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Hospital wastewater (HWW) is a significant environmental and public health threat,
containing high levels of pollutants such as antibiotic-resistant bacteria (ARB),
antibiotic-resistant genes (ARGs), antibiotics, disinfectants, and heavy metals. This
threat is of particular concern in low- and middle-income countries (LMICs), where
untreated effluents are often used for irrigating vegetables crops, leading to direct
and indirect human exposure. Despite being a potential hotspot for the spread of
antimicrobial resistance (AMR), existing HWW treatment systems in LMICs primarily
target conventional pollutants and lack effective standards for monitoring the
removal of ARB and ARGs. Consequently, untreated or inadequately treated HWW
continues to disseminate ARB and ARGs, exacerbating the risk of AMR proliferation.
Addressing this requires targeted interventions, including cost-effective treatment
solutions, robust AMR monitoring protocols, and policy-driven strategies tailored
to LMICs. This perspective calls for a paradigm shift in HWW management in
LMIC, emphasizing the broader implementation of onsite treatment systems,
which are currently rare. Key recommendations include developing affordable and
contextually adaptable technologies for eliminating ARB and ARGs and enforcing
local regulations for AMR monitoring and control in wastewater. Addressing these
challenges is essential for protecting public health, preventing the environmental
spread of resistance, and contributing to a global effort to preserve the efficacy of
antibiotics. Recommendations include integrating scalable onsite technologies,
leveraging local knowledge, and implementing comprehensive AMR-focused
regulatory frameworks.

KEYWORDS

hospital wastewater, antimicrobial resistance, antibiotic-resistant genes,
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1 Introduction

Hospitals play a vital role in national healthcare systems and advancing medical science
(1). However, their operations generate wastewater containing diverse hazardous contaminants,
posing major challenges for environmental health. Hospital wastewater (HWW) is rich in
pollutants, including toxic chemicals, antibiotic residues, pathogens, and antibiotic-resistant
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bacteria (ARB) and genes (ARGs) (2, 3). Importantly, contaminant
levels in hospital wastewater are considerably higher that those in
community wastewater (4, 5), making hospitals critical hotspots for
antimicrobial resistance (AMR) and environmental pollution.

Updated global estimates indicate that, in 2021, 1.14 million
deaths were directly attributable to bacterial antimicrobial resistance
(AMR), with most occurring in low- and middle-income countries
(LMICs) due to diverse and complex factors (6). However, the
environmental contribution to this burden remains largely overlooked,
despite its potential role as a key driver (7). Currently, there are no
precise figures quantifying the environmental contribution to the
overall AMR burden. While the clinical implications of environmental
antibiotic resistance remain poorly understood, environmental
bacteria, among the most abundant microbial populations, can serve
as reservoirs and donors for resistance genes. Through horizontal gene
transfer, these genes may ultimately reach human and animal
pathogens (8). Moreover, disinfectants, heavy metals, and antibiotic
residues in hospital wastewater (HWW) may act as co-selectors for
AMR, compounding the problem (2).

In LMICs, untreated HWW poses significant risks to public
health and the environment due to insufficient onsite treatment
infrastructure. Most hospitals in LMICs discharge wastewater without
proper treatment, leading to the widespread dissemination of ARGs,
ARB, and other hazardous substances (9-11). Untreated HWW is
often used for irrigating crops, especially leafy crops, increasing direct
human exposure to ARGs, ARB, and toxic substances through food
consumption (12). Vulnerable populations living downstream HWW
discharge points face elevated risk from direct exposure to untreated
wastewater in these regions (13, 14). This practice exacerbates the
environmental dissemination of ARGs, posing risks to food safety and
public health through direct exposure to resistant pathogens.

10.3389/fpubh.2024.1525873

This perspective advocates for a paradigm shift in HWW
management in LMICs, emphasizing the need for onsite treatment
systems that target AMR alongside traditional pollutants. Key steps
include developing cost-effective technologies specifically designed to
eliminate ARGs and ARB, implementing AMR-focused monitoring
standards, and protecting vulnerable populations from exposure.
Addressing these challenges is vital not only for public health in
LMIC:s but also for the global effort to preserve antibiotic efficacy.

2 Treatment of hospital wastewater in
LMICs: effectiveness and perspectives
for addressing AMR

Onsite treatment of hospital wastewater is uncommon in many
LMICs, where most hospitals discharge untreated wastewater directly
into the environment. This practice poses considerable environmental
and public health risks, particularly in the spread of AMR. In LMICs
where onsite treatment is implemented, it typically involves a
combination of physical, chemical, and biological processes aimed at
removing solids and organic matter through three main stages
(Figure 1) (15, 16). The first stage is primary sedimentation, followed
by secondary treatment with aerobic biological processes such as
activated sludge, trickling filters, or rotating biological contactors. The
final, tertiary stage involves disinfection. However, these systems often
prioritize the removal of conventional pollutants and are generally
insufficient for effectively eliminating ARB, ARGs, and antibiotic
residues. Inconsistent disinfection practices, along with issues such as
high sludge production, formation of potentially toxic by-products,
and limited monitoring for AMR components, further reduce the
efficacy of these systems.
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FIGURE 1

Representation of typical HWWT processes described in the existing literature from LMICs. Created in Biorender.com.

Frontiers in Public Health

02

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1525873
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.biorender.com

Hounmanou et al.

These primary and secondary treatment stages may reduce
organic loads but do little to address AMR, while tertiary disinfection
methods are inconsistently applied. Key limitations to these
approaches include:

« First, the inexistence of any on-site wastewater treatment system
in majority of LMICs hospitals.

o Lack of infrastructure for advanced treatment technologies, such
as membrane bioreactors (MBRs) and advanced oxidation
processes (AOPs).

« Insufficient regulatory frameworks mandating AMR-specific
treatment or monitoring standards.

« High costs and technical complexity associated with state-of-
the-art technologies, making them inaccessible for many LMICs.

o Absence of real-time monitoring systems to evaluate the
effectiveness of HWWT in mitigating AMR.

« Limited awareness among stakeholders about the environmental
role of HWW in AMR proliferation.

Experimental approaches in some LMICs have shown promise. In
Vietnam, for instance, a combined sponge-Membrane Bioreactor
(sponge-MBR) and ozonation system significantly improved antibiotic
removal from hospital wastewater (17). This treatment employed
physical retention, biodegradation, sorption, and photo-
transformation to enhance antibiotic elimination. Despite its potential,
however, large-scale implementation is hindered by high costs and the
need for comprehensive cost-effectiveness assessments.

In Ethiopia, hospitals have employed conventional treatment
methods like filtration, sedimentation, and biocides to manage
bacterial contamination (18). However, these approaches have
proven insufficient for effectively eliminating ARB; prolonged
retention times may even facilitate horizontal gene transfer and
resistance development. Similar outcomes have been reported in
other LMICs, where treatment methods focused on basic
filtration and sedimentation fail to adequately address AMR,
allowing resistant bacteria and genes to persist in treated effluent
(17-26).

More advanced technologies, such as membrane bioreactors,
ozonation, and UV-based Advanced Oxidation Processes (AOPs),
have shown success in reducing ARGs and antibiotic concentrations
in experimental setups in LMICs (16, 17, 27). Solar-powered
UV-AOPs, in particular, have proven effective in eliminating emerging
contaminants, making them promising for sustainable AMR
mitigation. However, high initial capital and operational costs,
technical complexity, and scalability challenges remain significant
barriers, limiting their practicality for widespread use in resource-

constrained settings. More challenges include,

« Complex maintenance requirements, including frequent cleaning
of membranes to prevent fouling.

« Dependence on reliable energy sources, which are often
unavailable in resource-constrained settings, although this can
be sourced from solar systems.

Generation of by-products (e.g., reactive oxygen species in AOPs)
that may require further treatment.

o Limited local expertise to operate and troubleshoot these
advanced systems.
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In the context of LMICs, hospital wastewater treatment
(HWWT) faces significant monitoring gaps and regulatory
shortcomings. Effective monitoring of HWWT systems is essential
to ensure compliance with environmental standards and control the
spread of AMR. However, monitoring in LMICs largely focuses on
conventional parameters, such as biochemical oxygen demand
(BOD), chemical oxygen demand (COD), total suspended solids
(TSS), and nutrient levels (3, 28). Critical gaps remain in monitoring
AMR-specific components, including ARGs, pharmaceutical
residues, heavy metals (which act as co-selectors for resistance by
creating selective pressures in the wastewater environment that favor
the survival and proliferation of resistant microorganisms), and
multidrug-resistant organisms. These overlooked parameters are
critical for evaluating the true effectiveness of HWWT systems in
mitigating AMR risks.

3 Path forward for effective HWW
management in LMICs

Addressing the current gaps in HWWT requires a multi-
faceted approach that includes expanding onsite treatment,
investing in innovative technologies, establishing standardized
monitoring protocols, and strengthening collaborative efforts
across sectors (Figure 2). This includes building local technical
capacity through training, fostering community engagement, and
support sustainable

ensuring financial for

HWWT systems.

and policy

1 Expanding onsite treatment: Promoting onsite treatment in
hospitals is essential for addressing AMR at its source. By
treating wastewater directly at the hospital level, the spread of
untreated contaminants into larger ecosystems and urban
treatment systems can be mitigated. Modular and affordable
decentralized systems can provide practical solutions for
LMICs, particularly those with limited infrastructure.
Regarding decentralized systems, they could integrate
modular components tailored to specific LMIC conditions.
For example:

o A primary sedimentation tank for solids removal.

o Secondary treatment using constructed wetlands or
anaerobic reactors.

« Tertiary treatment incorporating solar or UV disinfection.

o Portable, prefabricated units that can be easily deployed in
remote or underserved areas.

These designs should leverage locally available materials, such as
indigenous plants for wetlands, to reduce costs and enhance
community acceptance.

2 Investment in innovative technologies: Developing cost-
effective treatment technologies specifically aimed at reducing
AMR is essential for progress. Solutions such as solar-
supported UV-Advanced Oxidation Processes (AOPs), sponge-
Membrane Bioreactor (sponge-MBR) systems, and other
advanced oxidation processes (AOPs) must be tailored to the
specific needs and challenges of LMICs, with a focus on
minimizing operational complexities. Promising options
may include:
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FIGURE 2

Challenges and perspectives to address the ARG/ARB components in HWWT standards. Created in Biorender.com.
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« Constructed wetlands: Low-cost, decentralized systems using
plants and microorganisms to treat wastewater. Some designs
incorporate biofilms to enhance ARG removal.

Solar-driven advanced oxidation processes (AOPs): Cost-
effective for ARG degradation in sunny regions, though
maintenance and scalability remain challenges.

Combined systems: Sponge-membrane bioreactors coupled
with ozonation have shown efficacy in experimental setups
in Vietnam.

3 Adaptation of successful treatment methods: Treatment
methods that have shown promise in other low- and middle-
income countries (LMICs) should be adapted for use in
different countries or hospitals within the same country. This
adaptation process should include in-depth cost-effectiveness
and stakeholder analyses to facilitate their successful adoption.
So far, several barriers hinder the widespread adoption of
successful HWW'T methods from one LMIC to another and
these may include:

Economic disparities, limiting the affordability of advanced
treatment technologies.

Variability in local infrastructure and technical capacity.

« Differences in regulatory standards and
enforcement mechanisms.
Some relevant solutions could involve:
o Subsidizing technology transfer through international

funding initiatives.
« Adapting technologies to local contexts (e.g., using region-
specific materials or energy sources).
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 Building regional collaborations to share knowledge

and experiences.

4 Tailoring context-specific solutions and leveraging good
practices: Tailored solutions that consider the specific social,
economic, and infrastructural contexts of LMICs are essential
for effective hospital wastewater management. By integrating
local knowledge and building upon existing good practices
from similar settings, solutions can be better adapted to meet
the unique challenges of each region. This approach not only
enhances community engagement but also increases the
likelihood of successful implementation and long-term
sustainability. Examples may include the use of locally sourced
materials for treatment systems and incorporating traditional
ecological knowledge into wastewater reuse practices. A few
example include systems, such as:

Using locally available plants in constructed wetlands to
enhance contaminant removal.

Incorporating natural coagulants, such as Moringa oleifera
seeds, for wastewater clarification.

Aligning treatment practices with existing community water
management systems to foster acceptance and participation.

Updated
monitoring standards that explicitly include AMR-related

5 Standardizing AMR monitoring protocols:

parameters, such as ARGs, antibiotic residues, and heavy metals
are essential for adequately assessing HWWT performance.
Standardized protocols should expand beyond current World
Health Organization guidance, which is limited to antibiotic
manufacturing wastewater (29), to encompass regular
HWWT. This expansion would facilitate better regulation and
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provide a more comprehensive evaluation of how effectively
treatment systems mitigate AMR risks. A robust monitoring
protocol should include:

Regular quantification of ARGs and ARB using molecular
methods (e.g., gPCR or metagenomics).

Detection and quantification of antibiotics, disinfectants, and
heavy metals.

Microbial community analysis to identify resistant species.

Standardized sampling points at hospital discharge outlets and
downstream ecosystems.

Benchmarks for resistance levels, aligned with international
guidelines, such as the World Health Organization’s guidance
on AMR monitoring in wastewater.

6 Capacity building and collaboration: Strengthening local
expertise through continuous training initiatives is essential
ensuring the sustainability of HWWT solutions. Cross-sector
collaboration between healthcare facilities, policymakers,
environmental experts, and community organizations, such as
the I-CRECT-Consortium,' is vital for advancing the
development and adoption of effective AMR mitigation
strategies. Such international consortia can:

Facilitate knowledge sharing and capacity building among
LMIC stakeholders including adoption of HWWT methods
that work in one context to another.

Support pilot studies and research to evaluate innovative
HWWT technologies in diverse contexts.

Advocate for harmonized international standards and funding
for AMR mitigation efforts in LMICs.

7 Regulatory reform: Establishing and enforcing robust
regulatory frameworks that mandate AMR monitoring and
limit AMR components in treated effluents is essential for
meaningful progress. Government support, along with
incentives for hospitals that implement effective onsite
treatment, could significantly enhance HWW management
efforts. Furthermore, governments can:

Provide financial subsidies or tax incentives for hospitals that
install compliant onsite systems.

Establish grant programs for pilot projects in public hospitals.
with
implementation to allow hospitals time to comply.

Introduce

regulatory  requirements phased

Recognize hospitals with effective HWW'T systems through
public awards to encourage participation.

4 Conclusion

Antimicrobial resistance is one of the most pressing public health
crises, driven, amongst other factors, by inadequate management of
hospital wastewater, particularly in low- and middle-income countries.
The discharge of untreated or inadequately treated wastewater, which
is rich in antibiotics, ARB, and ARGs, contributes to the proliferation
of AMR, adversely affecting both human health and environmental
integrity. To effectively combat AMR from an environmental

1 https://www jpiamr.eu/projects/i-crect
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perspective, it is crucial to expand HWW management’s focus beyond
conventional pollutants and emphasize resistance control.

This perspective advocates for a transformative shift in HWW
management, particularly in LMICs. Key components of an effective
strategy include the implementation of onsite treatment, the development
of scalable technologies, the establishment of AMR-focused monitoring
protocols, and regulatory reform. Collaborative action among researchers,
public health officials, environmental regulators, and local stakeholders is
imperative for developing innovative solutions, ensuring sustainability,
and enforcing compliance with best practices.

Ultimately, and in line with what other researchers in this field have
recommended (30), to mandate the monitoring and reduction of AMR
components in hospital effluents will require a lot, some of which include:

« Promoting universal implementation of onsite treatment for
HWW in hospitals

« Aligning national policies with international guidelines, such as
those from WHO.

« Establishing penalties for non-compliance alongside incentives
for compliance.

o Integrating AMR-specific parameters into existing water
quality standards.

o Ensuring regular audits and transparent reporting of
monitoring data.

o Increasing public awareness campaigns about AMR and
environmental health connections.

Group members of I-CRECT-Consortium

Linh Viet Nguyen: Hanoi University of Public Health, Hanoi,
Vietnam; Tung Xuan Nguyen: Department of Microbiology, Vietnam
National Children’s Hospital, Hanoi, Vietnam; Troung Nhat My:
Vietnamese German Center for Medical Research (VG-CARE),
Hanoi, Vietnam; Lan Thi Le: Department of Microbiology, Vietnam
National Childrens Hospital, Hanoi, Vietnam; Huyen Thi Vu:
Department of Microbiology, Vietnam National Children’s Hospital,
Hanoi, Vietnam; Ngoc Thi Bich Hoang: Department of Microbiology,
Vietnam National Childrens Hospital, Hanoi, Vietnam; Dien M. Tran:
Director Board, Vietnam National Children’s Hospital, Hanoi,
Vietnam; Thi Anh Mai Pham: Department of Global Public Health,
Karolinska Institutet, Stockholm, Sweden; Institute of Tropical
Medicine, Universitatsklinikum Tiibingen, Tiibingen, Germany;
Vietnamese German Center for Medical Research (VG-CARE),
Hanoi, Vietnam; Department of Infectious Diseases and Microbiology,
University of Liibeck and University Hospital Schleswig-Holstein,
Litbeck, Germany; Phuc D. Pham: Hanoi University of Public Health,
Hanoi, Vietnam; Dennis Nurjadi: Institute of Medical Microbiology,
University of Liibeck and University Hospital Schleswig-Holstein,
Liibeck, Germany; Flavie Goutard: The French Agricultural Research
Centre for International Development (CIRAD), Montpellier, France;
Thirumalaisamy P. Velavan: Institute of Tropical Medicine,
Universitdtsklinikum Tiibingen, Tiibingen, Germany; Faculty of
Medicine, Duy Tan University, Da Nang, Vietnam; Van Anh Thi Dinh:
Training and Research Institute for Child Health, Vietnam National
Children’s Hospital, Hanoi, Vietnam; Department of Infection
Control, Vietnam National Children’s Hospital, Hanoi, Vietnam; Bent
Jorgensen: Department of Global Studies, Goteborg University,

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1525873
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.jpiamr.eu/projects/i-crect

Hounmanou et al.

Gothenburg, Sweden; Training and Research Academic Collaboration
(TRAC), Sweden, Vietnam; Le Huu Song: Director Board, 108
Military Central Hospital, Hanoi, Vietnam; Nhung T.T. Nguyen:
Hanoi University of Public Health, Hanoi, Vietnam; Training and
Research Institute for Child Health, Vietham National Children’s
Hospital, Hanoi, Vietnam; Etienne Loire: The French Agricultural
(CIRAD),
Montpellier, France; Ase Ostholm: Department of Biomedical and

Research Centre for International Development
Clinical Sciences (BKV), Linkoping University, Linkoping, Sweden;
Lennart E. Nilsson: Department of Biomedical and Clinical Sciences
(BKV), Link6ping University, Linkoping, Sweden; Tuyet Hanh T. Tran:
Hanoi University of Public Health, Hanoi, Vietnam; Phuc H. Phan:
Director Board, Vietnam National Children’s Hospital, Hanoi,
Vietnam; Mattias Larsson: Department of Global Public Health,
Karolinska Institutet, Stockholm, Sweden; Training and Research
Academic Collaboration (TRAC), Sweden, Vietnam; Linus Olson:
Department of Global Public Health, Karolinska Institutet, Stockholm,
Sweden; Department of Women’s and Children’s Health, Karolinska
Institutet, Stockholm, Sweden; Training and Research Academic
Collaboration (TRAC), Sweden, Vietnam; Hékan Hanberger:
Department of Biomedical and Clinical Sciences (BKV), Linkdping
University, Linkoping, Sweden; Training and Research Academic
Collaboration (TRAC), Sweden, Vietnam.

Author contributions

YH: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Software, Validation, Visualization, Writing — original draft, Writing —
review & editing. AH: Data curation, Formal analysis, Writing — original
draft, Writing — review & editing. TN: Resources, Writing — review &
editing, Investigation. AD: Investigation, Resources, Writing — review &
editing, Funding acquisition, Supervision, Validation, Writing -
original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This paper was

References

1. Resnik DB. The ethics of research with human subjects: protecting people,
advancing science, promoting trust. Cham: Springer International Publishing
(International Library of Ethics, Law, and the New Medicine) (2018).

2. Noor ZZ, Rabiu Z, Sani MHM, Samad AFA, Kamaroddin MFA, Perez MF, et al. A
review of bacterial antibiotic resistance genes and their removal strategies from
wastewater. Curr Pollut Rep. (2021) 7:494-509. doi: 10.1007/s40726-021-00198-0

3. Verlicchi P, Galletti A, Petrovic M, Barcelé D. Hospital effluents as a source of
emerging pollutants: an overview of micropollutants and sustainable treatment options.
J Hydrol. (2010) 389:416-28. doi: 10.1016/j.jhydrol.2010.06.005

4. Munk P, Brinch C, Moller FD, Petersen TN, Hendriksen RS, Seyfarth AM, et al.
Genomic analysis of sewage from 101 countries reveals global landscape of antimicrobial
resistance. Nat Commun. (2022) 13:7251. doi: 10.1038/s41467-022-34312-7

5. Parida VK, Sikarwar D, Majumder A, Gupta AK. An assessment of hospital
wastewater and biomedical waste generation, existing legislations, risk assessment,
treatment processes, and scenario during COVID-19. ] Environ Manag. (2022)
308:114609. doi: 10.1016/j.jenvman.2022.114609

Frontiers in Public Health

10.3389/fpubh.2024.1525873

written within the framework of the I-CRECT project which received
funding from Innovation Fund Denmark (IFD), Swedish Research
Council (VR), Federal Ministry of Education and Research, Germany
(BMBF), The French National Research Agency (ANR), International
Centre for Antimicrobial Resistance Solutions (ICARS) under the
umbrella of the JPIAMR - Joint Programming Initiative on
Antimicrobial Resistance.

Acknowledgments

The I-CRECT (Intervention to decrease CRE Colonization and
Transmission between hospitals, households, communities and
domesticated animals) group would like to thank the Joint
Programming Initiative on Antimicrobial Resistance (JPIAMR). The
project acknowledges and is thankful for the funding, mentioned in
the Funding section, that has made the project possible. We thank all
participants, households, hospitals and local authorities for
their collaboration.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

6. Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, Gray A, et al.
Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis.
Lancet. (2022) 399:629-55. doi: 10.1016/S0140-6736(21)02724-0

7. Essack SY. Environment: the neglected component of the one health triad. Lancet
Planet Health. (2018) 2:€238-9. doi: 10.1016/S2542-5196(18)30124-4

8. Berglund F, Ebmeyer S, Kristiansson E, Larsson DGJ. Evidence for wastewaters as
environments where mobile antibiotic resistance genes emerge. Commun Biol. (2023)
6:321. doi: 10.1038/s42003-023-04676-7

9. Khalid S, Shahid M, Natasha, Bibi I, Sarwar T, Shah AH, et al. A review of
environmental contamination and health risk assessment of wastewater use for crop
irrigation with a focus on low and high-income countries. Int ] Environ Res Public
Health. (2018) 15:895. doi: 10.3390/ijerph15050895

10. Khan MT, Shah IA, Thsanullah I, Naushad M, Ali S, Shah SHA, et al. Hospital
wastewater as a source of environmental contamination: an overview of management
practices, environmental risks, and treatment processes. ] Water Process Eng. (2021)
41:101990. doi: 10.1016/j.jwpe.2021.101990

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1525873
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1007/s40726-021-00198-0
https://doi.org/10.1016/j.jhydrol.2010.06.005
https://doi.org/10.1038/s41467-022-34312-7
https://doi.org/10.1016/j.jenvman.2022.114609
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S2542-5196(18)30124-4
https://doi.org/10.1038/s42003-023-04676-7
https://doi.org/10.3390/ijerph15050895
https://doi.org/10.1016/j.jwpe.2021.101990

Hounmanou et al.

11. Tariq A, and Mushtaq A. Untreated wastewater reasons and causes: a review of
most affected areas and cities. Int ] Chem Biochem Sci. (2023) 23:121-43. Available at:
https://www.iscientific.org/wp-content/uploads/2023/05/15-1JCBS-23-23-22.pdf

12. Hounmanou YMG, Mdegela RH, Dougnon TV, Mhongole OJ, Mayila ES, Malakalinga
J, et al. Toxigenic Vibrio cholerae O1 in vegetables and fish raised in wastewater irrigated fields
and stabilization ponds during a non-cholera outbreak period in Morogoro, Tanzania: an
environmental health study. BMC Res Notes. (2016) 9:466. doi: 10.1186/s13104-016-2283-0

13. Talhami M, Zeitoun M. The impact of attacks on urban services II: reverberating
effects of damage to water and wastewater systems on infectious disease. Int Rev Red
Cross. (2020) 102:1293-325. doi: 10.1017/S1816383121000667

14. Trang DT, Molbak K, Cam PD, Dalsgaard A. Incidence of and risk factors for skin
ailments among farmers working with wastewater-fed agriculture in Hanoi, Vietnam.
Trans R Soc Trop Med Hyg. (2007) 101:502-10. doi: 10.1016/j.trstmh.2006.10.005

15. Giannakis S, Rtimi S, Pulgarin C. Light-assisted advanced oxidation processes for
the elimination of chemical and microbiological pollution of wastewaters in developed
and developing countries. Molecules. (2017) 22:1070. doi: 10.3390/molecules22071070

16. Paulus GK, Hornstra LM, Alygizakis N, Slobodnik J, Thomaidis N, Medema G.
The impact of on-site hospital wastewater treatment on the downstream communal
wastewater system in terms of antibiotics and antibiotic resistance genes. Int | Hyg
Environ Health. (2019) 222:635-44. doi: 10.1016/j.ijheh.2019.01.004

17.Vo TKQ, Bui X-T, Chen SS, Nguyen PD, Nguyen TT, Nguyen TB. Hospital
wastewater treatment by sponge membrane bioreactor coupled with ozonation process.
Chemosphere. (2019) 230:377-83. doi: 10.1016/j.chemosphere.2019.05.009

18. Dires S, Birhanu T, Ambelu A, Sahilu G. Antibiotic resistant bacteria removal of
subsurface flow constructed wetlands from hospital wastewater. ] Environ Chem Eng.
(2018) 6:4265-72. doi: 10.1016/j.jece.2018.06.034

19. Azar AM, Jelogir AG, Bidhendi GN, Mehrdadi N, Zaredar N, Poshtegal MK.
Investigation of optimal method for hospital wastewater treatment. ] Food Agric Environ.
(2010) 8:1199-202. Available at: https://www.researchgate.net/profile/Maryam-
Khalilzadeh-Poshtegal/publication/262916307_gadirpour_Article/
links/00b7d5394212095fa5000000/gadirpour-Article.pdf

20. Lima DR, Lima EC, Umpierres CS, Thue PS, el-Chaghaby GA, da Silva RS, et al.
Removal of amoxicillin from simulated hospital effluents by adsorption using activated
carbons prepared from capsules of cashew of Para. Environ Sci Pollut Res. (2019)
26:16396-408. doi: 10.1007/s11356-019-04994-6

Frontiers in Public Health

07

10.3389/fpubh.2024.1525873

21. Moussavi G, Fathi E, Moradi M. Advanced disinfecting and post-treating the
biologically treated hospital wastewater in the UVC/H202 and VUV/H202 processes:
performance comparison and detoxification efficiency. Process Saf Environ Prot. (2019)
126:259-68. doi: 10.1016/j.psep.2019.04.016

22.0lad A, Amani-Ghadim AR, Dorraji MSS, Rasoulifard MH. Removal of the
Alphazurine FG dye from simulated solution by electrocoagulation. CLEAN Soil Air
Water. (2010) 38:401-8. doi: 10.1002/clen.200900213

23. Perini JAL, Tonetti AL, Vidal C, Montagner CC, Nogueira RFP. Simultaneous
degradation of ciprofloxacin, amoxicillin, sulfathiazole and sulfamethazine, and
disinfection of hospital effluent after biological treatment via photo-Fenton process
under ultraviolet germicidal irradiation. Appl Catal B Environ. (2018) 224:761-71. doi:
10.1016/j.apcatb.2017.11.021

24. Tulashie SK, Kotoka F, Kholi FK, Aggor-Woananu SE, Tetteh GR. Assessment and
remediation of pollutants in Ghana’s Kete-Krachi District hospital effluents using
granular and smooth activated carbon. Heliyon. (2018) 4:e00692. Available at: https://
www.cell.com/heliyon/fulltext/S2405-8440(18)31232-5 (Accessed October 8, 2024).

25. Vunain E, Masoamphambe EF, Mpeketula PMG, Monjerezi M, Etale A. Evaluation
of coagulating efficiency and water borne pathogens reduction capacity of Moringa
oleifera seed powder for treatment of domestic wastewater from Zomba, Malawi. J
Environ Chem Eng. (2019) 7:103118. doi: 10.1016/j.jece.2019.103118

26. Young SM, Kumara AM, Kattange KG, Amaraweera TH, Yapa YM. Assessment and
removal of suspended solids in hospital wastewater using clay in Sri Lanka. ] Geol Soc
Sri Lanka. (2021) 22:11-26. doi: 10.4038/jgssl.v22i1.54

27. Thanh CND, Quyen VT, Tin NT, Thanh BX. Performance of ozonation process as
advanced treatment for antibiotics removal in membrane permeate. Geo Sci Eng. (2016)
62:21. Available at: https://core.ac.uk/download/pdf/161960109.pdf

28. Al-Hashimia MAI, Abbas TR, Jasema YI. Performance of sequencing anoxic/
anaerobic membrane bioreactor (SAM) system in hospital wastewater treatment and
reuse. Eur Sci J. (2013) 9:169-80. Available at: https://core.ac.uk/reader/328023630

29. WHO. New global guidance aims to curb antibiotic pollution from manufacturing.
(2024). Available at: https://www.who.int/news/item/03-09-2024-new-global-guidance-
aims-to-curb-antibiotic-pollution-from-manufacturing (Accessed October 8, 2024).

30. Singh AK, Kaur R, Verma S, Singh S. Antimicrobials and antibiotic resistance
genes in water bodies: pollution, risk, and control. Front Environ Sci. (2022) 10:830861.
doi: 10.3389/fenvs.2022.830861

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1525873
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.iscientific.org/wp-content/uploads/2023/05/15-IJCBS-23-23-22.pdf
https://doi.org/10.1186/s13104-016-2283-0
https://doi.org/10.1017/S1816383121000667
https://doi.org/10.1016/j.trstmh.2006.10.005
https://doi.org/10.3390/molecules22071070
https://doi.org/10.1016/j.ijheh.2019.01.004
https://doi.org/10.1016/j.chemosphere.2019.05.009
https://doi.org/10.1016/j.jece.2018.06.034
https://www.researchgate.net/profile/Maryam-Khalilzadeh-Poshtegal/publication/262916307_gadirpour_Article/links/00b7d5394212095fa5000000/gadirpour-Article.pdf
https://www.researchgate.net/profile/Maryam-Khalilzadeh-Poshtegal/publication/262916307_gadirpour_Article/links/00b7d5394212095fa5000000/gadirpour-Article.pdf
https://www.researchgate.net/profile/Maryam-Khalilzadeh-Poshtegal/publication/262916307_gadirpour_Article/links/00b7d5394212095fa5000000/gadirpour-Article.pdf
https://doi.org/10.1007/s11356-019-04994-6
https://doi.org/10.1016/j.psep.2019.04.016
https://doi.org/10.1002/clen.200900213
https://doi.org/10.1016/j.apcatb.2017.11.021
https://www.cell.com/heliyon/fulltext/S2405-8440(18)31232-5
https://www.cell.com/heliyon/fulltext/S2405-8440(18)31232-5
https://doi.org/10.1016/j.jece.2019.103118
https://doi.org/10.4038/jgssl.v22i1.54
https://core.ac.uk/download/pdf/161960109.pdf
https://core.ac.uk/reader/328023630
https://www.who.int/news/item/03-09-2024-new-global-guidance-aims-to-curb-antibiotic-pollution-from-manufacturing
https://www.who.int/news/item/03-09-2024-new-global-guidance-aims-to-curb-antibiotic-pollution-from-manufacturing
https://doi.org/10.3389/fenvs.2022.830861

	Mitigating antimicrobial resistance through effective hospital wastewater management in low- and middle-income countries
	1 Introduction
	2 Treatment of hospital wastewater in LMICs: effectiveness and perspectives for addressing AMR
	3 Path forward for effective HWW management in LMICs
	4 Conclusion

	References

