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Colonization with extended-spectrum cephalosporin-resistant Enterobacterales (ESCrE) in
communities may contribute to proliferation of resistance genes and drug-resistant community and
hospital infections. Previous work in the Western Highlands of Guatemala found that approximately
46% of the population is colonized with these bacteria, setting the stage to identify factors that

are associated with increased odds of ESCrE colonization. Stool samples and questionnaire data
were collected from randomly selected participants in the catchment area of the third largest
tertiary hospital in Guatemala. Logistic regression path analysis was used for this cross-sectional
study to identify potential direct and indirect risk factors for colonization with ESCrE. Participants

(N =951) had a higher odds of ESCrE colonization if they had exposure to a healthcare facility within
30 days of enrollment (OR: 2.12, 95% Cl =1.19-3.77), if they resided in urban areas (OR: 1.93, 95%
Cl11.09-3.42), if they did not have a service to remove household trash (OR: 1.99, 95% Cl 1.11-3.58),
and if the household reported drinking water from non-bottled sources (OR:1.53, 95% Cl 1.0-2.33).
Antibiotic self-medication was not significantly associated with the risk of colonization (OR: 1.16,
95% Cl 0.65-2.06). Multiple transmission-related factors were associated with increased likelihood of
ESCrE colonization, but the cross-sectional nature of this study does not distinguish factors that are
correlated with an individual’s risk for colonization whence exposed. Assessing risk factors associated
with colonization with antibiotic resistant bacteria may be useful for identifying mitigation strategies
and evaluating the effectiveness of interventions against antibiotic resistance in community settings.
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Antibiotic resistance poses a significant global public health threat!, and antibiotic use is an important cause
for the emergence and proliferation of antibiotic-resistant bacteria®®. At the community level, antibiotic use
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has been identified as a risk factor for colonization with antibiotic-resistant bacteria?, but it has long been
recognized that other social and ecological factors may contribute to this problem®. For example, several studies
from low- and middle-income countries found that antibiotic use per se is not predictive of colonization with
antibiotic-resistant bacteria®’, or it is predictive only when there is an interaction effect with sanitation and
hygiene®. Several recent country-level papers also failed to consistently link the prevalence of such bacteria with
antibiotic use, but instead found associations with limited sanitation, hygiene, governance, and public health
investments®11.

Colonization with antibiotic resistant bacteria is problematic for both individuals and the larger community.
Individuals who are colonized with antibiotic resistant bacteria are at heightened risk for developing resistant
infections!2. They may also serve as reservoirs for these organisms, posing a risk for onward transmission to
others, whether in the community or while seeking healthcare services'®. Thus, it is important to understand the
factors associated with community colonization to help identify strategies to reduce colonization and prevent the
bi-directional spread of antibiotic resistance across the community-healthcare divide. Additionally, colonization
could be used to assess effectiveness of community public health interventions, such as sanitation and hygiene
interventions, at mitigating the spread of antibiotic resistant bacteria'*.

Antibiotic Resistance in Communities and Hospitals (ARCH) studies have been initiated in six countries
worldwide to generate estimates for the prevalence of colonization with ESCrE as well as carbapenem-resistant
Enterobacterales in communities and associated hospitals'®>. ARCH studies found relatively high rates of ESCrE
colonization in study communities from Kenya (34-52%)'6, Guatemala (46%)!7, Chile (29%)'8, India (72%)',
Botswana (24-26%)?, and Bangladesh (78%)'°. The current study considers factors that may be associated with
ESCrE colonization from the ARCH study community located in the Western Highlands of Guatemala.

Methods

Study location

Details about methods used in ARCH studies and for Guatemala specifically are provided elsewhere'>'”. Briefly,
we carried out a cross-sectional study in the catchment area of the Quetzaltenango regional hospital in the
Western Highlands of Guatemala. The study area was delimited by estimating 80% of the eligible case-patients
from the facility-based surveillance platform for respiratory, diarrheal, and febrile illness, encompassing 16
municipalities in the region?!. The catchment area was comprised of communities where 53% of the population
is female, 51% and 49% of the population is Maya or mestizo ethnicities, respectively, and literacy rates for
community members 15 years old is 84%?2 Urban locations were defined per Guatemalan census guidelines as
cities, towns, villages, or neighborhoods with > 2,000 inhabitants, provided that 51% or more of households have
electricity and piped water 22. Rural locations included all areas not meeting the urban definition.

Community sampling and participant selection

Community sampling and enrollment was divided into three stages by partitioning the study site into geographic
clusters based on population density, verifying presence of households by using satellite imagery and ground
truthing, and completing a census of household members!”. Selection of geographic clusters, households within
the clusters, and participants within the households was random. Sample collection was restricted to one
individual per household. Individuals were excluded if they had been living in the household <6 months, or if
they presented with fever, diarrhea, or cough at the time of interview or specimen collection. Those undergoing
quarantine or isolation due to COVID-19 exposure or infection were also excluded as were households with
members who tested positive for SARS-CoV-2 in the ten days prior to recruitment. After obtaining written
consent, a structured questionnaire was used to collect information on demographics, possession of household
assets, hygiene and sanitation conditions within the household, history of household participant’s antibiotic use,
and clinic and hospital visits.

Sample collection and processing

Stool samples were collected in stool cups, transported to a local laboratory, and streaked onto CHROMagar™
ESBL as well as MacConkey agar (Hardy Diagnostics, CA) as a positive control for gram-negative bacteria,
followed by overnight incubation at 37 °C. Every batch of CHROMagar™ media was tested with positive control
strains (ATCC BAA-2469 and ATCC 700603) and negative control strains (ATCC 29212 and ATCC 25922).
Up to three morphologically distinct colonies were recovered from chromogenic plates and later identified to
species and characterized for antibiotic susceptibility using a VITEK® 2 instrument. Individuals were classified
as colonized with ESCrE if at least one recovered isolate was resistant to ceftriaxone while being susceptible or
intermediate to three carbapenems included in the assay (ertapenem, imipenem, and meropenem).!”23.

Statistical methods

Logistic regression path analysis was used to explore putative direct effects associated with the risk of bacterial
colonization (Table 1) 7. This methodology is used to estimate hypothesized direct and indirect effects (odds
ratios) on an outcome variable (ESCrE colonization) and can be depicted in a graphical format (Fig. 1). Direct
effects are those that are expected to directly impact the likelihood of colonization, whereas indirect effects
are hypothesized to operate through direct effects to influence the probability of colonization. For example,
hospitalization may directly affect the probability of ESCrE colonization as a result of exposure to environments
where antimicrobial resistant Gram-negative bacteria are more likely to be encountered. Therefore, activities
such as vaccination might be associated with reduced visits to clinics and hospitals (Fig. 1) and would thus
indirectly decrease risk of colonization with ESCrE. Some variables could have both a direct and indirect
association, such as household sources of water (Fig. 1). Definitions of these variables and rationale for variable
selection based on expert opinion can be found in Tables S1-S3.
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Dichotomous variables

ESCrE

1 =Participants confirmed positive for colonization with extended-spectrum cephalosporin-resistant Enterobacterales (ESCrE) by Vitek2
0=Participants negative for ESCrE

Self-admin antibiotics

1= Antibiotics used without a physician’s prescription within 30 days of study enrollment
0=No self-medication with antibiotics within 30 days of enrollment

Healthcare exposure

1=Any clinic or hospital visited for health care within 30 days of enrollment
0=No clinic or hospital visit within 30 days of enrollment

Covid phase

1=Enrolled during the pandemic (July 2021-June 2022)
0=Enrolled before the pandemic (November 2019-March 2020)

Rural

1=Household located in rural area
0=Household located in urban area

Non-bottled water

1=Household reported primary sources of drinking water from non-bottled water sources, including piped water inside the house,
piped water entering the yard, and water from mechanical wells (Table S2)
0=Household reported to primarily consume from bottled water sources

No garbage service

1=Household reported no availability of garbage services to pick up household trash
0=Household reported garbage services used for trash pick-up

Unimproved toilet

Per 2015 JMP definitions® the household had:
1=Improved toilet

2 =Improved-limited toilet (improved, shared)
3 =Unimproved toilet

Sex

1=Female
0=Male

Continuous variables

Age Participant’s reported age
Years of schooling Number of years participant reported receiving a formal education
Assets from DHS A summed scale of the number of assets owned by household. Assets included electric power, solar panels, radio, television, mobile/

landline phones, refrigerator, washing machine, clothes dryer, microwave, computer, internet, watches, bicycle, motorcycle, and car

Table 1. Description of variables included in the path model. Tables S1-S4 and Fig. 1 and Fig. S1 describe
variable selection and hypothesized relationships.

Non-Bottled | No Garbage Toilet Self-Admin
Service Status Antibiotics
Assets Ay
binomial I .
Years of —» Hgac‘)'gt‘g:{e ESCIE
Schooling — colonization
= Toall
Female
Age Urban Covid-19
Phase

Fig. 1. Path model. Statistically significant relationships are shown with black lines and arrows, and
nonsignificant relationships are shown in light gray. See Table 3 for odds ratios and 95% CI. Healthcare contact
has both direct and indirect effects. Table S1 describes the rationale for the relationships tested in the model.

Prior to model development, the distribution of each variable (Table S4) was explored. Variables with
sufficient variance (greater than 5% coefficient of variation) were included in model selection exercises
supported by the step() function using backward selection to identify the model with the best fit (Wald statistic).
Multicollinearity was documented for factors used in the models by using a variance inflation factor (VIF). We
considered several antibiotic use variables, including antibiotic use for syndromic illnesses, and any antibiotic
use including prescribed and self-medicated. Using the step() function, we determined that of the antibiotic use
variables, antibiotic self-medication resulted in the largest Wald statistic, which is also consistent with previous
descriptions that self-medication with antibiotics is relatively common in Guatemala®>2°. Variables identified
using the step() function were applied to construct the final path model.
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We employed variable reduction strategies to reduce the dimensionality of the analysis, including
construction of a composite variable through description of household assets (see Table 1 and Table S1). We
adjusted for clustering due to our three-stage sampling design using the svyset command in Stata (ver. 17%). The
post strata and post weight conditions in svyset were applied using the reference population from national census
data to normalize weighted estimates according to distributions of age, sex, and urban/rural households and is
described elsewhere??. Data cleaning was carried out with R%,

Ethical considerations

Written informed consent was obtained in Spanish or verbally translated into Mam for eligible adult (=18 years)
participants, and informed assent was obtained for children (7-17 years). Informed consent was obtained
from guardians of participating children (<17 years). The protocol was approved by the Universidad del Valle
de Guatemala-Center for Health Studies Ethics committee and the Guatemalan Ministry of Health Ethics
Committee (194-04-2019, 16-2019 respectively). All research was performed in accordance with the relevant
guidelines and regulations of these institutions.

Results

From a total of 919 enrolled participants, 915 individuals provided valid stool samples and did not have missing
data for any dependent and outcome measures. Across the sample, the median age of adults was 41 years (range
18-93), and for children was 6 years (range 0-17). Sixty-eight percent of the population was female, and 61%
indigenous, respectively, and 67% of the population was from rural households. The weighted prevalence of
ESCrE colonization for community participants was published previously (46%!7). Other descriptive statistics
for dependent and independent variables can be found in Table 2 and are aggregated according to ESCrE
colonization status.

Correlates with ESCrE colonization

Direct effects were specified between eight variables and the odds of ESCrE colonization was significantly
correlated with four of these variables (Fig. 1 and Table 3). Participants visiting hospitals or clinics for an
illness within 30 days of enrollment had two-fold increase in the odds of ESCrE colonization (OR: 2.12, 95%
CI 1.19-3.77). A similar effect was documented for participants residing in urban areas with an increase in the
odds of being colonized with ESCrE (OR: 1.93, 95% CI 1.09-3.42). Households that did not have a service to
remove household trash exhibited a similar increased odds of ESCrE colonization (OR: 1.99, 95% CI 1.11-3.58),
which was not mediated by urban/rural location. Finally, participants reporting that their household drinking
water came from non-bottled sources, including piped water and from wells, had 0.53 increase in the odds of
being colonized with ESCrE (OR: 1.53, 95% CI 1.00-2.33). All other independent variables, including age, self-
administration of antibiotics, toilet facilities, and phase of data collection (i.e., pre/post COVID-19 lock downs)
were not significantly associated with ESCrE colonization.

Significant indirect factors associated with ESCrE colonization included years of schooling and phase of
data collection because of significant correlations with health-seeking practices. For every year increase in the
number of years of schooling, the odds of a hospital or clinic visit increased by 1.06 (95% CI 1.00-1.13) and
for participants enrolled after the pandemic, odds of clinic visits decreased by 0.55 (95% CI 0.32-1.27) (Fig. 1).
No other hypothesized factors, including urban location, age, sex, household assets, non-bottled water sources,
no garbage service and toilet status were significantly related to visiting hospitals or clinics and so were not
indirectly associated with ESCrE colonization (Table 3).

Discussion

The prevalence of ESCrE colonization, most of which was E. coli, for presumptively healthy individuals residing
in the western highlands of Guatemala (46%'7) was similar to another ARCH site in Kenya (45-52%) ¢2° but
higher than what was reported in the Botswana ARCH site (24-26%)?*%. Separate risk factor analyses found that
contact with healthcare services was associated with an increased odds of ESCrE colonization in communities
in Kenya (OR: 1.12, 95% CI 1.03 -1.21) and Botswana (OR: 1.37, 95% CI 1.08-1.73)**°, For the current study,
contact with healthcare during the previous 30 days was also associated with increased risk for colonization
with ESCrE (OR: 2.12, P<0.05). Another way to consider this finding is that 21.1% of the individuals who were
colonized with ESCrE sought healthcare during the previous 30 days compared to 13.2% of the individuals who
were not colonized with ESCrE (Table 2).

The cross-sectional nature of our study does not allow us to distinguish between correlation versus cause
and effect, but one possible mechanism underlying the healthcare association is that exposure to a healthcare
environment increases the risk of contact-dependent transmission of bacteria to patients. This might occur
through contact with the healthcare environment (e.g., surfaces, devices, water, etc.) or through interaction
with medical personnel’'~*%. Environmental exposure to factors increasing transmission risk may be reduced
with appropriate infection prevention and control (IPC) and water, sanitation, and hygiene (WASH) programs,
including water treatment 3>3.

While direct transmission from interactions with healthcare environments is a demonstrated mechanism
for spreading resistant organisms, it is also possible that individuals seeking healthcare are predisposed to
colonization with ESCrE. That is, underlying health issues responsible for the need to seek healthcare may be
accompanied by physiological conditions that are favorable to the growth of ESCrE. For example, dysbiosis or
disruption of the enteric microbiome due to inflammation, has been linked to colonization and overgrowth
of enteric bacterial pathogens, potentially increasing the risk of colonization with bacteria like E. coli*’, and
earlier work showed that most ESCrE bacteria are E. coli in this community”. Chronic disease, malnutrition,
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ESCrE colonization = Yes ESCrE colonization=No
(N=434) (N=485)
Categorical variables | % [SE [ 95%CI % [sE [oswcl
Antibiotic self-medication
Yes 9.3 6.8-12.8 9.4 5.9-14.7
0.015 0.021
No 90.6 87.2-93.2 90.5 85.3-94.1

Healthcare contact

Yes 21.1 16.1-27.1 13.2 9.5-18.1
0.027 0.021

No 78.9 72.9-83.8 86.7 81.8-90.4

COVID-19 phase

Before pandemic 47.4 37.2-57.8 47.5 37.2-58.0
0.053 0.022

During pandemic 52.6 42.1-62.7 524 41.9-62.7

Locality

Rural 56.9 47.2-66.1 61.7 51.9-70.7
0.048 0.048

Urban 43.1 33.9-52.8 38.3 29.3-48.1

Sex

Male 43.5 38.3-48.7 50.4 46.1-54.7
0.025 0.025

Female 56.5 51.3-61.7 49.5 45.3-53.8

Non-bottled water

Yes 73.7 68.2-78.6 67.3 59.9-74.0
0.026 0.036
No 26.3 21.4-31.8 32.7 26.1-40.1

No garbage service

Yes 71.0 64.2-77.0 39.2 31.5-47.5
0.032 0.041
No 29.0 23.0-35.8 60.8 52.5-68.5

Unimproved toilet

1- Improved 80.5 0.025 | 75.0-84.9 82.2 0.029 | 75.7-87.2

2- Improved limited 14.7 0.021 | 10.8-19.5 14.7 0.025 | 10.5-20.3

3- Non-improved 49 0.145 | 2.7-8.8 3.1 0.010 | 1.6-5.5
Continuous variables | Mean | SE Min-Max Mean | SE Min-Max
Age 247 0.098 | 0-93 25.0 1.036 | 0-86

Years of schooling 7.5 0.211 | 0-18 7.2 0.288 | 0-18

Assets 0.1 0.089 | —1.19to 4.44 | 0.03 0.073 | —1.39t0 5.28

Table 2. Descriptive statistics for variables included in the path model (Fig. 1). Of the variables included in
the model, antibiotic self-medication, clinic/hospital visit, and phase are dichotomous variables. Data is shown
for 915 individuals. Weighted proportions and means account for geographic cluster, cluster response rate,
household selection weight, household response weight, individual selection weight, and individual response
weight.

autoimmune disease, chronic stress, or cancer may be contributing to healthcare seeking behavior, but may
additionally result in conditions that are conducive to ESCrE colonization®. Additional work, including
longitudinal studies, is needed to identify the causal mechanism underlying this association between ESCrE
colonization and healthcare interaction.

Environmental transmission and WASH factors were significantly associated with ESCrE colonization,
with households that did not have a garbage service and those using non-bottled water having higher odds
of ESCrE colonization (OR: 1.99 and OR: 1.53, respectively). However, improved, improved-limited and non-
improved toilets were not significantly associated with ESCrE colonization in this study. Additionally, exposure
to animals, including chickens, and sources of food (including fruits, vegetables, and food-animal products)
were not significantly related to colonization and consequently were not included in the model, although these
were significant in Botswana and Kenya ARCH studies***°. Hygiene-based factors that facilitate transmission of
bacteria in communities have been reported in other community-based studies in the context of low- and middle-
income countries. These include use of informal handwashing stations that are shared between households®,
presence of backyard chickens, postulated exposure to animal feces through consumption-of or exploratory
behavior-with soil*’, living in crowded households, working in agricultural environments*!, and household
water sources shared with larger livestock herds and wildlife ®. The associations with WASH factors may not
be as important in high-income countries and likely represents increased risk of bacterial transmission and is
consistent with observations linking WASH variables to the occurrence of infectious disease*>~*>. Of particular
interest in the context of the current study is that this association with WASH means that ESCrE colonization
may serve as a measure of the efficacy of public health interventions to improve WASH. However, given mixed
results from analyses of WASH intervention on health outcomes, more work is needed to understand what
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Variables (n=915 individuals)

ESCrE
Colonization

Healthcare
Contact

Clinic or hospital visit (1= Yes, 0=No)

2.12% (1.19-3.77)

Antibiotic self-medication (1= Yes, 0=No)

1.16 (0.65-2.06)

Urban/rural (Urban=1)

1.93% (1.09-3.42)

Age

1.01 (0.10-1.02)

0.99 (0.98-1.01)

Data collection phase (1 =post-Covid lockdown)

1.37 (0.86-2.20)

0.55 (0.32-0.934)

No trash service

1.99% (1.11-3.58)

0.66 (0.35-1.27)

Non-bottled water

1.53% (1.00-2.33)

1.16 (0.65-2.09)

Non-improved toilet

1.11 (0.75-1.64)

1.06 (0.60-1.88)

Years of schooling 1.06* (1.00-1.13)
1.07 (0.60-1.89)
0.98 (0.86-1.10)
Constant 0.08** (0.02-0.34) | 0.31 (0.07-1.51)

Observations 915 915

Sex (1 =female)

Household assets

Table 3. Effects of five independent predictors of ESCrE colonization. Additional columns show correlates
of healthcare contact, which has direct and indirect effects. Coeflicients (95% confidence intervals) are
interpreted as odds ratios. Variable definitions are provided elsewhere (Table 1). *P<0.05, **P<0.01.

components of WASH are driving bacterial transmission and infectious disease within varying socioeconomic
and geographic locations6~%.

The association that we found between urban environments and risk of colonization with ESCrE has
been reported for other antibiotic-resistant bacteria®>*, including recent work using country-level data!®!:51,
Urbanity, per se, is not a mechanism, but rather represents a set of interacting factors that could, for example,
enhance the effects of poor sanitation and hygiene (e.g., higher population densities, access to healthcare
facilities), while adding interacting socio-economic, migration, security, political, and governance issues®2, The
association between urban environments and antibiotic resistance suggests that community-level interventions
targeting urban environments may require different intervention strategies compared with rural environments.

For the current study, non-bottled water was correlated with ESCrE colonization. Biofilms in water pipes
encase E. coli populations and likely provide a source of these bacteria for transmission to and colonization of
people®*>*. Handling of water when it is not properly stored may result in contamination of water sources®.
And while over half of the households in the main ARCH study reported that they treated drinking water, fewer
than 0.5% of households used chlorine for treatment, leaving no residual protection from recontamination with
hands or other hazards if water was stored in the home (Table S2). We did not collect information about storage
practices, but if bottled water involved formal or informal commercial suppliers providing 5-gallon jugs with
self-contained dispensers with taps, they may inadvertently represent a safer form of stored water than water
from other sources that is typically stored in open containers that are exposed to the environment, animals, and
household members™. The relationship between ESCrE colonization and water merits further exploration, and
it will be important to identify storage and treatment practices to understand the potential impact of source
versus household-level water contamination on human colonization with ESCrE and other bacteria.

Self-medication with antibiotics was not predictive of ESCrE colonization, nor did it predict hospital or
clinic visits, the former of which is consistent with similar community-based studies conducted outside of
Guatemala *. In Guatemala, tetracycline and amoxicillin are the primary antibiotics available in communities
2556 with the former having the potential to co-select ESCrE strains if they are tetracycline resistant, and the
latter potentially selecting directly for ESCrE strains in the event that sufficient antibiotic reaches these bacteria
in the lower gastrointestinal tract®”*%. Nevertheless, prior work in the same study population showed that a
threefold reduction in antibiotic self-administration during the COVID-19 pandemic resulted in no significant
change in the community prevalence of ESCrE bacteria (45% vs. 47%, respectively)!”. Consequently, the lack of
relationship between self-medication with antibiotics and ESCrE colonization can probably be expected in the
context of our study community. Importantly, some of the study population may have been taking prescribed
antibiotics or other medications that exert selective pressures that favor ESCrE, but these associations did not
lead to a parsimonious model.

There are several limitations to this study. One is the uncertainty about inferring causality from statistical
associations (see discussion above). Secondly, while the odds ratios in our model are generally large, the
confidence intervals are also large, consistent with the need for a larger sample size to increase confidence for
our point estimates, and to increase the number of factors that could be included in the model. For example,
age was not a significant direct or indirect factor, but we surmise that potential transmission dynamics will be
quite different between adults and children and so may require different intervention strategies. Future work
would benefit from both a larger sample size and a longitudinal or repeated measures study design to address
these shortcomings. The strengths of this study included the use of path modeling that allowed simultaneous
consideration of multiple dependent and independent variables in a single model, which is particularly useful
when assessing hypothesized causal pathways (e.g., Fig. 1). This analysis was further improved because of the
rigorous randomization process used to select participants (reducing potential bias), and incorporation of the
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sampling design into the analysis (via svyset), which improves the accuracy of standard error estimates and thus
increases the robustness of the analysis.

Conclusions

The risk of colonization with ESCrE organisms in the community is associated with several variables that are
distinct from hospital risk factors, although at a broader level the potential for transmission via environmental
sources and compromised WASH undoubtedly apply in both contexts, particularly in low- and middle-income
countries. And while more work is needed to ascertain the causal relationships underlying transmission-related
associations identified herein, our findings suggest that monitoring prevalence of ESCrE colonization could
serve as an effective measure for evaluating the efficacy of community-level public health interventions aimed at
these potential mechanisms of transmission.

Data availability

Materials described in this manuscript, including all relevant raw data, will be freely available to any researcher
wishing to use them for non-commercial purposes, without breaching participant confidentiality. Data requests
can be sent by email to the corresponding author, Brooke M. Ramay.
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