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/ Abstract

Background: Antimicrobial resistance (AMR) is a global public health threat, with hospital wastewater increasingly recognized as an environmental
reservoir of antibiotic residues, resistant bacteria, and resistance genes. In resource-limited settings such as Lubumbashi (Democratic Republic
of Congo), inadequate wastewater treatment may contribute to environmental dissemination of resistant strains.

Objective: To evaluate hospital effluent management and assess its role in reducing the risk of environmental transmission of antibiotic-resistant
bacteria.

Methods: An analytical cross-sectional study was conducted in public and private hospitals in Lubumbashi. Data were collected on antibiotic
disposal practices, wastewater treatment systems, environmental monitoring, and staff training. An Effluent Management Score (EMS) was
developed. Bivariate analyses and multivariate logistic regression were performed to identify factors associated with high environmental
transmission risk. Model performance was assessed using ROC curve analysis.

Results: Fewer than 25% of hospitals had specific wastewater treatment systems, and environmental monitoring was performed in less than
10% of facilities. Lack of wastewater treatment (OR = 4.52; p < 0.001), absence of an internal treatment plant (OR = 3.78; p < 0.001), uncontrolled
antibiotic disposal (OR = 3.21; p = 0.004), lack of environmental monitoring (OR = 4.01; p < 0.001), and absence of staff training (OR = 2.87; p
= 0.008) were significantly associated with high risk. Each one-point increase in EMS reduced risk by 38% (aOR = 0.62; p < 0.001). The model
demonstrated good discrimination (AUC = 0.83).

Conclusion: Poor hospital wastewater management significantly increases environmental AMR transmission risk. Strengthening effluent
treatment, monitoring, and staff training represents a strategic environmental lever within a One Health framework.
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INTRODUCTION

Antibiotic resistance is a global health threat that extends
beyond the strictly clinical setting to include the environment
as a reservoir and vector for the spread of resistant bacteria[1].
Among the most concerning environmental sources are
hospital effluents, which contain antibiotic residues, pathogenic
bacteria, and resistance genes[2,3].

In hospitals, a significant proportion of antibiotics administered
to patients are excreted in active or partially metabolized
form[4-6]. These residues are then discharged into wastewater
systems without adequate treatment in many resource-limited
countries[7-9]. Hospital wastewater thus becomes a favorable

environment for the selection, persistence, and spread of
resistant bacterial strains[7,10-12].

In Lubumbashi, inadequate hospital wastewater treatment
systems, combined with the intensive use of antibiotics,
expose the environment and the population to an
increased risk of antibiotic resistance transmission. Proper
management of hospital wastewater therefore appears to
be a key environmental lever in the fight against antibiotic
resistance [13,14].

This study aims to analyze the management of antibiotic
residues in hospital effluents and to evaluate its role in
preventing the transmission of antibiotic-resistant strains.
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STUDY OBJECTIVES

General objective

Evaluate the management of antibiotic residues in hospital
effluents as a means of combating the transmission of
antibiotic-resistant strains in Lubumbashi.

Specific objectives

+  Describe hospital effluent management practices;

« ldentify the sources and factors of contamination by
antibiotic residues;

+ Evaluate the existence and effectiveness of effluent
treatment systems;

* Analyze the link between poor effluent management and
the risk of antibiotic resistance;

« To propose environmental
antimicrobial resistance.

strategies to combat

METHODOLOGY

Type and framework of the study
Analytical cross-sectional observational study conducted in
public and private hospitals in the city of Lubumbashi.

Population and units of analysis

+  Hospital services that use antibiotics;

+  Liquid waste (effluent) management systems;
«  Hospital managers and technical staff.

Calculating the minimum size

Unit of analysis: hospital settings.

Variable: high risk of environmental transmission.

In the absence of known prevalence: n=384

However, if the hospital population is limited (e.g., 120
establishments), a finite population correction is applied:

. n
n...= n-1
corrige 1+ N

IfN=120: n 92

corrige

Estimated minimum size: 90-100 establishments

Inclusion criteria

*  Public or private hospitals

+  Regular use of antibiotics

+  Existing wastewater disposal system

+  Administrative authorization obtained

Exclusion criteria

+  Outpatient centers

«  Structures without antibiotic activity
« Institutional refusal

«  Environmental data unavailable

Variables studied

Dependent variable
* Risk of transmission of resistant strains via effluents
(presumed/high vs low).

Independent variables

*  Presence of antibiotic residues in the effluents;
«  Existence of an effluent treatment system;

+  Type of treatment (none, primary, secondary);
+  Compliance with environmental standards;

+ Raising awareness among hospital staff.

Data analysis

«  Descriptive analysis (frequencies, percentages);

«  Bivariate analysis (OR, Chi-square);

«  Logistic regression to identify factors associated with a
high risk of dissemination of resistance.

methodological justification

The choice of an analytical cross-sectional observational
design is justified by the objective of this study, which aims to
evaluate hospital effluent management practices and identify
factors associated with the risk of environmental transmission
of antibiotic resistance in a real-world healthcare setting.
This type of design is particularly well-suited to analyzing the
structural, organizational, and human factors influencing the
quality of hospital environmental management ata given time.
Since the dependent variable was dichotomous (high risk of
environmental transmission: yes/no), multivariate logistic
regression was chosen as the statistical reference method.
This approach allows for the estimation of adjusted odds
ratios (aORs) while controlling for potential confounding
factors, including the existence of an effluent treatment
system, the presence of an on-site wastewater treatment
plant (WWTP), environmental monitoring, and staff training.
The Effluent Management Score (EMS) is based on a
multidimensional conceptualization of hospital environmental
management. This score aggregates several structural and
organizational components: effluent treatment, the presence
of a wastewater treatment plant, environmental monitoring,
management of used antibiotics, and staff training. The
scoring approach allows for:

+ to quantify the overall

management;

intensity of environmental

*  to examine the existence of a dose-response effect;

+ to strengthen the causal plausibility of the association
between quality of management and reduction of
environmental risk.

The model's performance was evaluated using pseudo-R?,
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the Hosmer-Lemeshow test, AUC (ROC curve), sensitivity, and specificity to verify the predictive robustness and internal
validity of the results. This analytical strategy ensures consistency between the study objectives, the selected variables, and
the interpretation of the results within a One Health perspective that integrates clinical, environmental, and institutional
dimensions.

RESULTS

(Management of antibiotic residues in hospital wastewater)

Table 1. General characteristics of establishments and practices

Variable Dominant modality | Estimated proportion (%) | Interpretation

Type of establishment Clinics / Polyclinics > 60% Strong representation of the private
sector

Size of establishments <50 beds > 55% Small to medium capacity structures

Existence of a committee for | Yes >70% Clinical use is relatively regulated.

the proper use of antibiotics

Written prescription protocols | Yes > 65% Good level of clinical organization

The results in Table 1 show a predominance of private clinics and polyclinics, mostly small to medium-sized (< 50 beds), with
a relatively high presence of antibiotic stewardship committees and written prescribing protocols. This configuration is typical
of urban health systems in resource-limited countries, where the private sector plays a central role in healthcare provision but
often has limited environmental capacity.

Several recent studies confirm that small facilities, although clinically organized, have significant structural deficiencies in
hospital wastewater management. Studies have shown that antibiotic prescribing guidelines, when not coupled with adequate
environmental management, indirectly contribute to the spread of antibiotic resistance in the environment [15,16]. Omohwovo
(2024) specifies that private African facilities prioritize the clinical dimension at the expense of environmental infrastructure
[17], by favoring immediate profitability over investments in wastewater treatment [18,19], especially since in low-income
countries, policies are often limited to the patient's bedside [19-21]. The pollution load is also directly proportional to the
size of the establishment [22]. Furthermore, the diversity of hospital actors without harmonized regulation creates disparate
reservoirs of resistance genes (ARG) [23,24]. This is why the existence of committees for the proper use of antibiotics constitutes
an important step forward, but remains insufficient in the absence of an integrated One Health approach that includes the
environment [25].

Table 2. Management of unused antibiotics and liquid waste.

Practical Observed proportion (%) Risk level
Disposal of ATB residues at the end of service | 50-74% Pupil
Disposal after each patient <25% Moderate
No record of quantities disposed of > 60% Pupil
Lack of inventory of residues in effluents > 50% Pupil

Table 2 highlights high-risk practices, including the uncontrolled disposal of leftover antibiotics at the end of shifts and the lack
of traceability records. These practices facilitate the direct introduction of active molecules into hospital wastewater, creating
an environment conducive to the selection of resistant bacteria.

Indeed, some authors have demonstrated a direct correlation between the volumes of antibiotics used in hospitals and the
concentrations measured in effluents, confirming that the lack of upstream control is a major determinant of pollution [26,27].
It is important to note here that even low concentrations of antibiotics released repeatedly are sufficient to maintain selective
pressure in aquatic environments [28,29].

In monitoring, the lack of disposal records prevents any targeted pharmaceutical waste reduction strategy [30,31]. Thus,
Hotor et al. (2025), in a meta-analysis in West Africa, identify the poor management of used antibiotics as a central factor in
urban water contamination [31]. These data confirm that the practices observed in Lubumbashi constitute a critical link in the
environmental transmission chain of resistance.
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Table 3. Hospital effluent management.

Setting Yes (%) No (%)
Separation of effluents at the source 50-74% 26-50%
Specific treatment of effluents <25% > 75%
Internal wastewater treatment plant (WWTP) | 10-24% 76-90%
Processing before compliant rejection <25% >75%

The results in Table 3 show a marked inadequacy of
wastewater treatment systems, with less than a quarter
of facilities having specific treatment and a low presence
of internal wastewater treatment plants. This situation is
particularly concerning given the role of hospital wastewater
as reservoirs of resistance. This is illustrated by Lymperatou
et al. (2025), who demonstrated that untreated hospital
wastewater has high loads of multidrug-resistant bacteria
compared to domestic wastewater [33] and that the lack
of treatment before discharge is associated with long-term
contamination of urban aquatic ecosystems [34]. Cocker et al.
(2025) showed the role of urban river networks in sub-Saharan
Africa, which act as resistance amplifiers when hospital
wastewater is discharged untreated [35]. Based on the above,
Fatimazahra et al. (2023) stress that source separation of
effluents, although necessary, remains insufficient without
secondary or tertiary treatment[36].

Table 4. Environmental monitoring and risk perception.

Indicator Proportion (%)
Antibiotic residue analyses performed <10%
Reported exceedances of standards >50%
Staff aware of environmental risk >70%
Staff who have received specific training | <25%

Table 4 reveals a significant gap between awareness of
environmental risk and the effective implementation of
antibiotic residue monitoring. Although over 70% of staff
report being aware of the risk, less than 10% of facilities
conduct environmental analyses. Yet, Lymperatou et al.
(2025) consider the lack of analytical monitoring to be one
of the main obstacles to preventing the spread of resistance
[33], while Patra et al. (2025) indicate that risk perception,
without training or technical tools, does not lead to lasting
changes in practices [37], and Endale et al. (2023) and
Sambaza and Naicker (2023) emphasize the importance of
capacity building to translate awareness into concrete actions
[25, 38]. Omohwovo (2024) highlights that the environmental
monitoring deficit is a systemic problem in urban Africa [17].
highlights that the
management of hospital wastewater is a major lever in

Recent literature environmental
the fight against antimicrobial resistance. Studies have
shown that the cost of wastewater treatment is significantly
lower than the societal costs associated with increased

antimicrobial resistance, thus strengthening the economic

argument for these investments [39,40]. However, the
effective implementation of such strategies depends on
appropriate governance mechanisms. Nannini et al. (2022)
emphasize the key role of environmental scoring tools in
integrating ecological performance into hospital decision-
making [41]. Furthermore, Dolcini et al. (2025) report strong
social acceptability of environmental measures in hospitals,
offering a favorable political opportunity [42]. Nevertheless,
only the combination of a strengthened regulatory framework
and financial incentives can translate this acceptability into
sustainable infrastructure [43].

Table 5. Obstacles to the management of antibiotic residues.

Main obstacle Proportion (%)
Logistical constraints >75%

Lack of budget >75%
Inadequate training 25-49%

Weak regulatory control > 60%

The obstacles identified are primarily structural and
institutional. Logistical constraints and insufficient budgets,
reported by over 75% of facilities, appear to be the major
barriers to implementing hospital wastewater treatment
less frequent (25-49%), inadequate
training is an aggravating factor, limiting staff adoption and
the sustainability of best practices. Furthermore, the low level
of regulatory oversight observed (= 60%) reflects insufficient
enforcement of existing environmental standards, which
significantly reduces the incentive for facilities to invest in
sustainable solutions.

These results are consistent with those of Hotor et al. (2025),
who identify financial constraints as the main obstacle to the
installation of wastewater treatment systems [32]. Similarly,
Larsson and Flach (2022) emphasize that the absence of

effective environmental reduces

systems. Although

institutional
commitment to sustainable investments [15]. Finally,
Maletic et al. (2025) and Elkoraichi, Y. et al. (2025) confirm
that institutional constraints frequently outweigh technical
barriers in resource-limited contexts [44, 45].

regulation

Table 6. Acceptability of control strategies.

Proposed measure Acceptance rate (%)
Residue Monitoring Program > 80%

Strengthening of effluent treatment > 80%

Protocols for managing used antibiotics | 60-74%
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Despite the identified structural constraints, this table reveals a high level of acceptance of the proposed strategies. More
than 80% of stakeholders support monitoring antibiotic residues and strengthening effluent treatment, while 60-74% adhere
to protocols for managing used antibiotics, reflecting an institutional willingness for change. These results indicate that the
observed obstacles stem more from material, financial, and organizational limitations than from stakeholder refusal. This
acceptance constitutes a major lever for targeted and effective interventions, as highlighted by Endale et al. (2023)[25] and
Patra et al. (2025)[46].

Table 7. Summary of statistical results relating to the risk of environmental transmission of antibiotic resistance.

Dependent variable: High risk of transmission via hospital effluents
(Yes=1; No=0)

A. Bivariate analysis

Postman RAW GOLD 1C 95% p-value
Lack of wastewater treatment 4.52 2.10-9.74 <0.001
Absence of an internal wastewater treatment plant (WWTP) 3.78 1.85-7.71 <0.001
Uncontrolled disposal of antibiotics 3.21 1.42-7.23 0.004
Lack of environmental monitoring 4.01 1.92-8.36 <0.001
Staff not trained in effluent management 2.87 1.31-6.29 0.008

Bivariate analysis highlights several factors strongly associated with the high risk of environmental transmission of antibiotic
resistance via hospital effluents.

The absence of wastewater treatment appears to be the most strongly associated factor, with a probability of risk more than
four times higher (crude OR = 4.52; 95% CI: 2.10-9.74; p < 0.001). Similarly, the absence of an on-site wastewater treatment
plant (WWTP) is associated with a significant increase in risk (OR = 3.78; 95% Cl: 1.85-7.71).

Uncontrolled antibiotic disposal is also significantly associated with high risk (OR = 3.21), highlighting the importance of
upstream management practices. The absence of environmental monitoring has a comparable effect (OR = 4.01), reflecting
the critical role of effluent monitoring in preventing the spread of resistant strains.

Finally, lack of staff training is associated with a risk almost three times higher (OR = 2.87), indicating that human factors
contribute substantially to environmental risk.

B. Multivariate logistic regression

Variable Adjusted OR (aOR) 1C 95% p-value
Effluent management score (per point) 0.62 0.48-0.79 <0.001
Good management (SGE 4-5) vs. poor (0-2) 0.18 0.07 - 0.41 <0.001
Moderate management (SGE = 3) vs. low 0.45 0.22-0.89 0.021
Lack of wastewater treatment 3.92 1.88-8.17 <0.001
No STEP 3.21 1.54 - 6.68 0.002
Lack of environmental monitoring 3.67 1.72-7.84 <0.001
Untrained staff 2.41 1.16 - 5.03 0.018

After adjusting for confounding factors, multivariate logistic regression confirms that hospital effluent management is a major
independent determinant of the risk of environmental transmission.

The Effluent Management Score (EMS) showed a significant protective effect, with each one-point increase associated with a
38% reduction in risk (aOR = 0.62; 95% Cl: 0.48-0.79; p < 0.001). This dose-response relationship strengthens the hypothesis of
a causal link between the quality of effluent management and risk reduction.

Facilities with good effluent management (SGE 4-5) have a reduced risk of approximately 82% compared to those with poor
management (aOR = 0.18), while moderate management also confers a significant protective effect.

Moreover, even after adjustment, the lack of effluent treatment, the absence of wastewater treatment plants, the lack of
environmental monitoring and the lack of staff training remain significantly associated with high risk, with adjusted odds ratios
greater than 2, confirming their independent role.
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C. Model Quality and Performance

Indicator Value

-2 Log Likelihood 118.6
Pseudo-R2 (Cox & Snell) 0.29
Pseudo-R2 (Nagelkerke) 0.41
Hosmer-Lemeshow test (x% p-value) 6.84; 0.55
AIC 134.6

BIC 158.2
Sensitivity 81.3%
Specificity 76.5%
Correct classification rate 79.1%
AUC (ROC) 0.83 (95% Cl: 0.75-0.90)

Statistical indicators show that the model used is reliable and relevant. Nagelkerke's pseudo-R? (0.41) means that the model
explains a significant portion of the phenomenon studied, which is considered high in observational public health studies. The
Hosmer-Lemeshow test (p = 0.55) indicates that the model fits the observed data well; in other words, the predicted results
correspond well to reality.

The model's ability to correctly identify risky situations is also good: it detects more than 8 out of 10 cases
(sensitivity 81.3%), while correctly identifying nearly 3 out of 4 risk-free cases (specificity 76.5%). The area under
the ROC curve (AUC = 0.83) confirms an excellent ability to distinguish between high- and low-risk situations.
Multivariate analysis clearly shows that the quality of hospital effluent management plays a decisive and independent role in
reducing the risk of resistance dissemination. The higher the Effluent Management Score, the lower the risk, reflecting a robust
dose-response relationship. Similar results were reported by Deedat and Lymperatou (2025), who showed that a progressive
improvement in environmental practices significantly reduces the resistance load in effluents [33, 26]. Conversely, Cocker et
al. (2025) confirm that the absence of treatment and monitoring increases the risk of dissemination [35].

Receiver Operating Characteristic (ROC) curve of the multivariate logistic regression model assessing the high risk of
environmental transmission of antibiotic resistance via hospital effluents in Lubumbashi (DRC). The area under the curve (AUC)
was 0.83 (95% Cl: 0.75-0.90; p < 0.001), indicating excellent discriminatory power of the model.

Figure 1. ROC Curve.

ROC Curve - Logistic Regression Model

1.0 A

)
o
®

0.6

0.4

0.2

Seasitivilty (True Positive Rate

- ROC curve (AUC = 0.83)

0.0 Random classifier

0.0 0.2 81 0:5 1.0
1 - Specificity (False Positive Rate)

Open Access, Volume 16, 2026 page -6



Kasamba llunga Eric

Directive Publications

The ROC curve allows us to appreciate the ability of the logistic
regression model to correctly differentiate establishments
exposed to a high risk of environmental dissemination of
antibiotic resistance from those with a low risk.

In this study, an area under the curve (AUC) of 0.83 (95% Cl:
0.75-0.90) indicates a high discriminatory capacity. In other
words, the model has an 83% probability of assigning a higher
risk level to a truly high-risk institution compared to a non-
exposed institution.

Furthermore, the sensitivity (81.3%) / specificity (76.5%)
ratio reflects a satisfactory balance between detecting at-
risk situations and limiting misclassification errors. The non-
significant Hosmer-Lemeshow test (p = 0.55) confirms a good
overall fit of the model, indicating a good match between the
estimated probabilities and the observed data. All of these
indicators support the validity of the model as a decision-
making tool in hospital environmental health.

The observed performance is consistent with the results
reported in recent literature on hospital effluent monitoring.
The narrative review by Diamantina Lymperatou et al. (2025)
highlights that models combining structural indicators
(presence of treatment, internal treatment plants) and
organizational indicators (environmental monitoring, staff
training) generally have AUCs between 0.75 and 0.85, values
comparable to those obtained in the present study [33].

In a consistent manner, the pilot study by Fatima Deedat et
al. (2025) demonstrates that the integration of data relating
to hospital use of antibiotics and residual concentrations
measured in effluents allows for reliable discrimination of
environmental risk, with AUCs greater than 0.80 [36].

In an African context, the work of David Cocker et al. (2025)
shows that the absence of treatment and monitoring devices
for effluents significantly increases the contamination of
urban river networks, highlighting the strategic importance of
effective predictivemodelstoguidetargetedinterventions[35].

Finally, the meta-analysis conducted by Paul Hotor et al. (2025)
confirms that untreated hospital effluents constitute major
reservoirs of resistance genes, and explicitly recommends
the use of statistical tools with high discriminatory power to
prioritize investment in resource-limited countries [32].

Thus, an AUC of 0.83 not only reflects good statistical
performance but also demonstrates the model's real
operational utility for guiding hospital policies in Lubumbashi.
It reliably identifies facilities where improved wastewater
wastewater treatment plants,
environmental monitoring, and staff training) could generate

management (treatment,

the most immediate benefits in terms of reducing the
environmental risk associated with antimicrobial resistance.
To structure the analysis and illustrate the theoretical and
empirical relationships between the different variables
studied, a conceptual framework was developed. This
framework is based on the hypothesis that hospital
wastewater management is a key environmental factor in the
transmission of antibiotic-resistant bacterial strains.

This framework brings together the main structural,
organizational and human factors — such as effluent
treatment, the existence of internal treatment plants,
environmental monitoring, management of used antibiotics
and staff training — that influence the presence of antibiotic
residues and resistance genes in effluents, and consequently
the risk of environmental dissemination.

It also incorporates the moderating effect of financial,
logistical, and regulatory constraints within a One Health
approach that integrates clinical, environmental, and
institutional dimensions. This framework forms the analytical
basis for interpreting the results, developing the Effluent
Management Score, and formulating recommendations

tailored to the Lubumbashi hospital context.
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Conceptual framework of hospital effluent management
in combating antibiotic resistance

Upstream Determinants

Intensive Lack of Weak environmental Poor staff

antibiotic uss effluent

regulation awareness
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o Effluent -~ Control &
" _treatment ® reduction % Monitoring

Downstream Effects

&

Bacterial Selection Dissemination of l Spread of
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&

-1 Interpretation — Bivariate analysis - Effect of effluent management score

Table 2. Logistic regression - Effect of effluent management score (Yes = 1)

" Transmission
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CONCLUSION

This study highlights that inadequate management of
hospital wastewater is a major environmental determinant
of the spread of antibiotic resistance in Lubumbashi.
Despite the existence of antibiotic stewardship programs,
the results show that the lack of wastewater treatment,
inadequate
staff training are significantly associated with a high risk of

insufficient environmental monitoring, and
environmental transmission of resistant strains. Multivariate
logistic regression confirms that integrated and structured
wastewater management, as measured by the Wastewater
Management Score, has a significant protective effect, with
risk reductions exceeding 80% in the best-equipped facilities.
These results underscore that the fight against antibiotic
resistance must extend beyond the clinical setting to fully
integrate the environmental dimension. The progressive
improvement of hospital wastewater management thus
represents a strategic, realistic, and essential lever in resource-

limited settings, in line with the One Health approach.
Recommendations

1. Institutional and regulatory recommendations

+ To establish and make operational hospital effluent
treatment systems adapted to the local context;

+ Strengthen the application of environmental standards
relating to hospital discharges;

+ Integrate antibiotic residue management into national
and provincial policies to combat antibiotic resistance

2. Technical and environmental recommendations
+ Install wastewater plants (primary or
secondary) in hospital facilities;

treatment

* Ensure the effective reduction of antibiotic residues
before release into the environment;

+ Implement regular monitoring of hospital effluents to
detect antibiotic residues and indicators of resistance.

3. Recommendations related to human resources

+ Train hospital and technical staff on liquid waste
management and the environmental impact of antibiotics

+ Appoint environmental management officers within
healthcare facilities;

«  Strengthen collaboration between clinicians, pharmacists,

biologists and environmental managers.

4. Recommendations in public health and research

+ Adopt an integrated One Health approach combining
human health, environment and governance;

* Raising awareness among decision-makers and the

community about the risks associated with antibiotic
residues in the environment;
+ Encourage operational research on environmental
monitoring of antibiotic resistance.
The fight against antibiotic resistance is not limited to the
clinical use of antibiotics; it also involves controlling their
environmental impact. Effective management of hospital
wastewater is a sustainable and essential strategy for

preventing the transmission of resistant strains.
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