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Abstract

Mass drug administration (MDA) of antimicrobials has shown promise in the reduction and potential elimination

of a variety of neglected tropical diseases (NTDs). However, with antimicrobial resistance (AMR) becoming a global
crisis, the risks posed by widespread antimicrobial use need to be evaluated. As the role of the environment in AMR
emergence and dissemination has become increasingly recognized, it is likewise crucial to establish the role of MDA
in environmental AMR pollution, along with the potential impacts of such pollution. This review presents the current
state of knowledge on the antimicrobial compounds, resistant organisms, and antimicrobial resistance genes in MDA
trials, routes of these determinants into the environment, and their persistence and ecological impacts, particularly in
low and middle-income countries where these trials are most common. From the few studies directly evaluating AMR

of MDA.

outcomes in azithromycin MDA trials, it is becoming apparent that MDA efforts can increase carriage and excretion
of resistant pathogens in a lasting way. However, research on these outcomes for other antimicrobials used in MDA
trials is sorely needed. Furthermore, while paths of AMR determinants from human waste to the environment and
their persistence thereafter are supported by the literature, quantitative information on the scope and likelihood of
this is largely absent. We recommend some mitigative approaches that would be valuable to consider in future MDA
efforts. This review stands to be a valuable resource for researchers and policymakers seeking to evaluate the impacts
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Background

Mass drug administration (MDA) programs have been
successfully used as both prevention and treatment of
neglected tropical diseases (NTDs), especially in low-
and middle-income countries (LMICs) [1]. While the
success of MDA programs might contribute to reduc-
ing childhood morbidity and mortality related to NTDs
at the population level [2-5]. Potentially adverse envi-
ronmental effects of those programs must be carefully

*Correspondence: jkonopkl@jhmi.edu

! The Solomon H. Snyder Department of Neuroscience, Johns Hopkins
University School of Medicine, Baltimore, MD 21205, USA
Full list of author information is available at the end of the article

B BMC

weighed alongside expected benefits and adverse events
of MDA in humans [6, 7]. A hallmark of MDA programs
is to eliminate the need for individual diagnosis and to
administer treatment to all members in a given com-
munity at the same time, regardless of clinical presenta-
tion. This dramatically expanded use of antimicrobial
agents (either individually or in combination) in a small
geographic area, over a short time (weeks to months),
can result in high quantities of unmetabolized drugs and
bioactive compounds being introduced into the environ-
ment [8]. With most MDA programs using antimicrobial
agents (including antibiotics and antiparasitics) [9], it is
important to consider how the frequency of adminis-
tration of those agents, and the doses in which they are
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administered, might be contributing to antimicrobial
resistance (AMR) in the environment. Yet, environmen-
tal monitoring to assess AMR in the aftermath of MDA
programs has been largely neglected.

AMR is the ability of microorganisms to withstand or
resist the action of one or more antimicrobial agents,
making them no longer responsive to drug treatments
meant to eliminate them. At the population level, anti-
microbial (e.g., antibiotic) administration can select
for emergence and spread of such resistant strains.
Environmental compartments experiencing strong
anthropogenic pressures are particularly susceptible to
antimicrobial contamination and thus are at high risk of
increased AMR [10, 11]. This resistance can be acquired
through mutations or exchange of fragments or entire
resistance genes via horizontal gene transfer (HGT) in
the microbial community [12].

The exacerbation of AMR in the environment is mul-
tifactorial in nature and is thus difficult to assess and
measure [13, 14]. The emergence and spread of AMR are
at least partly caused by the human—environment inter-
actions and the intensification of human activities which
demand increased antibiotic use. These human activities
include: (i) intensification in agriculture, fisheries, and
crop production to meet the global challenges to sustain
food production and meat/fish-rich diets; (ii) intensifica-
tion of mass movements associated with urbanization,
trade, and travel, as well as mass human and non-human
animal migrations, and (iii) industrialization and land use
changes, leading to increased pollution favoring patho-
gen transmission.

Additionally, the impact of antimicrobial environ-
mental contamination will not be the same everywhere
and requires case-by-case analysis and risk assessment.
Different LMICs can be affected by specific local prob-
lems as well as regional issues, leading to different out-
comes. Among the environmental factors that determine
risks of antibiotic contaminants are the composition of
the microbial community as well as water and nutrient
amounts already present in the environment (e.g., from
manure) [15]. These factors, in turn, determine how
quickly the populations of resistant microbes can grow
and exchange resistance genes with other members of
the microbial community, thus affecting transmission
and persistence of AMR in the environment. Additional
determinants that need to be taken into consideration are
human population size and overcrowding, state of and
access to water-sanitation-hygiene infrastructure, pres-
ence and seasonality of enteric infections, as well as loca-
tion, amount, and periodicity of antibiotic discharge (e.g.
single vs repeated) in a given community.

The risk of contaminating the environment with anti-
microbial residues, particularly in the aftermath of MDA
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activities, raises concerns about the environmental threat
of AMR [16]. These scenarios remain especially likely in
settings with inadequate waste containment and treat-
ment [17]. Micro- and macro-organisms (e.g., phyto- and
zooplankton, fish, insects) in contact with such contami-
nated water and soil are at risk of being exposed to those
compounds, which can lead to unanticipated impacts on
their survival and fitness. Additionally, those exposed
organisms (including but not limited to those in the
microbial community) can acquire antibiotic resistance
genes (ARGs) selected for via MDA. Combined, these
risks call for closer examination of the emergence of
AMR or transmission of ARGs to humans and other ani-
mals via the environment. If MDA plays a substantial role
in AMR spread, the short-term health benefits may be
outweighed by long-term loss of antimicrobial efficacy.

In this review, we synthesize the current state of
knowledge on introduction of antimicrobials and their
metabolites into the environment in the context of MDA
and discuss MDA’s potential impact on ecosystems in
resource-limited settings. The most commonly used anti-
bacterial agent in MDA programs is the macrolide antibi-
otic azithromycin for treatment, prevention, and control
of trachoma and yaws [18-20]. We predominantly out-
line the role of azithromycin in generation of AMR and
ARGs, and discuss other antimicrobial agents where data
exist. We trace these compounds from the time they are
excreted into the environment from humans and discuss
the exposures, risks, and opportunities for mitigation of
AMR.

Methods

Data for this scoping review were initially identified
through a search of PubMed, Web of Science, and Google
Scholar, using the keywords “mass drug administration,’
“antibiotic,” and “ecology OR eco*” This search (con-
ducted throughout the month of October 2021) provided
an initial set of studies relevant to the topic. References
from the initially identified studies were also reviewed
and included if relevant. Only articles published in Eng-
lish were included. The authors did not use exclusion
criteria based on year of publication and added further
references based on their knowledge of the subject area.
A consultation with a panel of subject matter experts
was conducted prior to manuscript submission to evalu-
ate the accuracy and completeness of this review. These
experts have been selected for their expertise in key areas
being addressed by this review, including environmental
microbiology, antimicrobial resistance, and environmen-
tal health. Specifically, these experts specialize in civil
and environmental engineering; environmental micro-
biology and chemistry; environmental AMR emergence
and dissemination; water, sanitation, and hygiene; and
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agricultural AMR. These experts are not authors of this
paper and their names, affiliations, and positions have
been listed in the acknowledgements section.

MDA and AMR

Prevalence of AMR in humans following MDA programs
The available evidence suggests that azithromycin MDA
can increase the prevalence of AMR across human com-
munities in a widespread and lasting way [21-25]. In
these studies, azithromycin-resistant Escherichia coli
and Streptococcus pneumoniae were detected via rec-
tal or nasopharyngeal swabs in as many as 55-68% of
individuals in treated communities. This is compared
to much lower (often single digit) prevalence in base-
line and control communities [25]. While these studies
focused on selected pathogens, antibiotics often act on
a wide range of microbes, and therefore resistance can
develop even in harmless bystander organisms living in
humans. These microbes are often missed when AMR
surveillance focuses on specific organisms and not ARGs
in general. Genetic determinants of macrolide resistance
studied in the Niger arm of the MORDOR trial (semi-
annual azithromycin MDA) were elevated 7.5 times by
the 3-year and 4-year timepoints [26]. Although preva-
lence of resistance did decline with time, elevated AMR
levels were maintained in the populations for as long as
6 months, even with just a single MDA dose [22, 23].
With no monitoring beyond the timeline of those stud-
ies, it is possible that AMR levels remained elevated for
longer. Furthermore, even when azithromycin is admin-
istered on its own, it can increase rates of resistance to
other macrolides like erythromycin as well as to clinically
relevant non-macrolide antibiotics like trimethoprim/
sulfamethoxazole, beta-lactams, and aminoglycosides
[24, 27]. This co-selection of resistance to antibiotics
other than those being administered is well-recognized,
and may occur via a variety of mechanisms, includ-
ing genes for different resistances being located on the
same mobile genetic element (and therefore passed as a
unit between microbes) and one ARG being useful for
resisting multiple types of antibiotics [28]. The Cochrane
Review of Trachoma control echoes the above assess-
ment of the literature as supporting a risk of lasting mul-
tidrug AMR development in response to azithromycin
MDA [29]. In total, prolonged elevated levels of AMR
in patients may defeat the original purpose of the MDA
effort by introducing more persistent infections and thus
less treatable disease, as noted elsewhere [30].

Literature on impacts of MDA on resistance to other
antimicrobials is sparse. Resistance is a concern for MDA
campaigns against schistosomiasis, as it relies on a sin-
gle drug, praziquantel [31]. AMR in soil-transmitted hel-
minths (STH) is expected to develop slowly from MDA.
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Yet, the availability of only two benzimidazole antihel-
minth drugs (albendazole and mebendazole) and lim-
ited development of novel drugs are problematic should
antihelminthic resistance arise [32]. Decreased efficacy
of these benzimidazoles over the past two decades has
already been reported [33]. Although there is a lack of
direct evidence connecting lowered antihelminthic drug
efficacy in humans and MDA for control of STHs [34],
livestock animals may serve as a proxy for examination
of resistance trends in response to MDA. Livestock often
receive regular doses of the antimicrobials used in human
MDA. Intestinal nematodes resisting benzimidazoles
and ivermectin are already a serious problem in livestock
globally and these trends are expected to continue as par-
asites are exposed to selective pressure [9, 35].

Resistance to the antimalarial artemisinin has become
widespread in the Greater Mekong Subregion in South-
east Asia [36], and antimalarial MDA is considered to
encourage resistance [37, 38]. However, it has been sug-
gested that well-managed MDA may not give rise to
AMR in humans [39-41]. Proper management involves
use of artemisinin-based combination treatment (ACT),
reaching high coverage and adherence, timing imple-
mentation when transmission is lowest, and strong sur-
veillance [41]. A similar combination strategy might be
beneficial in MDA programs using antibiotics to reduce
the rise of AMR, provided that special care is taken to
reduce bystander selection.

Environmental introduction of AMR

Once established in a human (e.g., colonization of the
gut), drug resistant pathogens and resistance genes may
spread into the environment via human waste. Gut car-
riage of resistant pathogens or ARGs may be prevalent
even in healthy individuals [42] and elevated in LMIC
settings [43], and these organisms may be selected for in
individuals receiving antibiotics. Of particular concern
in LMIC settings where large MDA trials are becoming
more common is the potential role of inadequate sani-
tation in accelerating the emergence and dissemination
of AMR in the environment [44]. These issues have not
been extensively explored in settings where antibiotic
stewardship and sanitation infrastructure are both poor
[45], despite the likely role of AMR hotspots to lead to
drug resistant phenotypes that may threaten global public
health [46-48]. AMR can also be found in waste disposal
systems such as pit latrines (fecal sludges and aque-
ous effluent from decentralized sanitation) and waste-
water treatment plants (wastewater, biosolids), where
improper containment or inadequate treatment may
then allow spread through runoff, seepage, or direct flow
into groundwater, surface water, or other discharges to
the environment [49, 50]. ARGs and associated resistant
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phenotypes can thus spread rapidly within and between
different communities as contaminated waste is mobi-
lized [51]. Multi-drug resistant enteric pathogens, such as
carbapenem-resistant Enterobacteriaceae, are currently
highlighted among the top global concerns in AMR [52].
A recent global burden of disease assessment of deaths
attributable to AMR bacteria estimated that E. coli, Kleb-
siella pneumoniae, and Pseudomonas aeruginosa were
among the six most common pathogens directly respon-
sible for AMR-associated deaths globally, each caus-
ing more than 250,000 deaths in 2019 [53]. These three
bacteria are enriched in feces, and the feces-associated
E. coli bacterium was the top such resistant pathogen,
causing an estimated 23.4% (95% UI: 19.5-28.2) of total
global deaths attributable to AMR and 24.3% (95% UL
22.9-25.8) of total deaths associated with AMR in 2019
[53]. Inadequate sanitation results in the release of up
to an estimated 6.5 x 10'° kg of feces globally containing
extended-spectrum beta lactamase (ESBL) producing E.
coli, a figure that is expected to double by 2030 [54].
Antimicrobial resistant organisms are not the only
AMR determinants found in waste from individuals
receiving these drugs. Antimicrobials themselves may
not be completely absorbed or metabolized by the body
and are excreted in feces and urine, though this varies
significantly by drug. For instance, substantial amounts
of azithromycin are excreted unchanged (around 21%),
while albendazole and its pharmacologically active
metabolite albendazole sulfoxide are only excreted in
minute amounts [55, 56]. Non-antibiotic antimicrobials
seem to be absorbed more completely in general, though
more pharmacokinetic research on these drugs would be
valuable [57-59]. Once excreted, these compounds may
follow the same paths as resistant organisms into the
environment. For instance, upon entering wastewater
systems, such antimicrobial residues have been described
to follow one of three fates: biodegradation [60, 61],
adsorption into sludge [62, 63], or emergence unchanged
as pharmaceutical pollutants in the aquatic environment
[64, 65]. The fate, transport, and persistence of antibiotic
residues and metabolites in environmental media are not
well understood. Studies from agricultural runoff suggest
that such compounds may be present at elevated concen-
trations for weeks [66], and ARGs may remain elevated
for longer. Persistence is likely to be a function of a range
of biotic and abiotic environmental conditions and may
be specific to the antibiotic. Of course, antibiotic load-
ing to the environment in highly impacted settings may
result in long-term release of these compounds and their
metabolites over time, allowing concentrations in envi-
ronmental media to remain elevated or accumulate.
Thus, human waste in LMICs may introduce anti-
microbials and other determinants of AMR into the
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environment. The degree and timescale of such introduc-
tion will depend on drug excretion rates, waste manage-
ment infrastructure, and the kinetics of persistence in
the environment. Environmental introduction of AMR
resulting from MDA can be expected to continue for as
long as elevated AMR levels were observed in the MDA-
AMR studies highlighted above (e.g., at least 6 months).
Indeed, AMR spread to environments in and around the
home (i.e.,, the more immediate “environment” such as
household soil) are also recognized [67], in particular as
a locus of potentially high exposure. Domestic environ-
ments in LMICs may receive high levels of fecal loading
both from non-human animals and inadequate sanitation
at the household level [68-70].

Environmental risks, resistance determinants,

and persistence

The persistence of resistant pathogens and other AMR
determinants depends on several factors. Once in the
environment, resistant pathogens vary in their ability to
survive. For many pathogens, environmental conditions
are too far removed from those inside human hosts for
sustained survival. For more adaptable organisms like E.
coli [71], soils and other environmental media represent
important potential reservoirs, allowing for spread and
persistence of ARGs [72]. Escherichia coli and related
taxa have been observed as naturalized in both tropi-
cal and even temperate climates [71]. Even if a resistant
organism cannot survive for long in its new surround-
ings, it may pass its ARGs to more suitable microbes
by horizontal gene transfer (HGT) via the processes of
transformation, transduction, or conjugation [73, 74].
ARGs have been shown to persist in environmental set-
tings across time [75], and, in the case of water environ-
ments, across geographies [76, 77].

Though these processes are clearly occurring, research
evaluating their likelihood in environmental settings is
largely absent. Such research would aid in establishing
risks posed by releases of ARGs, antibiotics and their
residues or metabolites, and AMR organisms into the
environment. Despite the occurrence of these microbial
processes, ARGs traditionally have been expected to be
gradually lost from environmental organisms. This is
because ARGs might not provide enough benefit to out-
weigh their fitness costs in the absence of exposure to
therapeutic concentrations of antimicrobials [78]. How-
ever, even concentrations of antibiotics hundreds of times
below a bacterium’s minimum inhibitory concentration
(i.e., the threshold known to inhibit bacterial growth)
have been shown to select for AMR under controlled
laboratory settings [79, 80]. This suggests that antimi-
crobial compounds excreted by MDA participants might
increase the persistence of ARGs in the environment,
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even when diffuse. These studies were conducted in con-
trolled laboratory settings, so research in the environ-
ment (settings with variations in heat, UV exposure and
salinity) would be needed to better support the validity
of this phenomenon. MDA in single-dose regimens (e.g.,
20 mg/kg azithromycin) may represent lower overall con-
centrations than typical therapeutic doses (administered
over several days) [81] and possibly lower than in agri-
cultural applications where dosing may be highly variable
[82]. This will certainly vary by compound, as different
drugs display different rates of degradation in the envi-
ronment [83]. The degree to which non-antibiotic anti-
microbial resistance genes persist in the environment is
not known, though it may be possible.

Ecotoxicology

The presence of pharmaceutical agents in the environ-
ment can lead to emergence of AMR or selection for
resistance, as well as non-target effects on other organ-
isms as a result of direct (i.e., physical contact with the
pharmaceutical agents or their metabolites) or indirect
(i.e., secondary contact with other affected organisms
or individuals) exposures [84]. The specific role of MDA
programs in causing such environmental contamina-
tion with antimicrobial agents is largely unknown. The
emergence of AMR is influenced by a wide range of driv-
ers that are prevalent in settings where MDA is gaining
currency. While there are growing concerns of the del-
eterious effect of chronic, low-grade exposure to human
pharmaceutical agents in the environment, targeted stud-
ies exploring the ecological impacts of specific agents
remain sparse [85].

The largest body of evidence of non-target effects of
pharmaceuticals in the environment exists for antipara-
sitic or anti-helminthic drugs such as ivermectin. In
addition to being used in agricultural context for farm
animals, ivermectin is frequently employed in MDA pro-
grams to control diseases such as onchocerciasis and
filariasis in humans. Most of the human and non-human
administered ivermectin is eliminated in the feces [58,
86]. A wide range of lethal and sublethal effects on soil
communities, especially invertebrate fauna, have been
recorded in response to ivermectin (Table 1). The insec-
ticidal action of excreted ivermectin is responsible for
reduced biodiversity [87, 88] or elimination [89] of dung
beetles. Even in low doses, ivermectin can significantly
impair locomotion and ability to reproduce in beneficial
cow-dung insect communities. Such a reduction in inver-
tebrate activity can in turn affect important ecosystem
services they provide, including dung degradation, soil
fertilization and seed dispersal [89, 90].

Less is known about potential ecotoxicological effects
of antibiotics released in the environment. In humans,
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nearly half of an oral dose of azithromycin is excreted
unchanged in stool, and about 6% in urine [55, 91-93].
Thus, as a result of MDA programs, a large quantity of
this antibiotic is likely to be discharged into the envi-
ronment. Although no evidence of the ecotoxicologi-
cal impact of azithromycin is available in the context
of MDA programs, laboratory studies suggest that its
presence in the water or soil can negatively affect some
organisms (e.g., phyto- and zooplankton) [94—-96].

The majority of negative effects of azithromycin are
recorded in aquatic ecosystems (Table 1). Azithromycin
accelerates algal growth and disrupts algal photosynthe-
sis at low and high doses, respectively [94]. In fact, of 13
tested antibiotics, azithromycin was the most toxic one
to freshwater green-algae based on calculated EC50 val-
ues (i.e., concentrations of the compounds causing 50%
algal growth inhibition compared to control) over a 96 h
period [95]. Azithromycin also alters feeding behavior
and nutrition accumulation of the zooplankton Daph-
nia magna [96]. Since algae and zooplankton form the
basis of aquatic food webs, drastic and sudden changes
in their population growth (as could be the case follow-
ing MDA in settings with insufficient sanitation infra-
structure) would likely cause a rippling effect through
the entire ecosystem, especially in small bodies of water
(e.g., creeks, ponds, drainage ditches etc.) with limited
resilience. At higher trophic levels, azithromycin can
cause larval morality, morphological abnormalities, and
cardiotoxicity in European sea bass and zebrafish [97,
98]. It causes moderate liver damage but is considered
non-toxic in tilapia [99]. In addition to the lethal and
sublethal effects, azithromycin has high bioaccumulation
capacity in fish, and was detected in tissues of several fish
and bivalves [100, 101]. Thus, when not lethal, the accu-
mulation of this antibiotic in animal tissues would ensure
its presence in the ecosystem and possible movement
through the food web, including back to humans via reg-
ular and frequent consumption of such animal tissues.

Similarly, little is known about the effects of azithro-
mycin on terrestrial ecosystems (Table 1). Most of the
antibiotics in soils are introduced via the application
of biosolids or livestock manure. Minimal toxicity was
reported for microbial communities following direct
application of biosolids or antibiotic mixture (includ-
ing azithromycin) to soils at realistic doses in a short-
term (up to 120 days) microcosm setup [102]. Similarly,
at environmentally relevant concentrations, there was
minimal toxicity and accumulation in food plants includ-
ing radish and lettuce [103]. While no toxicity response
was noted for earthworms in azithromycin-treated soil,
they accumulated the antibiotic in their tissues [102].
On the other hand, long-term field studies indicate that
at high concentrations and with repeated application,
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antibiotic mixture containing azithromycin can increase
the abundance of ARGs (novel antibiotic resistance genes
identified via functional metagenomics) in the soil [104].
Furthermore, one-time application of compost from
various sources (including swine manure as well as food
and yard waste) led to an increase in gene targets for
macrolide resistance, which persisted in the soil for up
to 4 years [105]. Thus, while the nutrient function and
availability in soil would likely be unaffected in response
to azithromycin, this macrolide has the potential to bio-
accumulate, enter the food web, and increase the abun-
dance of ARGs in soil over time (Table 1).

Despite the lack of studies directly evaluating the
impact of MDA programs on environmental levels of
antimicrobials and their subsequent ecological toxic-
ity, there is cause for concern. Such effects are not easily
anticipated and can depend on type and length of expo-
sure in the environment. The persistence of azithromycin
and ARG targets in the environment as well as bioac-
cumulation in some animal tissues calls for more care-
ful monitoring in the context of MDA programs. Given
a wide range of toxicological effects in aquatic systems,
many of which are sublethal (i.e., do not kill the organ-
ism), environmental assessments should consider more
than just biodiversity (i.e., the number or presence of var-
ious organisms in the ecosystem) and look for sublethal
effects as early warning signs. When large human popu-
lations are dosed simultaneously with an antibiotic dur-
ing MDA programs, even modest excretions could cause
significant and long lasting ecotoxicological effects. Envi-
ronmental risk assessment exercises and long-term mon-
itoring conducted in conjunction with MDA programs
could provide insights into the unintended impacts of the
use of antimicrobials simultaneously on a large scale.

Environmental AMR exposures and human health

The human health risks posed by environmental AMR
are not well understood, and direct evidence of AMR
transmission from the environment to humans is lacking.
A growing body of microbiological literature is showing
extensive shared resistance between humans, non-human
animals, and the environment, particularly in LMIC set-
tings [106, 107]. However, this research does not discern
whether the direction of AMR sharing is from humans
to the environment, vice-versa, or both. One study has
been able to suggest transmission from the environment
to humans—using an in-depth, multi-method approach,
Yoon et al. argued that an amikacin resistance gene
travelled from the environmental species Acinetobacter
guillouiae to the highly problematic clinical pathogen
Acinetobacter baumanii [108]. Aside from this, the bulk
of work in this area focuses on theoretical frameworks
for assessing human health risks of environmental AMR,
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which point to risk factors such as presence of an ARG
on a mobile genetic element or presence within a human
pathogen [109, 110]. Quantitative, data-driven research is
still needed to develop our understanding of this poten-
tial pathway for AMR dissemination.

Ultimately, the risk of exposure to environmental AMR
is likely to be heterogenous, with higher risk to communi-
ties living in areas with greater antimicrobial agent expo-
sure and poor water, sanitation, and hygiene (WASH)
infrastructure or environmental protection measures.
Indeed, multiple potential routes of exposure to resistant
pathogens in low-resource settings are recognized, such
as washing foods with contaminated water, floods, and
children playing in open drains and cesspools [44]. Rapid
urbanization and population growth further exacerbate
factors promoting the risk of AMR transmission from
environmental sources [111]. Thus, there are likely dif-
ferences in how AMR spreads in rural communities (e.g.,
less likely to possess adequate WASH infrastructure) ver-
sus urban communities (e.g., more crowding) in LMICs.
However, it is not clear whether these differences posi-
tion rural or urban communities as more susceptible to
environmental AMR dissemination and reinfection.

Strategies for mitigation of AMR following MDA
While the risks are so far poorly characterized, mitiga-
tion strategies are needed to effectively limit potentially
serious adverse impacts of AMR linked to MDA pro-
gramming. Modeling in the context of malaria elimina-
tion MDA programs indicates a wide range of factors
may be associated with the emergence of drug resistance
[39]. Identifying which factors are associated with AMR
in the context of MDA programs is complicated by the
role of co-selection of resistance genes or alterations in
gut microbiomes, which may augment the sharing of
ARGs or emergence of AMR organisms.

One approach to mitigate the environmental risk of
AMR is to treat wastewater effluent to remove antimi-
crobial pollutants. There is no direct data on how MDA
programs affect environmental antimicrobial pollution.
However, hospital wastewater contaminates environ-
mental compartments with AMR organisms or ARGs.
Hospital effluents have higher concentrations of AMR
organisms and ARGs, and they have a diverse group of
AMR determinants, often enriched by fecal contamina-
tion [76, 112-116]. Although treatment of such effluents
using conventional wastewater management strategies
may reduce the burden of AMR organisms [117], varia-
tion exists in the amounts of antimicrobial residues that
can be removed by wastewater treatment processes [118].
Removing antimicrobial residues from urban wastewa-
ter is a difficult process, and this could be an even larger
problem in the setting of MDA programs in LMICs [119].
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An estimated 3.6 billion people (approximately 46% of
the global population) lacked safely managed sanitation
in 2020 [120]. Without sanitation infrastructure that can
properly contain human excreta, downstream exposures
to wastes containing antibiotics, metabolites, ARGs, and
AR pathogens is possible. Treatment of waste streams to
remove AMR determinants would be even more chal-
lenging in these circumstances.

Use of antimicrobials has become a “quick fix” for
deeply entrenched problems in many LMICs [121]. Miti-
gation strategies need to be identified for the short- and
long-term control of adverse impacts of MDA on anti-
microbial residues, AMR organisms and ARGs in the
environment. Access to and consistent use of appropri-
ate WASH infrastructure, both at the community level
and in healthcare facilities, could reduce the transmis-
sion of AMR organisms. It also has the added benefit of
reducing the spread of infectious diseases in general, thus
limiting the need for MDA [122]. The relatively low cov-
erage of WASH infrastructure in healthcare facilities in
LMICs further increases the chances of emergent AMR
infections in such settings, especially in an environment
with high levels of antimicrobial pollution [123]. Tar-
geted hygiene services, supply of clean potable water, and
access to appropriate sanitation facilities have been asso-
ciated with lower levels of circulating AMR organisms in
community settings and in healthcare facilities [124].

Longitudinal environmental impact assessments
should accompany ongoing or future MDA efforts.
With multiple MDA programs and trials on the horizon,
there is an opportunity to capitalize on ongoing efforts
to address key knowledge gaps about how MDA affects
environmental compartments [125]. In addition, inno-
vative options, such as wastewater surveillance, provide
synergies between pathogen detection [126] and AMR
containment efforts. Wastewater monitoring could be
used to examine not only the impact of MDA programs
on environmental antimicrobial pollution, but also their
impact on emergence of AMR organisms and spread of
ARGs. Such a monitoring system would provide early
signals of emergent AMR threats, and background data
against which the impact of MDA programs and AMR
mitigation efforts can be assessed. Existing wastewater
surveillance systems for polio or COVID-19 can provide
a starting point [127, 128] possibly building on the World
Health Organization Tricycle Protocol [129] that focuses
on ESBL E. coli monitoring in environmental matrices
[130]. This protocol has been designed specifically for
cost-effective, at-scale AMR monitoring in LMICs.

Risk assessment efforts should guide decision-making
for using azithromycin MDA to improve child survival.
Modeling approaches could be employed to identify
countries or communities which are likely to have the
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most benefit from MDA [131]. These frameworks, in
combination with an environmental surveillance sys-
tem, can be used to construct an early warning system
for MDA-associated AMR. Some experts have also rec-
ommended using a multi-criteria decision tool, in con-
sultation with the relevant local stakeholders, prior to
expanding the use of azithromycin as an agent for MDA

[5].

Recommendations

While this review has identified and assessed the avail-
able evidence of the potential environmental impacts of
MDA, many research questions remain (Table 2). Here,
we provide the following recommendations for stake-
holders, including policy makers:

+ Integrated, standardized monitoring of AMR emer-
gence and dissemination alongside MDA programs
using appropriate designs and measures. At mini-
mum, trials should incorporate pre- and post-inter-
vention monitoring with appropriate controls across
time scales that will capture proximal and medium-
term effects of MDA on phenotypic and genotypic
resistance measures in microbes of interest.

+ Monitoring concentrations of MDA-relevant antimi-
crobials in waste streams and environments around
treated populations. These concentrations would be
compared to concentrations expected to promote
resistance in environmental organisms, such as pre-
dicted no effect concentrations (PNECs) [132], in
order to evaluate the ongoing threat of AMR emer-
gence.

+ Environmental impact assessments of ecotoxicologi-
cal effects on organisms in the environment should
consider not only population sizes and biodiversity
but also include measures of sublethal effects as early
warning signs.

+ Case-by-case risk assessment analysis of the impacts
of antimicrobial environmental contamination in dif-
ferent communities to account for the multifacto-
rial nature of the AMR exacerbation. Special care is
needed to account for local and regional variations
(both environmental and human in nature).

+ Modeling of known and predicted risk factors to
determine which interventions could have the great-
est impact.

Conclusions

This review identified the growing evidence base around
the environmental threats associated with MDA pro-
grams. Despite there being very few studies conduct-
ing environmental risk assessments alongside MDA
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Table 2 Evidence assessment and the identified research gaps regarding the antimicrobial resistance (AMR) in the environment in the

context of mass drug administration (MDA) programs

Research area

Strength of evidence

Remaining gaps

AMR produced by MDA Moderate
Environmental introduction of AMR and antimicrobials ~ Strong
Environmental persistence of AMR Moderate
Ecotoxicology Limited
Transmission of AMR from the environment to humans  Limited

AMR impacts of MDA with antimicrobials other than azithromy-
cin

The role of inadequate sanitation in AMR emergence in settings
with poor antibiotic stewardship and sanitation infrastructure
Pharmacokinetics of non-antibiotic antimicrobials in MDA stud-
ies

Persistence of antimicrobials in environmental settings

The likelihood of AMR dissemination via HGT in environmental
settings

Differences between ARGs and genes for resistance to other
antimicrobials

Ecotoxicological effects of MDA-relevant antimicrobials other
than azithromycin and ivermectin
Ecotoxicological effects in response to MDA

Quantitative understanding of the risk posed by environmental
ARGs

AMR antimicrobial resistance, HGT horizontal gene transfer, ARG antibiotic resistance genes

programs, there are causes for concern. When admin-
istered on a population level, antimicrobials which may
be discharged through urine and stool, can pose risks
including contamination of the environment across
scales, and setting off cascades of unintended conse-
quences. Even at low concentrations, these pharmaceu-
ticals can disrupt the balance of ecosystems, especially
aquatic ones.

Given the uncertain mechanism behind the improved
child survival associated with MDA of azithromycin, it
is possible that in the absence of other systemic changes,
longer term or multiple MDA efforts may be needed to
maintain the successes. While the risk of emergent AMR
organisms in short term efforts may be offset by morbid-
ity and mortality prevention, longer term benefits may be
attenuated by increasing health risks imposed by emer-
gent AMR.

Multiple MDA programs are being planned with no
apparent monitoring to assess the environmental risks
and consequences. While these programs might have
reduced morbidity and mortality linked to NTDs, it is
always preferable to institute systemic changes which
can address deeper factors impeding improvement of
maternal and child survival. Until then, we suggest that
MDA-based approaches should be deployed in combina-
tion with environmental risk assessment and mitigation
frameworks, to ensure that the ecotoxicological impacts
of the excreted drugs are minimized.

Abbreviations

ACT: Artemisinin-based combination treatment; ARG: Antibiotic resistance
genes; AMR: Antimicrobial resistance; COVID-19: Coronavirus disease 2019;
HGT: Horizontal gene transfer; LMIC: Low-to-middle-income countries;
MDA: Mass drug administration; MORDOR: Mortality reduction after oral

azithromycin; NTD: Neglected tropical diseases; PNEC: Predicted no effect
concentration; STH: Soil-transmitted helminths; WASH: Water, sanitation, and
hygiene.

Acknowledgements

We thank the research team of Dr. Anthony So and Dr. Matthew DeCamp
(co-principal investigators on the Greenwall Foundation grant) and Alex Kong
and Ahmed Alasmar for providing helpful comments on earlier drafts, for
organizing an expert feedback session on the manuscript, and for supporting
its submission. We also thank the following persons for their expert com-
mentary on the initial draft of this manuscript: Teresa Coque (Senior Scientist,
Department of Microbiology, Hospital Ramén y Cajal-IRYCIS. Madrid, Spain),
Maya L. Nadimpalli (Assistant Professor, Tufts University, Medford, USA), and Ed
Topp (Principal Research Scientist, Agriculture and Agri-Food Canada, London,
Canada).

Author contributions

JKK and JB conceived this review. All authors contributed to the develop-
ment of the ideas, writing, and editing of the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported under a Greenwall Foundation grant on the "Mass
Administration of Antibiotics: Reaching Clinical and Community Equipoise”as
part of the Making a Difference in Real-World Bioethics Dilemmas program.
Professor Anthony D. So (Innovation + Design Enabling Access Initiative,
Johns Hopkins Bloomberg School of Public Health) and Dr. Matthew DeCamp
(University of Colorado) serve as Co-Principal Investigators on the project. The
Greenwall Foundation did not have a role in the design of the study, collec-
tion, analysis, and interpretation of data or in writing the manuscript. C.L. was
supported in part by a training grant from the National Institute of Environ-
mental Health Sciences (T32ES007018).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Konopka et al. Infectious Diseases of Poverty

(2022) 11:78

Competing interests
The authors declare that they have no competing interests.

Author details

'The Solomon H. Snyder Department of Neuroscience, Johns Hopkins Univer-
sity School of Medicine, Baltimore, MD 21205, USA. 2Department of Inter-
national Health, Johns Hopkins Bloomberg School of Public Health, Johns
Hopkins University, Baltimore, MD 21205, USA. >Department of Environmental
Sciences and Engineering, Gillings School of Global Public Health, University
of North Carolina at Chapel Hill, Chapel Hill, NC 27599-7431, USA.

Received: 10 March 2022 Accepted: 9 June 2022
Published online: 30 June 2022

References

1.

Webster JP, Molyneux DH, Hotez PJ, Fenwick A. The contribution of
mass drug administration to global health: past, present and future.
Philos Trans R Soc Lond B Biol Sci. 2014;369:20130434.

Hotez PJ, Fenwick A, Savioli L, Molyneux DH. Rescuing the bot-

tom billion through control of neglected tropical diseases. Lancet.
2009;373:1570-5.

Gatimu SM, Kimani RW. Does mass drug administration of azithromycin
reduce child mortality? Lancet Glob Health. 2021;9:21485-6.
Oldenburg CE, Arzika AM, Amza A, Gebre T, Kalua K, Mrango Z, et al.
Mass azithromycin distribution to prevent childhood mortality: a
pooled analysis of cluster-randomized trials. Am J Trop Med Hyg.
2019;100:691-5.

Bogoch II, Utzinger J, Lo NC, Andrews JR. Antibacterial mass drug
administration for child mortality reduction: opportunities, concerns,
and possible next steps. PLoS Negl Trop Dis. 2019;13: e0007315.

Tavul L, Laman M, Howard C, Kotty B, Samuel A, Bjerum C, et al. Safety
and efficacy of mass drug administration with a single-dose triple-
drug regimen of albendazole + diethylcarbamazine + ivermectin

for lymphatic filariasis in Papua New Guinea: an open-label, cluster-
randomised trial. PLoS Negl Trop Dis. 2022;16: e0010096.

Jambulingam P, Subramanian S, Krishnamoorthy K, Supali T, Fischer

P, Dubray C, et al. Country reports on practical aspects of conducting
large-scale community studies of the tolerability of mass drug adminis-
tration with ivermectin/diethylcarbamazine/albendazole for lymphatic
filariasis. Am J Trop Med Hyg. 2022;tpmd210898.

Orive G, Lertxundi U. Mass drug administration: time to consider drug
pollution? Lancet. 2020;395:1112-3.

Smits HL. Prospects for the control of neglected tropical diseases by
mass drug administration. Expert Rev Anti Infect Ther. 2009;7:37-56.
Verlicchi P, Al Aukidy M, Zambello E. What have we learned from
worldwide experiences on the management and treatment of hospital
effluent?—an overview and a discussion on perspectives. Sci Total
Environ. 2015;514:467-91.

Grenni P, Ancona V, Barra CA. Ecological effects of antibiotics on natural
ecosystems: a review. Microchem J. 2018;136:25-39.

Lipsitch M, Samore MH. Antimicrobial use and antimicrobial resistance:
a population perspective. Emerg Infect Dis. 2002;8:347-54.

Littmann J, Viens AM, Silva DS. The Super-Wicked Problem of Antimi-
crobial Resistance. In: Jamrozik E, Selgelid M, editors. Ethics and drug
resistance: collective responsibility for global public health. Cham:
Springer International Publishing; 2020; p. 421-43. https://doi.org/10.
1007/978-3-030-27874-8_26.

O'Neill J. Tackling drug-resistant infections globally: final report and
recommendations. Review on Antimicrobial Resistance. London, UK;
2016 May p. 80. Available from: https://amr-review.org/sites/default/
files/160525_Final%20paper_with%20cover.pdf.

Baquero F, Martinez J-L, Cantén R. Antibiotics and antibiotic resistance
in water environments. Curr Opin Biotechnol. 2008;19:260-5.
Wellington EM, Boxall AB, Cross P, Feil EJ, Gaze WH, Hawkey PM, et al.
The role of the natural environment in the emergence of antibiotic
resistance in Gram-negative bacteria. Lancet Infect Dis. 2013;13:155-65.
Burgmann H, Frigon D, H Gaze W, M Manaia C, Pruden A, Singer AC,

et al. Water and sanitation: an essential battlefront in the war on antimi-
crobial resistance. FEMS Microbiol Ecol. 2018;94.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Page 11 of 14

Schachter J, West SK, Mabey D, Dawson CR, Bobo L, Bailey R, et al.
Azithromycin in control of trachoma. Lancet. 1999;354:630-5.

Mitja O, Houinei W, Moses P, Kapa A, Paru R, Hays R, et al. Mass
treatment with single-dose azithromycin for yaws. N Engl J Med.
2015;372:703-10.

Marks M, VahiV, Sokana O, Chi K-H, Puiahi E, Kilua G, et al. Impact of
community mass treatment with azithromycin for trachoma elimina-
tion on the prevalence of yaws. PLoS Negl Trop Dis. 2015;9: €0003988.
Skalet AH, Cevallos V, Ayele B, Gebre T, Zhou Z, Jorgensen JH, et al. Anti-
biotic selection pressure and macrolide resistance in nasopharyngeal
Streptococcus pneumoniae: a cluster-randomized clinical trial. PLoS Med.
2010;7:e1000377.

Leach AJ, Shelby-James TM, Mayo M, Gratten M, Laming AC, Currie BJ,
et al. A prospective study of the impact of community-based azithro-
mycin treatment of trachoma on carriage and resistance of Streptococ-
cus pneumoniae. Clin Infect Dis. 1997,24:356-62.

Seidman JC, Coles CL, Silbergeld EK, Levens J, Mkocha H, Johnson LB,
et al. Increased carriage of macrolide-resistant fecal £. coli following
mass distribution of azithromycin for trachoma control. Int J Epidemiol.
2014;43:1105-13.

Seidman JC, Johnson LB, Levens J, Mkocha H, Murioz B, Silbergeld EK,
et al. Longitudinal comparison of antibiotic resistance in diarrheagenic
and non-pathogenic escherichia coli from young Tanzanian children.
Front Microbiol. 2016;7:1420.

O'Brien KS, Emerson P, Hooper PJ, Reingold AL, Dennis EG, Keenan JD,
et al. Antimicrobial resistance following mass azithromycin distribution
for trachoma: a systematic review. Lancet Infect Dis. 2019;19:e14-25.
Doan T, Arzika AM, Hinterwirth A, Maliki R, Zhong L, Cummings S, et al.
Macrolide resistance in MORDOR |—a cluster-randomized trial in niger.
N Engl J Med. 2019;380:2271-3.

Doan T, Worden L, Hinterwirth A, Arzika AM, Maliki R, Abdou A, et al.
Macrolide and nonmacrolide resistance with mass azithromycin distri-
bution. N Engl J Med. 2020;383:1941-50.

Baker-Austin C, Wright MS, Stepanauskas R, McArthur JV. Co-selection
of antibiotic and metal resistance. Trends Microbiol. 2006;14:176-82.
Evans JR, Solomon AW, Kumar R, Perez A, Singh BP, Srivastava

RM, et al. Antibiotics for trachoma. Cochrane Database Syst Rev.
2019;9(9):CD001860.

Poddighe D. Macrolide resistance and longer-term assessment of
azithromycin in MORDOR I. N Engl J Med. 2019;381:2184.

Olveda DU, McManus DP, Ross AGP. Mass drug administration and the
global control of schistosomiasis: successes, limitations and clinical
outcomes. Curr Opin Infect Dis. 2016;29:595-608.

Vercruysse J, Levecke B, Prichard R. Human soil-transmitted helminths:
implications of mass drug administration. Curr Opin Infect Dis.
2012;25:703-8.

Fissiha W, Kinde MZ. Anthelmintic resistance and its mechanism: a
review. Infect Drug Resist. 2021;14:5403-10.

Moser W, Schindler C, Keiser J. Efficacy of recommended drugs against
soil transmitted helminths: systematic review and network meta-analy-
sis. BMJ. 2017;358:j4307.

Wolstenholme AJ, Fairweather |, Prichard R, von Samson-Himmelstjerna
G, Sangster NC. Drug resistance in veterinary helminths. Trends Parasi-
tol. 2004,20:469-76.

Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, et al.
Spread of artemisinin resistance in Plasmodium falciparum malaria. N
EnglJ Med. 2014,371:411-23.

von Seidlein L, Greenwood BM. Mass administrations of antimalarial
drugs. Trends Parasitol. 2003;19:452-60.

World Health Organization. Consideration of mass drug administra-
tion for the containment of artemisinin-resistant malaria in the Greater
Mekong subregion: report of a consensus meeting, 27-28 September
2010, Geneva, Switzerland [Internet]. World Health Organization; 2011
p. 40. Available from: https://apps.who.int/iris/handle/10665/44605.
White NJ. Does antimalarial mass drug administration increase or
decrease the risk of resistance? Lancet Infect Dis. 2017;17:15-20.

Zuber JA, Takala-Harrison S. Multidrug-resistant malaria and the impact
of mass drug administration. Infect Drug Resist. 2018;11:299-306.
Eisele TP. Mass drug administration can be a valuable addition to the
malaria elimination toolbox. Malar J. 2019;18:281.


https://doi.org/10.1007/978-3-030-27874-8_26
https://doi.org/10.1007/978-3-030-27874-8_26
https://amr-review.org/sites/default/files/160525_Final%20paper_with%20cover.pdf
https://amr-review.org/sites/default/files/160525_Final%20paper_with%20cover.pdf
https://apps.who.int/iris/handle/10665/44605

Konopka et al. Infectious Diseases of Poverty

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2022) 11:78

Karanika S, Karantanos T, Arvanitis M, Grigoras C, Mylonakis E. Fecal
colonization with extended-spectrum beta-lactamase-producing
enterobacteriaceae and risk factors among healthy individuals: a
systematic review and metaanalysis. Clin Infect Dis. 2016;63:310-8.
Berendes D, Knee J, Sumner T, Capone D, Lai A, Wood A, et al. Gut
carriage of antimicrobial resistance genes among young children in
urban Maputo, Mozambique: associations with enteric pathogen car-
riage and environmental risk factors. PLoS ONE. 2019;14: e0225464.
Robb K, Null C, Teunis P, Yakubu H, Armah G, Moe CL. Assessment

of fecal exposure pathways in low-income urban neighborhoods

in Accra, Ghana: rationale, design, methods, and key findings of the
SaniPath study. Am J Trop Med Hyg. 2017,97:1020-32.

Torres NF, Chibi B, Kuupiel D, Solomon VP, Mashamba-Thompson

TP, Middleton LE. The use of non-prescribed antibiotics; prevalence
estimates in low-and-middle-income countries. A systematic review
and meta-analysis. Arch Public Health. 2021;79:2.

Fletcher S. Understanding the contribution of environmental factors
in the spread of antimicrobial resistance. Environ Health Prev Med.
2015;20:243-52.

Holmes AH, Moore LSP, Sundsfiord A, Steinbakk M, Regmi S, Karkey
A, et al. Understanding the mechanisms and drivers of antimicrobial
resistance. Lancet. 2016;387:176-87.

Laxminarayan R, Duse A, Wattal C, Zaidi AKM, Wertheim HFL, Sumpra-
dit N, et al. Antibiotic resistance-the need for global solutions. Lancet
Infect Dis. 2013;13:1057-98.

Zainab SM, Junaid M, Xu N, Malik RN. Antibiotics and antibiotic resist-
ant genes (ARGs) in groundwater: a global review on dissemination,
sources, interactions, environmental and human health risks. Water
Res. 2020;187: 116455.

Rizzo L, Manaia C, Merlin C, Schwartz T, Dagot C, Ploy MC, et al. Urban
wastewater treatment plants as hotspots for antibiotic resistant
bacteria and genes spread into the environment: a review. Sci Total
Environ. 2013;447:345-60.

Centers for Disease Control and Prevention. Antibiotic resistance
threats in the United States 2013. [Internet]. US Department of
Health and Human Services; 2013 [cited 2022 Jan 10]. Available from:
https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf.
World Health Organization E. Global priority list of antibiotic-resistant
bacteria to guide research, discovery, and development of new
antibiotics. [Internet]. World Health Organization; [cited 2022 Jan 10].
Available from: https://www.who.int/medicines/publications/WHO-
PPL-Short_Summary_25Feb-ET_NM_WHO.pdf.

Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray
A, et al. Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet. 2022;399(10325):629-55.

Berendes D, Kirby A, Brown J, Wester AL. Human faeces-associated
extended-spectrum B-lactamase-producing Escherichia coli
discharge into sanitation systems in 2015 and 2030: a global and
regional analysis. Lancet Planet Health. 2020;4:e246-55.

Luke DR, Foulds G. Disposition of oral azithromycin in humans. Clin
Pharmacol Therap. 1997,61:641-8.

Marriner SE, Morris DL, Dickson B, Bogan JA. Pharmacokinetics of
albendazole in man. Eur J Clin Pharmacol. 1986;30:705-8.
Navaratnam V, Mansor SM, Sit NW, Grace J, Li Q, Olliaro P. Pharma-
cokinetics of artemisinin-type compounds. Clin Pharmacokinet.
2000;39:255-70.

Gonzélez Canga A, Sahagun Prieto AM, Diez Liébana MJ, Ferndndez
Martinez N, Sierra Vega M, Garcia Vieitez JJ. The pharmacokinetics
and interactions of ivermectin in humans—a mini-review. AAPS J.
2008;10:42-6.

Patzschke K, Pitter J, Wegner LA, Horster FA, Diekmann HW. Serum
concentrations and renal excretion in humans after oral administra-
tion of praziquantel-results of three determination methods. Eur J
Drug Metab Pharmacokinet. 1979;4:149-56.

Singer AC, Shaw H, Rhodes V, Hart A. Review of antimicrobial resist-
ance in the environment and its relevance to environmental regula-
tors. Front Microbiol. 2016;7:1728.

Chen C-E, Zhang H, Ying G-G, Zhou L-J, Jones KC. Passive sampling: a
cost-effective method for understanding antibiotic fate, behaviour and
impact. Environ Int. 2015,85:284-91.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

Page 12 of 14

Li B, Zhang T. Biodegradation and adsorption of antibiotics in the
activated sludge process. Environ Sci Technol. 2010;44:3468-73.
Ahmed MB, Zhou JL, Ngo HH, Guo W. Adsorptive removal of antibiotics
from water and wastewater: progress and challenges. Sci Total Environ.
2015;532:112-26.

LuoY, Guo W, Ngo HH, Nghiem LD, Hai FI, Zhang J, et al. A review on
the occurrence of micropollutants in the aquatic environment and
their fate and removal during wastewater treatment. Sci Total Environ.
2014,473-474:619-41.

Rivera-Utrilla J, Sdnchez-Polo M, Ferro-Garcia MA, Prados-Joya G,
Ocampo-Pérez R. Pharmaceuticals as emerging contaminants and their
removal from water. A review. Chemosphere. 2013;93:1268-87.

Barrios RE, Khuntia HK, Bartelt-Hunt SL, Gilley JE, Schmidt AM, Snow DD,
et al. Fate and transport of antibiotics and antibiotic resistance genes

in runoff and soil as affected by the timing of swine manure slurry
application. Sci Total Environ. 2020;712: 136505.

Montealegre MC, Roy S, Béni F, Hossain MI, Navab-Daneshmand

T, Caduff L, et al. Risk factors for detection, survival, and growth of
antibiotic-resistant and pathogenic Escherichia coli in household soils in
rural Bangladesh. Appl Environ Microbiol. 2018;84:e01978-e2018.
Berendes DM, Yang PJ, Lai A, Hu D, Brown J. Estimation of global recov-
erable human and animal faecal biomass. Nat Sustain. 2018;1:679-85.
Capone D, Berendes D, Cumming O, Holcomb D, Knee J, Konstantinidis
KT, et al. Impact of an urban sanitation intervention on enteric patho-
gen detection in soils. Environ Sci Technol. 2021;55:9989-10000.
Berendes DM, Sumner TA, Brown JM. Safely managed sanitation for all
means fecal sludge management for at least 1.8 billion oeople in Low-
and Middle-Income Countries. Environ Sci Technol. 2017;51:3074-83.
Oh S, Buddenborg S, Yoder-Himes DR, Tiedje JM, Konstantinidis KT.
Genomic diversity of Escherichia isolates from diverse habitats. PLoS
ONE. 2012;7: 47005.

Koutsoumanis K, Allende A, Alvarez-Ordériez A, Bolton D, Bover-Cid S,
Chemaly M, et al. Role played by the environment in the emergence
and spread of antimicrobial resistance (AMR) through the food chain.
EFSA J.2021;19: e06651.

Klimper U, Riber L, Dechesne A, Sannazzarro A, Hansen LH, Serensen
SJ, et al. Broad host range plasmids can invade an unexpectedly diverse
fraction of a soil bacterial community. ISME J. 2015;9:934-45.

Maeusli M, Lee B, Miller S, Reyna Z, Lu P, Yan J, et al. Horizontal gene
transfer of antibiotic resistance from Acinetobacter baylyi to Escherichia
colion lettuce and subsequent antibiotic resistance transmission to the
gut microbiome. MSphere. 2020;5:600329-e420.

Agga GE, Cook KL, Netthisinghe AMP, Gilfillen RA, Woosley PB, Sistani
KR. Persistence of antibiotic resistance genes in beef cattle background-
ing environment over two years after cessation of operation. PLoS ONE.
2019;14:e0212510.

Proia L, von Schiller D, Sanchez-Melsié A, Sabater S, Borrego CM,
Rodriguez-Mozaz S, et al. Occurrence and persistence of antibiotic
resistance genes in river biofilms after wastewater inputs in small rivers.
Environ Pollut. 2016;210:121-8.

Ma L, Li B, Jiang X-T, Wang Y-L, Xia Y, Li A-D, et al. Catalogue of antibiotic
resistome and host-tracking in drinking water deciphered by a large
scale survey. Microbiome. 2017;5:154.

San Millan A, MacLean RC. Fitness costs of plasmids: A limit to plasmid
transmission. Microbiol Spectr. 2017,5.

Gullberg E, Cao S, Berg OG, llback C, Sandegren L, Hughes D, et al.
Selection of resistant bacteria at very low antibiotic concentrations.
PLoS Pathog. 2011;7:€1002158.

Westhoff S, van Leeuwe TM, Qachach O, Zhang Z, van Wezel GP, Rozen
DE. The evolution of no-cost resistance at sub-MIC concentrations of
streptomycin in Streptomyces coelicolor. ISME J. 2017;11:1168-78.
Mathur S, Jackson C, Urus H, Ziarko I, Goodbun M, Hsia Y, et al. A com-
parison of five paediatric dosing guidelines for antibiotics. Bull World
Health Organ. 2020,98:406-412F.

Manyi-Loh C, Mamphweli S, Meyer E, Okoh A. Antibiotic use in
agriculture and its consequential resistance in environmental sources:
Potential public health implications. Molecules. 2018;23:795.

Kemper N. Veterinary antibiotics in the aquatic and terrestrial environ-
ment. Ecol Indic. 2008;1:1-13.

Hanna N, Sun P, Sun Q, Li X, Yang X, Ji X, et al. Presence of antibiotic resi-
dues in various environmental compartments of Shandong province in


https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf

Konopka et al. Infectious Diseases of Poverty

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

103.

(2022) 11:78

eastern China: Its potential for resistance development and ecological
and human risk. Environ Int. 2018;114:131-42.

Fent K, Weston AA, Caminada D. Ecotoxicology of human pharmaceuti-
cals. Aquat Toxicol. 2006;76:122-59.

Chaccour C, Hammann F, Rabinovich NR. Ivermectin to reduce malaria
transmission |. Pharmacokinetic and pharmacodynamic considerations
regarding efficacy and safety. Malar J. 2017;16:161.

Verdu JR, Lobo JM, Sanchez-Pifiero F, Gallego B, Numa C, Lumaret J-P,
et al. Ivermectin residues disrupt dung beetle diversity, soil properties
and ecosystem functioning: An interdisciplinary field study. Sci Total
Environ. 2018;618:219-28.

Jochmann R, Blanckenhorn WU. Non-target effects of ivermectin on
trophic groups of the cow dung insect community replicated across an
agricultural landscape. Basic Appl Ecol. 2016;17:291-9.

Wall R, Strong L. Environmental consequences of treating cattle with
the antiparasitic drug ivermectin. Nature. 1987,327:418-21.

Nichols E, Spector S, Louzada J, Larsen T, Amezquita S, Favila ME.
Ecological functions and ecosystem services provided by Scarabaeinae
dung beetles. Biol Conserv. 2008;141:1461-74.

Verdu JR, Cortez V, Ortiz AJ, Gonzélez-Rodriguez E, Martinez-Pinna J,
Lumaret J-P, et al. Low doses of ivermectin cause sensory and locomo-
tor disorders in dung beetles. Sci Rep. 2015;5:13912.

Singlas E. Clinical pharmacokinetics of azithromycin. Pathol Biol.
1995;43:505-11.

Kong FYS, Horner P, Unemo M, Hocking JS. Pharmacokinetic consid-
erations regarding the treatment of bacterial sexually transmitted
infections with azithromycin: a review. J Antimicrob Chemother.
2019;74:1157-66.

MaoY,YuY, Ma Z, Li H, YuW, Cao L, et al. Azithromycin induces dual
effects on microalgae: Roles of photosynthetic damage and oxidative
stress. Ecotoxicol Environ Saf. 2021;222: 112496.

Fu L, Huang T, Wang S, Wang X, Su L, Li C, et al. Toxicity of 13 different
antibiotics towards freshwater green algae Pseudokirchneriella sub-
capitata and their modes of action. Chemosphere. 2017;168:217-22.
LiY,MaY,Yang L, DuanS, Zhou F, Chen J, et al. Effects of azithromycin
on feeding behavior and nutrition accumulation of Daphnia magna
under the different exposure pathways. Ecotoxicol Environ Saf.
2020;197:110573.

Mhadhbi L, El Ayari T, Tir M, Kadri D. Azithromycin effects on the
European sea bass (Dicentrarchus labrax) early life stages following
acute and chronic exposure: Laboratory bioassays. Drug Chem Toxicol.
2020;1-7.

Yan Z, Huang X, Xie Y, Song M, Zhu K, Ding S. Macrolides induce severe
cardiotoxicity and developmental toxicity in zebrafish embryos. Sci
Total Environ. 2019,649:1414-21.

Shiogiri NS, Ikefuti CV, Carraschi SP, da Cruz C, Fernandes MN. Effects of
azithromycin on tilapia (Oreochromis niloticus): health status evaluation
using biochemical, physiological and morphological biomarkers. Aquac
Res. 2017;48:3669-83.

Liu S, Bekele T-G, Zhao H, Cai X, Chen J. Bioaccumulation and tissue
distribution of antibiotics in wild marine fish from Laizhou Bay. North
China Sci Total Environ. 2018;631-632:1398-405.

Alvarez-Mufioz D, Huerta B, Fernandez-Tejedor M, Rodriguez-Mozaz S,
Barceld D. Multi-residue method for the analysis of pharmaceuticals
and some of their metabolites in bivalves. Talanta. 2015;136:174-82.
Sidhu H, O'Connor G, Ogram A, Kumar K. Bicavailability of biosolids-
borne ciprofloxacin and azithromycin to terrestrial organisms: Microbial
toxicity and earthworm responses. Sci Total Environ. 2019;650:18-26.
Sidhu H, O'Connor G, Kruse J. Plant toxicity and accumulation of
biosolids-borne ciprofloxacin and azithromycin. Sci Total Environ.
2019,648:1219-26.

Lau CH-F, Tien Y-C, Stedtfeld RD, Topp E. Impacts of multi-year field
exposure of agricultural soil to macrolide antibiotics on the abundance
of antibiotic resistance genes and selected mobile genetic elements.
SciTotal Environ. 2020;727:138520.

Scott A, Tien Y-C, Drury CF, Reynolds WD, Topp E. Enrichment of
antibiotic resistance genes in soil receiving composts derived from
swine manure, yard wastes, or food wastes, and evidence for multiyear
persistence of swine Clostridium spp. Can J Microbiol. 2018,64:201-8.

106.

107.

108.

111,

112.

113.

115.

116.

119.

120.

121.

123.

125.

Page 13 of 14

Smillie CS, Smith MB, Friedman J, Cordero OX, David LA, Aim EJ. Ecology
drives a global network of gene exchange connecting the human
microbiome. Nature. 2011;480:241-4.

Pehrsson EC, Tsukayama P, Patel S, Mejia-Bautista M, Sosa-Soto G,
Navarrete KM, et al. Interconnected microbiomes and resistomes in
low-income human habitats. Nature. 2016;533:212-6.

Yoon E-J, Goussard S, Touchon M, Krizova L, Cerqueira G, Murphy

C, et al. Origin in Acinetobacter guillouiae and dissemination of the
aminoglycoside-modifying enzyme Aph(3/)-VI. mBio. 5:e01972-14.
Martinez JL, Coque TM, Baquero F. What is a resistance gene? Ranking
risk in resistomes. Nat Rev Microbiol. 2015;13:116-23.

Manaia CM. Assessing the Risk of Antibiotic Resistance Transmission
from the Environment to Humans: Non-Direct Proportionality between
Abundance and Risk. Trends Microbiol. 2017;25:173-81.

Nadimpalli ML, Marks SJ, Montealegre MC, Gilman RH, Pajuelo MJ, Saito
M, et al. Urban informal settlements as hotspots of antimicrobial resist-
ance and the need to curb environmental transmission. Nat Microbiol.
2020;5:787-95.

Buelow E, Rico A, Gaschet M, Lourenco J, Kennedy SP, Wiest L, et al.
Hospital discharges in urban sanitation systems: Long-term monitoring
of wastewater resistome and microbiota in relationship to their eco-
exposome. Water Res X. 2020;7: 100045.

Lamba M, Gupta S, Shukla R, Graham DW, Sreekrishnan TR, Ahammad
SZ. Carbapenem resistance exposures via wastewaters across New
Delhi. Environ Int. 2018;119:302-8.

Koh TH, Ko K, Jureen R, Deepak RN, Tee NWS, Tan TY, et al. High counts
of carbapenemase-producing Enterobacteriaceae in hospital sewage.
Infect Control Hosp Epidemiol. 2015;36:619-21.

Ng C, Tay M, Tan B, Le T-H, Haller L, Chen H, et al. Characterization of
Metagenomes in Urban Aquatic Compartments Reveals High Preva-
lence of Clinically Relevant Antibiotic Resistance Genes in Wastewaters.
Front Microbiol. 2017;8:2200.

Lamba M, Graham DW, Ahammad SZ. Hospital Wastewater Releases of
Carbapenem-Resistance Pathogens and Genes in Urban India. Environ
SciTechnol. 2017;51:13906-12.

Divyashree M, Mani MK, Shama Prakash K, Vijaya Kumar D, Veena Shetty
A, Shetty AK, et al. Hospital wastewater treatment reduces NDM-pos-
itive bacteria being discharged into water bodies. Water Environ Res.
2020;92:562-8.

Hendricks R, Pool EJ. The effectiveness of sewage treatment processes
to remove faecal pathogens and antibiotic residues. J Environ Sci
Health A Tox Hazard Subst Environ Eng. 2012;47:289-97.
Rodriguez-Mozaz S, Vaz-Moreira |, Varela Della Giustina S, Llorca M,
Barceld D, Schubert S, et al. Antibiotic residues in final effluents of
European wastewater treatment plants and their impact on the aquatic
environment. Environ Int. 2020;140:105733.

WHO, UNICEF, JMP. Progress on household drinking water, sanitation
and hygiene: 2000 - 2020 [Internet]. World Health Organization; 2021
[cited 2022 Jan 31]. Available from: https://washdata.org/sites/default/
files/2022-01/jmp-2021-wash-households_3.pdf

Willis LD, Chandler C. Quick fix for care, productivity, hygiene and
inequality: reframing the entrenched problem of antibiotic overuse.
BMJ Glob Health. BMJ Specialist Journals; 2019;4:e001590.

Araya P, Hug J, Joy G, Oschmann F, Rubinstein S. The impact of water
and sanitation on diarrhoeal disease burde and over-consumption of
antibiotics. [Internet]. [London, UK]: London School of Economics and
Political Science; 2016. Available from: https://amr-review.org/sites/
default/files/LSE%20AMR%20Capstone.pdf

Storr J, Kilpatrick C, Lee K. Time for a renewed focus on the role of clean-
ers in achieving safe health care in low- and middle-income countries.
Antimicrob Resist Infect Control. 2021;10:59.

Maillard J-Y, Bloomfield SF, Courvalin P, Essack SY, Gandra S, Gerba

CP, et al. Reducing antibiotic prescribing and addressing the global
problem of antibiotic resistance by targeted hygiene in the home

and everyday life settings: A position paper. Am J Infect Control.
2020;48:1090-9.

Mack I, Sharland M, Berkley JA, Klein N, Malhotra-Kumar S, Bielicki J.
Antimicrobial resistance following azithromycin mass drug administra-
tion: Potential surveillance strategies to assess public health impact.
Clin Infect Dis. 2020,70:1501-8.


https://washdata.org/sites/default/files/2022-01/jmp-2021-wash-households_3.pdf
https://washdata.org/sites/default/files/2022-01/jmp-2021-wash-households_3.pdf
https://amr-review.org/sites/default/files/LSE%20AMR%20Capstone.pdf
https://amr-review.org/sites/default/files/LSE%20AMR%20Capstone.pdf

Konopka et al. Infectious Diseases of Poverty (2022) 11:78 Page 14 of 14

126. CDC. National Wastewater Surveillance System [Internet]. Centers for
Disease Control and Prevention. 2022 [cited 2022 Jan 10]. Available
from: https://www.cdc.gov/healthywater/surveillance/wastewater-
surveillance/wastewater-surveillance.html

127. Ardal C, McAdams D, Wester AL, Magedal S. Adapting environmental
surveillance for polio to the need to track antimicrobial resistance. Bull
World Health Organ. 2021;99:239-40.

128. Street R, Malema S, Mahlangeni N, Mathee A. Wastewater surveil-
lance for Covid-19: An African perspective. Sci Total Environ. 2020;743:
140719.

129.  World Health Organization. WHO integrated global surveillance on
ESBL-producing E. coli using a"One Health”approach. Implementation
and opportunities [Internet]. Geneva: World Health Organization; 2021
Mar p. 76. Available from: https://www.who.int/publications-detail-redir
ect/who-integrated-global-surveillance-on-esbl-producing-e.-coli-
using-a-one-health-approach

130. Banu RA, Alvarez JM, Reid AJ, Enbiale W, Labi A-K, Ansa EDO, et al.
Extended Spectrum Beta-Lactamase Escherichia coli in river waters
collected from two cities in ghana, 2018-2020. Trop Med Infect Dis.
2021;6:105.

131. Matheson Al, Manhart LE, Pavlinac PB, Means AR, Akullian A, Levine GA,
et al. Prioritizing countries for interventions to reduce cild mortal-
ity: Tools for maximizing the impact of Mass Drug Administration of
azithromycin. PLoS ONE. 2014;9: e96658.

132. Bengtsson-Palme J, Larsson DGJ. Concentrations of antibiotics pre-
dicted to select for resistant bacteria: Proposed limits for environmental
regulation. Environ Int. 2016;86:140-9.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.cdc.gov/healthywater/surveillance/wastewater-surveillance/wastewater-surveillance.html
https://www.cdc.gov/healthywater/surveillance/wastewater-surveillance/wastewater-surveillance.html
https://www.who.int/publications-detail-redirect/who-integrated-global-surveillance-on-esbl-producing-e.-coli-using-a-one-health-approach
https://www.who.int/publications-detail-redirect/who-integrated-global-surveillance-on-esbl-producing-e.-coli-using-a-one-health-approach
https://www.who.int/publications-detail-redirect/who-integrated-global-surveillance-on-esbl-producing-e.-coli-using-a-one-health-approach

	Environmental impacts of mass drug administration programs: exposures, risks, and mitigation of antimicrobial resistance
	Abstract 
	Background
	Methods
	MDA and AMR
	Prevalence of AMR in humans following MDA programs

	Environmental introduction of AMR
	Environmental risks, resistance determinants, and persistence
	Ecotoxicology
	Environmental AMR exposures and human health

	Strategies for mitigation of AMR following MDA
	Recommendations
	Conclusions
	Acknowledgements
	References


