriage, inter-
mittent colonization, and persistent colonization.5,6 Because
colonization is associated with increased risk for infection,7 un-
derstanding these states is central to addressing the epidemic
of community-associated MRSA infection. Although coloni-
zation can resolve spontaneously or with topical antimicro-
bial use,5,6 the reported median duration of MRSA coloniza-
tion is approximately 4 months despite systemic antibiotic and
topical antimicrobial use.8 Persistently colonized individuals
can be sources of transmission to others and their environ-
ment and thus warrant specific attention.

Studies9-11 have shown that community-associated MRSA
infection is frequently spread among households, with per-
sonal S aureus colonization, environmental contamination, and
pet carriage as reservoirs.12-16 Recurrent SSTIs in index pa-
tients and colonization and subsequent infection in house-
hold contacts are common and concerning.9,10,14,17,18 Recent
studies9,13,17 showed an SSTI recurrence rate of 43% to 51% in
index patients within 6 months and subsequent SSTI in 13%
of household contacts. Baseline MRSA environmental con-
tamination was a risk factor for recurrent SSTIs in index
patients13,17 and likewise was associated with recurrent envi-
ronmental contamination19 and human reacquisition20 in the
3 months after baseline infection.

Although previous studies9,13,17,19,20 provided insights into
persistent colonization and recurrent infection, to date, little
is known about their association over time. We investigated
factors associated with persistent S aureus colonization and re-
current SSTI for 1 year among households with children with
community-associated MRSA SSTI to ascertain the associa-
tion among environmental contamination, persistent per-
sonal colonization, and recurrent SSTI and to identify targets
for intervention to disrupt the household reservoir that per-
petuates colonization and recurrent SSTIs. We thus used house-
hold-level, high-resolution molecular typing with compre-
hensive, longitudinal sampling of household members,
environmental surfaces, and pets.

Methods
Participants and Data Collection
Patients with culture-confirmed, community-associated MRSA
SSTI were recruited for the Household Observation of MRSA
in the Environment (HOME) study12,15,16,21 from hospitals and
community practices in metropolitan St Louis, Missouri, from
January 3, 2012, through October 20, 2015. We conducted a
baseline visit at the index patient’s primary home at a median
of 20 days (interquartile range [IQR], 13-29 days) after infec-
tion. Household contacts who slept in the home at least 4 nights
per week and dogs and cats who lived indoors were enrolled.

Written informed consent and assent were obtained for house-
hold members and pets; study procedures were approved by
the Washington University institutional review board and In-
stitutional Animal Care and Use Committee, St Louis, Mis-
souri. Data were analyzed from September 18, 2018, to Janu-
ary 7, 2020.

Baseline surveys were administered to each household
member to assess S aureus infection history, hygiene prac-
tices, activities outside the home, pet and household charac-
teristics, and household cleaning habits. A household clean-
liness score, adapted from The Environmental Cleanliness and
Clutter Scale,22 (score: 1 [above average], 2 [average], 3 [be-
low average], and 4 [very dirty]), was assigned by the re-
search team to control potential reporting bias about clean-
ing practices. At 4 quarterly follow-up visits, participants were
asked about interval SSTIs, emergency department and hos-
pital visits, and systemic and topical antimicrobial use. Medi-
cal records were requested for treated SSTIs.

Samples were obtained from the anterior nares, axillae, and
inguinal folds of household members (Eswab; Becton Dickin-
son), nares (minitip Eswab; Becton Dickinson) and dorsal fur
(Eswab) of indoor pets as well as up to 21 environmental sur-
faces to test for S aureus at each visit. Sampled environmen-
tal surfaces (Eswabs and Baird Parker Agar contact plates
[Hardy Diagnostics]) included shared electronics (n = 4) and
kitchen (n = 5), bathroom (n = 11), and bedroom (n = 1) sur-
faces (eTable 1 in the Supplement).23

Microbiological Methods
Eswabs were processed using broth-enrichment (Becton Dick-
inson) culture methods; from contact plates, colonies were se-
lected based on morphologic features. S aureus was isolated
and antibiotic susceptibility testing was performed using es-
tablished techniques (eMethods in the Supplement).24 When
available, SSTI isolates from the index patients’ enrollment in-
fections (infecting strains; n = 91) and interval SSTI isolates
from household members (n = 19) were obtained from clini-
cal microbiologic laboratories; alternatively, antibiotic sus-
ceptibility profiles were obtained. To discern distinct S au-

Key Points
Question Is there an association between environmental
contamination, persistent personal colonization, and recurrent
skin and soft tissue infection among households with children with
community-associated methicillin-resistant Staphylococcus aureus
(MRSA) skin and soft tissue infection?

Findings In this cohort study of 692 household members from
150 households with children with community-associated MRSA
skin and soft tissue infection, 39% of participants were
persistently colonized with S aureus. A total of 53% of index
patients and 19% of household contacts reported interval skin and
soft tissue infections, more often when persistently colonized with
MRSA.

Meaning The findings suggest that MRSA colonization of
household members and contamination of environmental surfaces
in the household may be associated with MRSA skin and soft tissue
infections in children.
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reus strains, molecular typing was performed via repetitive-
sequence polymerase chain reaction using a 95% similarity
cutoff.25,26

Definitions
Strains were defined based on the composite of repetitive-
sequence polymerase chain reaction designation and methi-
cillin-resistance profile for each S aureus isolate recovered
within the context of a single household. An individual per-
sistent colonization event was colonization of an individual by
an identical strain for 2 consecutive samples from 1 or more
anatomic sites. Colonization with an acquired novel strain did
not constitute persistent colonization (ie, persistence). Per-
sistence degree was considered to be the number of consecu-
tive persistence events observed (ie, number of consecutive
colonization events minus 1). Colonization at 2, 3, 4, or 5 con-
secutive samplings represented a persistence degree of 1, 2, 3,
or 4, respectively.

Normalized persistence events were the number of per-
sistence events divided by the number of potential persis-
tence events (maximum of 4 events) × 100. Events were not
necessarily consecutive in contrast to persistence degree.

In personal persistence, a strain was observed colonizing
1 or more individuals at 2 or more consecutive samplings. In
environmental persistence, a strain was found contaminat-
ing any set of household environmental sites at consecutive
samplings. In household persistence, a strain persisted across
any personal, pet, and/or environmental sites at consecutive
samplings.

Personal colonization pressure was the number of ana-
tomic sites (3 per person) colonized with S aureus, methicillin-
susceptible S aureus (MSSA), MRSA, or a given strain divided
by the total number of anatomic sites sampled per house-
hold. Environmental contamination pressure was the num-
ber of contaminated surfaces divided by the total number of
surfaces sampled per household.

Statistical Analysis
Univariate analyses were conducted in Python 2.7.15 (Python
Software Foundation) using the scipy package 1.1.027 or in R
(R Foundation for Statistical Computing).28 Categorical data
were analyzed with Fisher exact test. For continuous data,
Kruskal-Wallis nonparametric 1-way analysis of variance was
used for pairwise comparisons and Spearman’s ρ was calcu-
lated to determine correlations. All statistical tests were
2-sided.

The individual persistence, interval SSTI, household
persistence, and infecting-strain persistence models were
bayesian, longitudinal, multivariable generalized mixed-
effects logistic regression models fitted using R library
MCMCglmm.29 Random intercepts were included to control
for repeated longitudinal sampling at the individual, house-
hold, and strain-type levels. The threshold family link func-
tion was used with a χ2 prior for random intercepts and a
normal prior for fixed effects. A heuristic, 2-stage covariate
selection scheme driven by domain expertise controlled for
the large number of covariates measured. In the first stage,
11 covariates were selected based on a priori hypotheses and

statistically significant variables in univariate analysis for
each outcome. All possible combinations were fitted and
the optimal model selected based on the lowest deviance
information criterion. In the second stage, each model was
reestimated with the individual addition of other covariates
of interest, which were maintained in the final, presented
models when model deviance information criterion was
reduced and the covariate exhibited a Markov chain Monte
Carlo P < .05. eTables 2-5 in the Supplement list primary
and secondary model covariates; the eMethods in the
Supplement gives further details.

A first-order Markov model of household strain persis-
tence was fitted using R library msm30 (eMethods in the Supple-
ment). This model included 5 states to describe colonization
by a given strain within a household: at least 1 child, at least 1
adult, or both a child and adult colonized, exclusively envi-
ronmental contamination, and no colonization or contamina-
tion. Transition probabilities and 95% CI estimates are pre-
sented for comparison.

Results
Study Population and Longitudinal Colonization Status
From January 3, 2012, through October 20, 2015, 150 house-
holds were enrolled in a 12-month longitudinal study,
including 150 index patients (70 [47%] male; median age,
2.99 years [range, 0.08-18.57 years]) presenting with
community-associated MRSA infection, their 542 household
contacts (256 [47%] male; median age, 25.80 years [range,
0.05-82.25 years]), and their 154 indoor pets (116 dogs, 38
cats) (eTable 6 in the Supplement). Median household size
was 4 persons (range, 2-13 persons). Of 150 households
enrolled, 135 (90%) completed the 12-month study visit;
eTable 6 in the Supplement provides further details of lon-
gitudinal sampling completion for household members,
environmental surfaces, and pets. A total of 513 of 692 par-
ticipants (74%) were colonized with S aureus at least once,
319 (46%) were colonized with MRSA. Of 150 household
environments, 136 (91%) were contaminated with S aureus
at least once, and 104 (69%) were contaminated with MRSA.
Of 154 pets, 68 (44%) carried S aureus at least once, and 44
(29%) carried MRSA. Over the study period, 290 of 671 par-
ticipants (43%) received decolonization treatment at least
once: 148 (22%) applied mupirocin to their anterior nares
and 243 (36%) performed antiseptic body washes.

Individual S aureus Strain Persistence
Of participants completing all 5 samplings (n = 540), 306
(57%) were colonized at 2 or more consecutive samples with
any strain of S aureus; of these, 213 (70%; 213 of 540 [39%]
overall) exhibited strain persistence (Table 1). Of 142 indi-
viduals (26%) colonized consecutively with any strain of
MRSA, 109 (77%) exhibited strain persistence (Figure 1). Of
1171 S aureus colonization events with a subsequent sam-
pling, persistent colonization was observed in 471 events
(40%). Individuals colonized in the nares were most likely
to exhibit persistent colonization (at any site) (eTable 7 in

Research Original Investigation Environmental MRSA Contamination, Persistent Colonization, and Skin and Soft Tissue Infection

554 JAMA Pediatrics June 2020 Volume 174, Number 6 (Reprinted) jamapediatrics.com

© 2020 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a SCELC - University of Southern California User  on 09/29/2020

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.0132?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.0132?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.0132?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.0132?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.0132?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.0132?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132
http://www.jamapediatrics.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.0132


the Supplement). Persistence degree (number of consecu-
tive persistence events) was similar for MRSA (median,
2 events [IQR, 2-4 events]) and MSSA (3 events [IQR, 2-4
events]; P = .80) (eFigure 1 in the Supplement). Environ-
mental surfaces infrequently exhibited persistence com-
pared with people (1.9% vs 11.7% normalized persistence
events; P < .001) (eFigure 2 and eTable 1 in the Supple-
ment). Among 91 households in which the infecting MRSA
strain was available, index patients were more likely to be
persistently colonized with the infecting strain than were
household contacts (7.6% vs 3.8% normalized persistence
events; P = .02) (eFigure 2 in the Supplement). Exemplar
longitudinal strain persistence is illustrated in Figure 2 and
eFigure 3 in the Supplement.

In univariate analysis, eczema diagnosis (odds ratio [OR],
1.77; 95% CI, 1.07-2.94), colonization with the infecting strain
at previous sampling (OR, 1.46; 95% CI, 1.04-2.05), and shar-
ing a bath towel (OR, 1.81; 95% CI, 1.21-2.71) were associated
with persistence (eTable 8 in the Supplement). Although in-
terval application of intranasal mupirocin was associated with
reduced persistence (OR, 0.39; 95% CI, 0.24-0.65), bleach baths

or chlorhexidine body washes were not (OR, 0.96; 95% CI, 0.68-
1.36). Fewer persistence events were observed in households
that were owned (median, 0.5 [IQR, 0.2-1.0]) vs rented (me-
dian, 1.0 [IQR, 0.5-1.7]; P < .001) or were rated clean per the
interviewers’ household cleanliness score (0.6 [IQR, 0.2-1.2]
vs 0.9 [IQR, 0.5-1.5]; P = .03). The number of persistence events
correlated with the number of individuals per square foot in a
household (ρ, 0.24; P = .004), warmer weather (ρ, 0.11; P = .02),
and personal S aureus colonization pressure (ρ, 0.43; P < .001)
and environmental S aureus contamination pressure (ρ, 0.27;
P < .001) at previous sampling.

In the longitudinal, multivariable generalized mixed-
effects logistic regression model, individuals reporting inter-
val application of intranasal mupirocin were less likely to ex-
perience persistence (OR, 0.44; 95% credible interval [CrI],
0.30-0.66); those performing frequent handwashing were more
likely to exhibit persistence (OR, 1.39; 95% CrI, 1.11-1.74)
(Table 2). Increasing environmental strain contamination pres-
sure was associated with increased individual persistence (OR,
1.17; 95% CrI, 1.06-1.30), whereas home ownership (OR, 0.75;
95% CrI, 0.59-0.97) and increasing personal colonization pres-

Table 1. Colonization Events and Association With Interval SSTIs

Colonization prevalence and
frequencya

All individuals (n = 540) Index patients (n = 128) Household contacts (n = 412)

No. (%)b
Positive samplings, median
(IQR) No. (%)b

Positive samplings,
median (IQR) No. (%)b

Positive samplings,
median (IQR)

Any S aureus 420 (78) 2 (1-4) 100 (78) 2 (1-4) 320 (78) 2 (1-4)

MRSAc 265 (49) 0 (0-2) 76 (59) 1 (0-2) 189 (46) 0 (0-1)

MSSA 286 (53) 1 (0-2) 65 (51) 1 (0-2) 221 (54) 1 (0-2)

Infecting straind 123 (23) 0 (0-1) 40 (31) 1 (0-1) 83 (20) 0 (0-1)

Strain persistence
and degree

No. (%)e Persistence degree, median
(IQR)f

No. (%)
e

Persistence degree,
median (IQR)f

No. (%)e Persistence degree,
median (IQR)f

Any S aureus 213 (39) 2 (1-3) 52 (41) 1.5 (1-2) 161 (39) 2 (1-3)

MRSAc 109 (20) 1 (1-3) 33 (26) 1 (1-3) 76 (18) 1 (1-3)

MSSA 112 (21) 2 (1-2) 22 (17) 1 (1-2) 90 (22) 2 (1-2)

Infecting straind 48 (9) 2 (1-3) 19 (15) 1 (1-3) 29 (7) 2 (1-3)

Association with
No. of interval SSTIsg

ρ P value ρ P value ρ P value

Colonization frequency

Any S aureus 0.11 .03 0.18 .07 0.09 .10

MRSA
c

0.29 <.001 0.42 <.001 0.21 <.001

MSSA −0.14 .005 −0.19 .06 −0.11 .06

Infecting strainh 0.36 <.001 0.42 <.001 0.29 <.001

Strain persistence
degree

Any S aureus 0.09 .07 0.18 .08 0.07 .18

MRSAc 0.27 <.001 0.35 <.001 0.24 <.001

MSSA −0.14 .003 −0.18 .07 −0.12 .03

Infecting strainh 0.34 <.001 0.40 .001 0.28 <.001

Abbreviations: IQR, interquartile range; MRSA, methicillin-resistant
Staphylococcus aureus; MSSA, methicillin-susceptible S aureus; SSTI, skin and
soft tissue infection.
a Eligible individuals for this analysis were those who underwent all 5 samplings

(n = 540).
b The number of individuals colonized at least once.
c All MRSA, including infecting-strain MRSA.
d The isolate recovered from the index patient’s enrollment infection (infecting

strain) was available in 91 households; thus, the number for the all individuals
(n = 312), index patients (n = 77), and household contacts (n = 235) columns

was reduced in rows associated with the infecting strain.
e The number of individuals colonized with the same strain at consecutive

samplings at least once (persistence degree �1).
f The median (IQR) is for individuals with persistence degree of 1 or greater.
g Eligible individuals for this analysis were those who underwent all 5 samplings

and were colonized at least once (420 overall, 100 index patients, and 320
household contacts). Spearman correlation test was used.

h The infecting strain was available in 91 households; thus, the number for all
individuals (n = 238), index patients (n = 63), and household contacts
(n = 175) was reduced in rows associated with the infecting strain.
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sure of other strains colonizing household contacts (OR, 0.86;
95% CrI, 0.77-0.96) were associated with decreased likeli-
hood of persistence (Figure 2A).

Pet Strain Persistence
Of 106 pets (83 dogs, 23 cats) from 57 households with at least
2 consecutive samplings, 9 dogs were persistently colonized
with S aureus, totaling 13 persistence events. In 7 (54%) of these
events, the primary caretaker or household member who
shared a bed with the pet was colonized with the persistent
strain at the previous sampling (eFigure 3C in the Supple-
ment). Pet age, health status, history of SSTI, and overall en-
vironmental and personal S aureus colonization pressure were
not significantly associated with persistence in pets (eTable 9
in the Supplement).

Household Strain Persistence
Across 98 households in which household members and en-
vironmental surfaces were sampled at all 5 visits, 69 (70%) had
at least 1 S aureus strain with a persistence degree of at least 2
(eTable 10 in the Supplement). Forty-five households (46%) ex-
hibited MRSA persistence degree of at least 2; of these house-
holds, the persistent MRSA strain colonized at least 3 indi-
viduals at 1 or more sampling in 26 (58%) and contaminated
the environment in 44 (98%). The MRSA strain infecting the
index patient persisted longer than MSSA or noninfecting MRSA
strains (persistence degree: median, 2 [IQR, 0-4] vs 1 [IQR, 0-2];
P = .01) (Figure 2 and eTable 10 and eFigure 3 in the Supple-
ment). Moving to a new dwelling was associated with re-
duced persistence across household members, pets, and the
environment (OR, 0.51; 95% CI, 0.25-0.99) (eFigure 3 in the
Supplement). Neither the frequency of participant-reported en-
vironmental surface cleaning nor the assigned household
cleanliness score was significantly associated with persis-
tence on specified surfaces. More household members per

bathroom was associated with increasing number of persis-
tence events on bathroom surfaces (ρ, 0.22; P = .02).

We then modeled the association between persistence of the
infecting strain (when known; n = 91) and reported interval SS-
TIs, controlling for socioeconomic status, crowding, and decolo-
nization measures. The proportion of household members re-
porting interval SSTIs was associated with increased persistence
of the index patient’s enrollment infecting strain at the house-
hold level (OR, 1.60; 95% CrI, 1.10-2.33) (Table 2). The proportion
of household members reporting interval application of intra-
nasal mupirocin was associated with reduced persistence of the
index patient’s enrollment infecting strain at the household level
(OR,0.46;95%CrI,0.27-0.78);theproportionofhouseholdmem-
bersreportingintervalbleachbathswasassociatedwithincreased
persistence of the index patient’s infecting strain at the house-
hold level (OR, 2.09; 95% CrI, 1.15-3.80).

In the multivariable household persistence model, MRSA
(vs MSSA: OR, 1.57; 95% CrI, 1.16-2.19), strains with higher per-
sonal colonization pressure (OR, 1.47; 95% CrI, 1.25-1.71), and
strains in households with a higher number of distinct strains
(OR, 1.88; 95% CrI, 1.59-2.26) exhibited a higher likelihood of
persistence (Table 2). Strains in households with higher per-
sonal colonization pressure of other strains (OR, 0.80; 95% CrI,
0.69-0.93) (Figure 2A) were less likely to persist.

Markov Model of Household Strain Persistence Dynamics
A first-order Markov model was constructed to capture the per-
sistence dynamics of S aureus strains in households among 5
possible colonization states for adults, children, and the en-
vironment (Figure 3 and eMethods in the Supplement). Strains
in both the adult and child states tended to persist, suggest-
ing that strains most commonly remain within households by
persistent colonization of 1 individual or by transitions be-
tween adults or between children. Strains in the environment-
only state showed lower persistence.

Figure 1. Flow Diagram of Individual Staphylococcus aureus Strain Persistence

540 Household members
completing all 5 samplings

306 Colonized at ≥2
consecutive samplings

142 Consecutive MRSA colonization

109 MRSA strain
persistence 

33 Index patients 76 Household contacts 22 Index patients 90 Household contacts

112 MSSA strain
persistence 

33 Colonized by
distinct strains

49 Colonized by
distinct strains

161 Consecutive MSSA colonization

234 Never colonized at
consecutive samplings

Flow diagram of 540 household members completing all 5 samplings; 213
(39%) were persistently colonized with S aureus (ie, colonized by an identical S
aureus strain for �2 consecutive samplings). Consecutive colonization with
methicillin-resistant S aureus (MRSA) and then methicillin-susceptible S aureus
(MSSA) or MSSA and then MRSA occurred; these people were colonized at 2 or
more consecutive samplings (n = 306) but did not represent consecutive MRSA

(n = 142) or MSSA (n = 161) colonization. Of note, 8 participants were
persistently colonized with both MRSA and MSSA strains throughout the study,
and are included in both sides of the flow diagram. Index patients (n = 128)
were not more likely than household contacts (n = 412) to be persistently
colonized with MRSA or MSSA.
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Interval SSTI
Of 144 index patients with at least 1 follow-up visit, 76 (53%)
reported 164 recurrent SSTIs, with 45 (31%) reporting 2 or
more subsequent SSTIs (range, 1-9 SSTIs) (eTable 11 in the
Supplement). Of 523 household contacts, 101 (19%) experi-
enced 169 SSTIs (range, 1-13 SSTIs). Participants sought
medical care for 178 of 333 reported SSTIs (53%), for which
80% were prescribed a systemic antibiotic; 19 (7%) interval
infecting isolates were available for molecular characteriza-
tion (eTable 12 in the Supplement). In 14 households with an
available infecting strain at enrollment and interval SSTI
strains, 11 isolate pairs (79%) were identical strains. Interval
infecting strains were commonly found in the household at
the previous sampling (14 of 19 [74%]), often colonizing the
individual reporting the SSTI (8 of 19 [42%]) and/or con-

taminating the environment (9 of 17 [53%]) (Figure 2B and
eFigure 3 in the Supplement). Additional exemplar interval
SSTIs are illustrated in Figure 2 and eFigure 3 in the
Supplement.

Individuals exhibiting a higher degree of MRSA strain per-
sistence reported more interval SSTIs (ρ, 0.27; P < .001) (Table 1
and Figure 2A). Increasing persistence degree of the most per-
sistently MRSA-colonized individual was associated with an
increase in the total number of interval household SSTIs (ρ,
0.30; P < .001) (eFigure 4 in the Supplement). A higher de-
gree of MSSA strain persistence was associated with fewer in-
dividual SSTIs (ρ, –0.14; P < .003) (Table 1 and eFigure 4 in the
Supplement).

In univariate analysis, individuals reporting a history of
SSTI in the year before enrollment (OR, 5.79; 95% CI, 3.93-

Figure 2. Longitudinal Strain Persistence and Interval Skin and Soft Tissue Infection (SSTI) in Exemplar Households
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In households A and B, the infecting strain in the index patient at enrollment
was MRSA 1 [methicillin-resistant S aureus]. In household B, the index patient
had an SSTI with MRSA 1 nineteen months before their enrollment infection; the

infection reported at their 6-month follow-up visit was also MRSA 1.
Decolonization measures included nasal mupirocin, bleach baths, or
chlorhexidine body washes. MSSA indicates methicillin-susceptible S aureus.
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8.53) and children (OR, 1.60; 95% CI, 1.12-2.27) were more likely
to report at least 1 interval SSTI during the study (eTable 13 in
the Supplement). Hygiene measures, such as showering (vs
bathing: OR, 0.58; 95% CI, 0.40-0.85), frequent handwash-
ing (OR, 0.69; 95% CI, 0.47-0.99), and frequent tooth brush-

ing (OR, 0.59; 95% CI, 0.37-0.94), were inversely associated
with interval SSTI. Individuals colonized with MRSA (OR, 2.91;
95% CI, 2.22-3.82) and/or colonized with the infecting strain
(OR, 3.55; 95% CI, 2.42-5.20) at previous sampling or sharing
a towel with a MRSA-colonized individual (OR, 1.48; 95% CI,

Table 2. Factors Retained in Persistence and Interval SSTI Multivariable Modelsa

Model, covariate Odds ratio (95% credible interval)

Markov chain
Monte Carlo P
value

Individual persistenceb

Interval application of intranasal mupirocin vs
no mupirocin application

0.44 (0.30-0.66) <.001

Environmental strain contamination pressure
(increase of 1 SD, 0.16, from the mean 0.11)

1.17 (1.06-1.30) <.001

Frequent handwashing score vs infrequentc 1.39 (1.11-1.74) .003

Personal colonization pressure of other
household strains (increase of 1 SD, 0.15,
from the mean 0.12)

0.86 (0.77-0.96) .002

Home ownership vs renting 0.75 (0.59-0.97) .03

Towel washed after each use vs less frequently 0.81 (0.65-1.01) .06

Shares brush or comb vs does not share 0.85 (0.68-1.06) .17

Infecting strain persistenced

Interval application of intranasal mupirocin,
proportion of household members
(increase of 1 SD, 0.28, from the mean 0.09)

0.46 (0.27-0.78) .002

Interval bleach baths, proportion of household
members (increase of 1 SD, 0.29, from the mean 0.14)

2.09 (1.15-3.80) .005

Interval SSTI, proportion of household members
(increase of 1 SD, 0.21, from the mean 0.15)

1.60 (1.10-2.33) .01

People per bedroom (increase of 1 SD, 0.57,
from the mean 1.46)

0.62 (0.34-1.11) .08

Home ownership vs renting 0.62 (0.18-1.80) .40

Interval chlorhexidine body washes,
proportion of household members
(increase of 1 SD, 0.19, from the mean 0.05)

0.89 (0.55-1.38) .60

Household persistencee

Personal strain colonization pressure
(increase of 1 SD, 0.11, from the mean 0.11)

1.47 (1.25-1.71) <.001

Strain types, No. (increase of 1 SD, 1.33, from
the mean 2.27)

1.88 (1.59-2.26) <.001

Personal colonization pressure of other
household strains (increase of 1 SD, 0.15,
from the mean 0.15)

0.80 (0.69-0.93) .003

MRSA strain type vs MSSA 1.57 (1.16-2.19) .005

Interval systemic antibiotic use,
proportion of household members
(increase of 1 SD, 0.13, from the mean 0.06)

0.91 (0.78-1.04) .17

People per 1000 ft2 (increase of 1 SD, 1.89,
from the mean 3.67)

0.96 (0.81-1.16) .63

Home ownership vs renting 0.94 (0.64-1.38) .76

Interval SSTIf

SSTI in past year vs no SSTI in past year 2.55 (1.88-3.47) <.001

MRSA persistence vs no MRSA persistence 1.56 (1.17-2.11) .004

MSSA persistence vs no MSSA persistence 0.53 (0.32-0.85) .007

Index patient vs household contact 1.54 (1.07-2.23) .02

Environmental MRSA contamination pressure
(increase of 1 SD, 0.14, from the mean 0.08)

1.09 (0.99-1.21) .07

Shares bedroom with MRSA-colonized
individual vs does not share

1.23 (0.94-1.60) .12

Frequent handwashing score vs infrequentc 1.07 (0.83-1.42) .60

Child vs adult 0.92 (0.67-1.25) .60

Abbreviations: MRSA,
methicillin-resistant Staphylococcus
aureus; MSSA, methicillin-susceptible
S aureus; SSTI, skin and soft tissue
infection.
a For all observations across models,

all values are complete observations
with no missing values. Odds ratios
for continuous covariates are
associated with an increase of 1 SD
from the mean (zero-centered).

b Eligible individuals were those
colonized with S aureus at 1
sampling and sampled
subsequently, totaling 907
observations of 443 individuals in
133 households across samplings.

c Aggregate variable defined as
washing hands always after using
bathroom, always before preparing
food, at least frequently before
eating, and at least frequently after
changing a diaper (when
applicable).

d Eligible households were those with
an available infecting strain (n = 91)
present within the household in at
least 1 subsequent sampling,
totaling 169 observations in 71
households across samplings.

e Eligible households included
household members and
environmental surfaces sampled
consecutively at least once with at
least 1 S. aureus strain type present
at the first sampling, totaling 780
observations in 119 households
across samplings.

f Eligible individuals were those
sampled consecutively at least
once, along with sampling of
environmental surfaces, totaling
1952 observations of 640
individuals in 142 households across
samplings.
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1.14-1.92) were at higher risk for interval SSTI, as were those
colonized with MRSA at more anatomic sites during previous
sampling (relative risk, 2.33; P < .001) (Figure 2 and eFigure 3
in the Supplement).

Frequent cleaning of refrigerator handles was associated
with fewer interval SSTIs (0.05 vs 0.09 SSTIs per person-
sampling; P = .03) (eTable 13 in the Supplement). Households
with at least 1 household member reporting an SSTI in the year
before enrollment (not including the index patient’s SSTI at en-
rollment) had more interval SSTIs (0.10 vs 0 SSTIs per person-
sampling; P < .001). Higher personal MRSA colonization pres-
sure (ρ, 0.21; P < .001) and environmental MRSA contamination
pressure (ρ, 0.13; P = .006) were associated with more inter-
val SSTIs across household members.

In the multivariable interval SSTI model, individuals per-
sistently colonized with MRSA (OR, 1.56; 95% CrI, 1.17-2.11),
those with an SSTI in the year before enrollment (excluding in-
dex enrollment infection; OR, 2.55; 95% CrI, 1.88-3.47), and
index patients (OR, 1.54; 95% CrI, 1.07-2.23) were more likely
to report an interval SSTI (Table 2). Increasing environmental
MRSA contamination pressure at the previous sampling (OR,
1.09; 95% CrI, 0.99-1.21) and sharing a bedroom with a MRSA-
colonized individual (OR, 1.23; 95% CrI, 0.94-1.60) remained
in the final model despite not reaching statistical significance
(Figure 2A and eFigure 3 in the Supplement).

Discussion

The commensal state of S aureus challenges prevention ef-
forts because colonization serves as a reservoir for endoge-
nous infection, further perpetuating persistent colonization
and transmission. This poses a significant burden, particu-
larly in households.31 Although topical antimicrobials and an-
tiseptics used by patients with SSTI have demonstrated eradi-
cation of S aureus carriage in decolonization trials, their
effectiveness in preventing recurrent SSTI wanes over time,
with more than 50% experiencing recurrence during 1
year.9,32-34 To develop more effective prevention strategies, it
is essential to illuminate individual and household factors as-
sociated with persistent S aureus colonization and SSTI. The
present work attempted to fill this knowledge gap by using a
combination of longitudinal sampling of household mem-
bers and their environments; high-resolution molecular typ-
ing of all recovered strains; detailed health, hygiene, and house-
hold behaviors; and tracking of incident SSTIs. We found that
the index patient’s infecting MRSA strain was most likely to
persist in the household; that environmental contamination,
but not pets, was associated with personal strain persistence;
and that personal MRSA strain persistence was associated with
increased likelihood of development of subsequent SSTI.

Figure 3. Markov Model of Strain Persistence Among Children, Adults, and the Environment
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A 5-state Markov model was fit across all households and persistent strain
types, with the resultant transition probabilities (and 95% CI estimates)
re-scaled for the displayed 4-state model. Strains most commonly persist within
households by persistent colonization of 1 individual or through transitions
between adults or between children and less often through environment-only

persistence. Smaller people indicate at least 1 child (aged <18 years) colonized;
larger people, at least 1 adult (aged �18 years) colonized; house, at least 1
environmental site colonized (but no household members colonized); and
empty circle, strain type not present in household.
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A study in Pennsylvania8 found that index patients with
community-associated MRSA who were colonized with MRSA
at SSTI onset remained colonized for a median of 140 days;
colonization never cleared in 40% during the 6-month study
period. Persons in whom colonization cleared were more likely
to experience reacquisition if there was a higher proportion of
children in the home or if they lived with a MRSA-colonized
household contact.35 Our study extended this knowledge be-
cause high environmental contamination burden (unmea-
sured in the previous study) was associated with individual
persistent strain colonization. Moreover, although MRSA fre-
quently colonized extranasal sites, nasal colonization was most
likely to persist. Of interest, frequent handwashing alone was
not associated with reduced persistence. Interval application
of intranasal mupirocin was associated with protection against
persistence, suggesting that measures beyond hand hygiene
are necessary to interrupt persistent colonization. We found
that the duration of persistent MRSA colonization was corre-
lated with increased risk of SSTI in the modeled individual and
in all household contacts.

Our study observed a difference in interval SSTI risk be-
tween individuals and households experiencing MRSA vs MSSA
persistence. In households affected by community-
associated MRSA SSTI, MRSA persistence was associated with
increased likelihood of interval SSTI and MSSA persistence was
inversely associated with SSTI incidence. Thus, strain com-
petition, whether from noninfecting MRSA or MSSA strains,
appears to oppose persistence of the MRSA infecting strain. Al-
though contemporary community-associated SSTIs are most
often attributable to MRSA, MSSA SSTIs are increasing.36 In
households of patients with MSSA SSTI, persistence dynam-
ics and risk factors for SSTI may be different.

The present study reinforces emerging observations of the
household as the primary source of community-associated
MRSA, as suggested by an agent-based simulation of commu-
nity-associated MRSA colonization in Chicago, Illinois, by Ma-
cal et al.37 In our real-world study, we found no activities ex-
ternal to the household (secondary covariates in the
multivariate models such as nail salons, sports, and occupa-
tion, as seen in eTables 2 and 3 in the Supplement) associated
with persistent colonization or interval SSTI. We replicated the
finding that individuals with an SSTI are at increased likeli-
hood to experience subsequent SSTIs and cohabitate with oth-
ers with a history of SSTI.9,17,38 The infecting strain at enroll-
ment was the strain most likely to persist within a household,
and its persistence was significantly associated with interval
SSTI. In addition, strains causing interval SSTIs in household
members were typically present within the household at prior
sampling and were frequently concordant with the infecting
strain at enrollment. Similarly, in a study conducted in Los An-
geles, California, and Chicago, the infecting strain at enroll-
ment was prevalent in approximately 50% of contaminated
households for up to 3 months.19 These findings signify a cycle
of MRSA colonization and infection in households: persistent
personal MRSA colonization may lead to SSTI, and SSTI in turn
may be associated with increased likelihood of MRSA acqui-
sition and persistent colonization in household contacts.

We found that environmental MRSA contamination was
associated with both strain-specific, personal-persistent
colonization and interval SSTI. This finding is in contrast to
t h e s i m u l at i o n by M a c a l e t a l 3 7 t h at p o s ite d t h at
community-associated MRSA was spread solely through
interpersonal contact. In addition, although previous stud-
ies in New York, NY,13 and in Los Angeles and Chicago17

found household fomite S aureus contamination to be inde-
pendently associated with interval SSTIs in the index
patient, the longitudinal sampling and hierarchical model-
ing of our study assessed the associations among environ-
mental contamination, persistent colonization, and interval
SSTI. In our study, persistent colonization was reduced in
households with higher cleanliness scores and frequent
laundering of bathroom towels; cleaning of select surfaces
was associated with reduced SSTI incidence. Taken
together, our analyses suggest that long-term eradication
and SSTI prevention measures should be targeted at both
the personal and the household levels, pairing personal
decolonization with environmental hygiene interventions
associated with reduced contamination.

Strengths and Limitations
The strength of our study comes from its comprehensive
modeling of clinical and molecular epidemiologic data in
households (with 96% household member participation
plus inclusion of pets) during a 12-month sampling time to
provide a novel understanding of the association between
persistent colonization and SSTI (with strain-type resolu-
tion), drawing from a diverse community sample. Previous
studies lacked the temporal resolution, molecular resolu-
tion, environmental sampling, and/or sample size to pro-
vide a rigorous, longitudinal perspective of colonization
persistence patterns and recurrent SSTI.8,13,17,19,35,39

Limitations include that interval SSTI isolates were usu-
ally unavailable for molecular typing. In addition, our find-
ings may not be generalizable to geographic locales with less
prevalent MRSA colonization and infection or to households
with SSTI caused by MSSA strains.

Conclusions
Recurrent SSTI is associated with strain-specific, persistent
MRSA colonization of household members and contamina-
tion of environmental surfaces. Future randomized clinical
trials are necessary to define the effectiveness of specific
combinations of personal decolonization and environmen-
tal decontamination efforts in preventing recurrent SSTI in
households. Our findings also suggest that the relative
prevalence of other strains in the household may be associ-
ated with destabilization of a given strain’s capacity to per-
sist longitudinally on an individual. These data highlight the
need for future studies of S aureus ecologic features and
how other components of the skin and nasal microbiota
may prevent or facilitate the transition of MRSA from colo-
nization to infection.
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