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1 Executive Summary

Antimicrobial resistance (AMR) is one of the most consequential slow-onset public-health emergencies
in recorded history. In 2019, 1.27 million deaths were directly attributable to bacterial AMR and
4.95 million deaths were associated with it — placing AMR mortality above HIV/AIDS or malaria
for that year.'? By 2021, WHO reported 1.14 million directly attributable deaths and 4.71 million
associated deaths.? Projections from the O’Neill Review suggest that without intervention, AMR
could kill 10 million people per year by 2050 — a toll exceeding all current cancers combined —
while imposing a cumulative global economic loss of USD 100 trillion.* The World Bank estimates
that an uncontrolled AMR trajectory would push 28 million people into extreme poverty annually
by 2050.°

What distinguishes AMR from most infectious disease threats is its structural character. Resistance is
not a single pathogen crossing a border. It is a property of microbial populations — shaped, selected,
amplified, and redistributed across environments, animals, humans, water systems, and food chains
in ways that no single sectoral surveillance system can fully see. Clinical surveillance alone misses
the environmental amplification layer. Wastewater surveillance is proven but lacks physical pathway
attribution. Agricultural and pharmaceutical monitoring exist in separate institutional silos. The
result is a prevention gap: we know resistance is rising, but we cannot see with sufficient precision
where it is being amplified, which pathways are driving transmission, and which interventions would
have the highest effect per unit of investment.

This dossier argues that if the 7 categorical framework — as developed in the Panta Rhei series
— provides a physically and biologically faithful, bounded-error, coarse-grainable discrete twin of
wastewater hydraulics, microbial population dynamics, resistance gene mobility, environmental
transport, and cross-sector exposure pathways, then a 7-grade environmental-health intelligence
layer could convert the current fragmented AMR surveillance architecture into a coordinated One
Health intelligence system with meaningfully earlier detection, better pathway attribution, and more
targeted intervention than any current tool provides.

This is a yellow paper. It adopts a planning stance: assume the 7 framework is sound at the level
claimed; ask what would follow for AMR, wastewater surveillance, and environmental transmission
intelligence if those claims were integrated into operational public-health and environmental systems.
The caveat structure is deliberate. The paper does not assert that mainstream scientific institutions
have validated the 7 framework. It traces the consequence chain of a technology-readiness scenario
— the scenario in which 7 performs as the Panta Rhei series claims — to show what public-good
value would then be available, to whom, and through which institutional pathways.

The core finding is that the value would be very large, the institutional readiness is unusually
high (WHO has already operationalized wastewater and environmental surveillance; more than
170 countries have multisectoral AMR action plans), and the 7 differentiation is technically gen-
uine: temperature-driven resistance selection, flood-driven gene dispersal, and coupled hydraulic-
microbiological-clinical signal attribution are exactly the capabilities that no current incumbent
system provides.

"Murray CJL, et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022;399(10325):629-655. https://doi.org/10.1016/S0140-6736(21)02724-0

*WHO. Antimicrobial resistance — Fact sheet. 2023. https://www.who.int/news-room/fact-sheets/detail/a
ntimicrobial-resistance

SWHO. Antimicrobial resistance: Report by the Director-General (A78/8). 2025. https://apps.who.int/gb/ebwh
a/pdf_files/WHA78/A78_8-en.pdf

40’Neill J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Review on Antimicro-
bial Resistance. 2016. https://amr-review.org/sites/default/files/160518_Final%20paper_with),20cover.pdf

SWorld Bank. Drug-Resistant Infections: A Threat to Our Economic Future. Washington, DC: World Bank; 2017.
https://openknowledge.worldbank.org/handle/10986/26707
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2 Why This Matters Now

2.1 The Scale Is Already Catastrophic

The 2022 Lancet landmark study by Murray et al. quantified global AMR, burden from 204 countries
and found 1.27 million deaths directly attributable to AMR in 2019, with 4.95 million deaths
associated with AMR-linked bacterial infections.® The five leading pathogens — FEscherichia
coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, and Acinetobacter
baumannii — together accounted for 54% of attributable deaths. Sub-Saharan Africa and South
Asia carried the highest burden per capita, with age-standardized attributable mortality rates of
27.3 and 21.5 deaths per 100,000 respectively.”

These are not projections. They are retrospective estimates using the most comprehensive burden
methodology ever applied to AMR. They place AMR firmly among the top ten causes of global
mortality — ahead of HIV/AIDS, which killed approximately 680,000 people in 2020.%

2.2 The Environment Is No Longer a Side Issue

For most of its institutional history, AMR policy concentrated on clinical stewardship: restricting
inappropriate antibiotic prescription, improving diagnostics, and controlling hospital-acquired infec-
tions. This remains essential. But it is increasingly recognized — by WHO, UNEP, FAO, WOAH,
and the Quadripartite — that the environment is an active interface in AMR emergence and spread,
not a passive sink.

UNEP’s 2022 summary for policymakers identified four major environmental AMR. drivers: phar-
maceuticals and chemicals; agriculture and food; health care; and poor sanitation, sewage, and
waste effluent in municipal systems.” UNEP’s 2023 follow-up report documented the mechanisms:
antibiotic residues in water create sustained selection pressure; resistance genes in environmental
reservoirs undergo horizontal gene transfer to human-relevant pathogens; flood events distribute
resistance gene pools across drainage basins; drought concentrates contaminants in surface water;
and agricultural use of antibiotics — approximately 73% of global antibiotic consumption — creates
enormous environmental selection pressure.!’

This recognition has direct consequences for surveillance design. A purely clinical surveillance system
will always be downstream of environmental amplification. By the time resistant organisms appear
in clinical databases, they have often been cycling through environmental reservoirs for months
or years. The epidemiological early warning problem for AMR is fundamentally an environmental
sensing problem.

2.3 Wastewater Surveillance Has Already Proved Its Institutional Value

WHO defines wastewater and environmental surveillance (WES) as surveillance using samples from
sewage or other environmental waters impacted by human wastewater, and states explicitly that

SMurray CJL, et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022;399(10325):629-655. https://doi.org/10.1016/S0140-6736(21)02724-0

"Murray CJL, et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022;399(10325):629-655. https://doi.org/10.1016/S0140-6736(21)02724-0

SUNAIDS. Global HIV & AIDS statistics — Fact sheet. 2021. https://www.unaids.org/en/resources/fact-she
et

9UNEP. Environmental Dimensions of Antimicrobial Resistance — Summary for Policymakers. 2022. https://wuw.
unep.org/resources/report/summary-policymakers-environmental-dimensions-antimicrobial-resistance

I0UNEP. Bracing for Superbugs: Strengthening Environmental Action in the One Health Response to Antimicrobial
Resistance. 2023. https://www.unep.org/resources/superbugs/environmental-action
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WES can fill gaps in other surveillance data and inform public-health response.!! The evidence
base is solid: WES was used for decades in the polio eradication programme, where environmental
samples detected wild poliovirus circulation in communities with no reported clinical cases. During
COVID-19, wastewater surveillance detected SARS-CoV-2 RNA signals 4-7 days before clinical case
counts began to rise, enabling anticipatory public-health action in multiple countries.?!3

In late 2025, WHO issued a dedicated WES guidance document specifically covering AMR pathogens,
resistance genes (ARGs), and mobile genetic elements (MGEs) in wastewater and environmental
matrices.!* This is institutional confirmation that the domain is not speculative: it is an operational
priority with a published methodology, an institutional home, and a growing evidence base.

2.4 The Climate-AMR Nexus Is Becoming Quantifiable

A 2023 Nature Climate Change study by MacFadden et al. demonstrated a statistically significant
positive correlation between local temperature anomalies and resistance rates for multiple bacterial
pathogens in US clinical data — a 1°C increase in mean temperature was associated with increased
resistance to common antibiotics ranging from 0.7 to 4.2 percentage points across pathogens,
independent of antibiotic use patterns.'® This finding implies that climate change is not merely
worsening AMR indirectly through expanded antibiotic use — it is driving selection pressure directly
through temperature-mediated effects on microbial growth rate, horizontal gene transfer efficiency,
and competitive fitness of resistant strains.

Compounding this, flood events mobilize and redistribute ARGs and antibiotic-resistant bacteria
(ARB) across drainage systems. Studies following the 2011 Thailand floods and the 2021 Henan floods
documented significant post-flood increases in ARG concentrations in surface and groundwater, with
florfenicol, tetracycline, and beta-lactam resistance genes among the most persistently elevated.'®
Drought concentrates residues and resistant organisms in shrinking water bodies. The implication is
that the climate system is becoming an active driver of AMR geography, creating new hotspots and
corridors that static clinical surveillance cannot map.

This is where a 7-grade coupled environmental-health twin provides its sharpest differentiation:
it could simultaneously model temperature-driven selection pressure, flood-driven ARG dispersal,
drought-driven concentration dynamics, and sewer network hydraulics to produce a forward-looking
transmission intelligence product that no current system delivers.

2.5 The Institutional Moment Is Opportune

More than 170 countries have developed multisectoral national AMR action plans, many of them
citing One Health principles that span human health, animal health, and environmental health.'”
The Quadripartite (WHO, FAO, WOAH, UNEP) jointly published a One Health Joint Plan of Action

HWHO. Wastewater and environmental surveillance (WES). https://www.who.int/teams/environment-climate
-change-and-health/water-sanitation-and-health/sanitation-safety/wastewater

2Peccia J, et al. Measurement of SARS-CoV-2 RNA in wastewater tracks community infection dynamics. Nature
Biotechnology. 2020;38(10):1164-1167. https://doi.org/10.1038/s41587-020-0684-z

13CDC National Wastewater Surveillance System (NWSS). Overview and data. https://www.cdc.gov/nwss/index
.html

YMWHO. Wastewater and environmental surveillance: Summary for Antimicrobial Resistance. 2025. https:
//wuw.who.int/publications/m/item/wastewater-and-environmental-surveillance--summary-for-antimicro
bial-resistance

5MacFadden DR, McGough SF, Bhatt DL, Grad YH, Lipsitch M. Antibiotic resistance increases with local
temperature. Nature Climate Change. 2023;13(5):457-462. https://doi.org/10.1038/s41558-023-01622-7

5 Huijbers PMC, et al. A conceptual framework for the community of practice on antimicrobial resistance in the
environment. Science of the Total Environment. 2022;810:151978. https://doi.org/10.1016/j.scitotenv.2021.1
51978

"WHO. Antimicrobial resistance: Report by the Director-General (A78/8). 2025. https://apps.who.int/gb/ebwh
a/pdf_files/WHA78/A78_8-en.pdf
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in 2022, explicitly including AMR as a priority area and calling for strengthened environmental
surveillance.'® The G7 and G20 have included AMR on health security agendas. Financing windows
— including the World Bank AMR Multi-Partner Trust Fund, the CEPI AMR accelerator, and
Wellcome Trust AMR programmes — are actively seeking scalable surveillance and prevention
solutions.

The institutional demand is real. The gap is technical: there is no tool that couples environmental
physics, microbial ecology, and clinical signal attribution into a single bounded-error operational
platform. That is the 7 opportunity.

3 Scope and Reader Orientation

3.1 What This Paper Covers

This paper is Paper 2 of 4 in the Panta Rhei Impact One Health Portfolio, focusing specifically on:

e AMR as a One Health and environmental-transmission problem, spanning clinical, veterinary,
and environmental dimensions;

o wastewater and environmental surveillance (WES) as the primary signal layer for environmental
AMR intelligence;

o sewage network hydraulics, wastewater treatment dynamics, and receiving-environment transport
as the physical substrate;

e resistance gene mobility, horizontal gene transfer, and microbial population dynamics as the
biological substrate;

e environmental attribution and hotspot intelligence — locating sources, pathways, and amplification
nodes;

o intervention targeting across health, water, sanitation, agriculture, pharmaceutical, and industry
sectors;

e the climate-AMR nexus — how temperature, flooding, and drought modulate resistance selection
and dispersal; and

o the finance, governance, and equity dimensions that determine whether technical capability
translates into public good.

3.2 Planning Stance and Caveat Structure

This is a yellow paper. It adopts a deliberate planning stance:

1. Assume, for planning purposes, that the strongest 7 claims relevant to AMR and environmental
transmission are sound — specifically that 7 provides a physically and biologically faithful,
bounded-error, coarse-grainable discrete twin of the relevant physical and biological dynamics.

2. Ask what practical and humanitarian consequences would follow if those claims were integrated
into One Health surveillance, wastewater systems, sanitation systems, environmental monitoring,
and AMR prevention programs.

3. Separate clearly: what official institutions already know and already want; what 7 would newly
provide under the assumption; and what impact scenarios are reasoned planning inferences rather
than official forecasts.

The paper makes no claim that this assumption has been validated by the mainstream scientific or
policy community. It traces the consequence chain to reveal the public-good potential.

5WHO, FAO, WOAH, UNEP. One Health Joint Plan of Action 2022-2026. 2022. https://www.who.int/publicat
ions/i/item/9789240045293
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3.3 Reader Orientation by Sector
This paper is written for:

e Ministries of health, environment, water, and agriculture seeking to understand how
an environmental-physics intelligence layer could strengthen national AMR action plans and
environmental health programs;

e National public-health institutes and AMR coordination bodies responsible for integrat-
ing clinical, veterinary, and environmental surveillance;

« Wastewater and sanitation utilities operating the physical infrastructure through which
AMR environmental surveillance flows;

e Hospital networks and infection-prevention teams managing the clinical consequences of
AMR and the environmental transmission risks from facility effluent;

e Multilateral health-security funders and development banks evaluating where AMR
surveillance investments would have the highest leverage;

e Public-interest research laboratories developing environmental surveillance methods and
seeking a physical-intelligence substrate; and

e One Health implementation partners attempting to operationalize cross-sector AMR intelli-
gence in resource-constrained settings.

4 The Opportunity Baseline

4.1 Burden Decomposition

The 1.27 million AMR-attributable deaths estimated by Murray et al. for 2019 were not uni-
formly distributed across geography, pathogen type, or care setting.!” Sub-Saharan Africa (255,000
attributable deaths) and South Asia (165,000 attributable deaths) carried the largest regional
shares. Lower respiratory infections (400,000 attributable deaths), bloodstream infections (370,000),
and intra-abdominal infections (212,000) were the leading syndrome categories. Third-generation
cephalosporin-resistant Klebsiella pneumoniae and fluoroquinolone-resistant E. coli were among the
most lethal pathogen-drug combinations globally.

This decomposition matters for intervention targeting. The settings with the highest burden — public
hospitals in South Asia and Sub-Saharan Africa, neonatal wards, surgical theatres in under-resourced
settings — are also typically the settings with the weakest environmental surveillance and the most
exposure to environmental AMR pathways through inadequate wastewater treatment.

4.2 The Economic Baseline

The economic burden of AMR operates on two timescales. In the near term, individual AMR infections
impose severe direct costs: in high-income settings, an AMR infection costs USD 35,000-60,000 per
episode in excess of a drug-susceptible infection, accounting for longer hospital stays, second- or
third-line antibiotic regimens, and higher complication rates.?? In the US alone, the CDC estimates
AMR causes at least 2.8 million infections and 35,000 deaths per year, with direct healthcare costs
of USD 4.7 billion annually and societal costs measured in tens of billions.?!

9Nurray CJL, et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022;399(10325):629-655. https://doi.org/10.1016/S0140-6736(21)02724-0

20Cassini A, et al. Attributable deaths and disability-adjusted life-years caused by infections with antibiotic-
resistant bacteria in the EU and the EEA in 2015: a population-level modelling analysis. Lancet Infectious Diseases.
2019;19(1):56-66. https://doi.org/10.1016/S1473-3099(18)30605-4

21CDC. Antibiotic Resistance Threats in the United States, 2019. Atlanta, GA: CDC; 2019. https://www.cdc.gov/
antimicrobial-resistance/data-research/threats/index.html
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Over the longer horizon, the O’Neill Review’s 2016 projection of USD 100 trillion in cumulative global
GDP loss by 2050 under a high-AMR scenario remains the most cited macro-economic estimate.??
The World Bank’s 2017 modeling found that the AMR economic impact could reduce global GDP
by 1.1-3.8% by 2050, with low-income countries bearing a disproportionate share of the livestock
and agricultural productivity losses.?3

4.3 The Surveillance Gap

WHO’s 2021 technical brief on environmental AMR surveillance documented the absence of a
global environmental AMR surveillance system and the lack of standardized methodologies for
comparable data generation.?* Progress has been made since: WHO GLASS was extended to include
environmental data inputs; the WHO WES programme published dedicated AMR guidance in 2025;
and multiple countries have piloted wastewater AMR surveillance as an extension of COVID-19
WBE infrastructure.

But the structural gap remains. What exists today is: - Clinical surveillance (WHO GLASS,
CDC NARMS, ECDC EARS-Net): excellent for tracking clinical resistance rates, poor for upstream
pathway attribution; - Wastewater surveillance (WastewaterSCAN, CDC NWSS, Netherlands
RIVM national system): proven for pathogen detection, not designed for physical pathway attribution
or climate-coupled forward modeling; - Agricultural monitoring (FAO/WOAH joint data systems):
improving, but mostly national-scale and lagging; - Environmental spot sampling (research
studies): important but episodic and not integrated.

The missing layer is a physics-aware, causally coherent coupling of all these streams. That is where
7 offers differentiated value.

4.4 The Water Infrastructure Gap

A further dimension of the opportunity baseline is the global gap in wastewater treatment infrastruc-
ture. WHO and UNICEF’s 2023 Joint Monitoring Programme report found that only 56% of the
global population uses safely managed sanitation services and that only 37% of urban wastewater in
India undergoes any treatment before discharge.?® In Sub-Saharan Africa, wastewater treatment
coverage is even lower. The consequence is that large volumes of hospital effluent, domestic sewage
carrying antibiotic residues, and agricultural runoff enter surface water and groundwater systems
without treatment — creating large-scale, persistent environmental selection pressure for resistance.

This is not only a surveillance gap. It is a driver gap. The 7 opportunity is not just to observe this
flow better but to provide the priority intelligence needed to direct infrastructure investment where
it will reduce the most resistance amplification per dollar spent.

220’Neill J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Review on Antimicro-
bial Resistance. 2016. https://amr-review.org/sites/default/files/160518_Final%20paper_with),20cover.pdf

23World Bank. Drug-Resistant Infections: A Threat to Our Economic Future. Washington, DC: World Bank; 2017.
https://openknowledge.worldbank.org/handle/10986/26707

2WHO. Surveillance of Antimicrobial Resistance and Use in the Environment: Technical Brief. 2021. https:
//cdn.who.int/media/docs/default-source/antimicrobial-resistance/amr-gcp-tjs/surveillance-of-antim
icrobial-resistance-and-use-.pdf

»WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP). Progress on
Household Drinking Water, Sanitation and Hygiene 2000-2022. 2023. https://www.who.int/publications/i/item/
9789240077966
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5 Working 7 Assumptions

This paper does not attempt to prove the 7 framework. It takes the following assumptions as
provisionally granted for planning purposes.

5.1 Environmental Transmission Is Representable Inside a Bounded-Error = Substrate

Assume that 7 provides a discrete but physically faithful substrate for: - wastewater hydraulics,
including sewer network flow under varying loads, infiltration, and storm-event conditions; - treatment-
stage dynamics — biological oxygen demand, suspended solids, microbial kill efficiency, and effluent
quality; - residue and contaminant transport through receiving waterbodies (rivers, lakes, coastal
zones); - microbial population dynamics, including growth, competition, plasmid transfer, and
resistance selection under temperature, nutrient, and chemical stress; - the persistence and mobility
of resistance-related signals — ARGs, MGEs, intact resistant cells — as a function of environmental
conditions including temperature, UV exposure, pH, and flow energy; and - hydrological boundary
conditions including rainfall, flood inundation, drought, and seasonal variation.

5.2 Precision and Refinement Stay Structurally Aligned

Assume 7 avoids the usual drift between spatial resolution and numerical precision, so environmental
transmission models can be coarsened for national-scale planning without losing trustworthy error
envelopes in the way that conventional stacks (finite-element PDE solvers, agent-based models)
typically do when upscaled.

5.3 Environmental, Veterinary, and Clinical Layers Can Be Coupled Coherently

Assume 7 can coherently link: - clinical AMR signals from hospital surveillance networks; - veterinary
and food-system signals from agricultural monitoring; - wastewater surveillance data from sentinel
sampling programs; - wastewater treatment plant process data; - environmental receiving-water
observations; - pharmaceutical and industrial discharge point monitoring; and - weather and
hydrological boundary conditions.

This coupling assumption is the most important technical claim in the paper. Current systems treat
these as separate pipelines. The 7 claim is that they can be modeled jointly under one physically
faithful substrate, producing integrated causal signal rather than correlated but separately explained
streams.

5.4 The Twin Can Support Not Just Observation but Intervention Intelligence

Assume the 7 twin can support not just passive monitoring — what is happening now — but
operational decision support for: - treatment upgrade prioritization: which wastewater treatment
plants, in which order, for which upgrade technology, would achieve the greatest AMR-load reduction
per unit of capital outlay; - targeted sampling network design: which sampling nodes, at which
temporal cadence, provide the maximum AMR signal value for the minimum sampling cost; -
pollution control and discharge management; - water reuse risk tiering under different treatment
and seasonal conditions; and - emergency public-health protection during flood events, treatment
plant failures, or outbreak escalation.
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5.5 Temperature and Climate Forcing Are Faithfully Coupled

Assume 7’s treatment of temperature, rainfall, and climate forcing is physically consistent at the
scales relevant to AMR — from the metabolic response of individual bacterial strains to temperature
variation, through community-level selection dynamics, to basin-scale dispersal under seasonal and
event-driven hydrology. This is the assumption that enables the forward-looking, climate-coupled
transmission intelligence that differentiates 7 most sharply from current surveillance tools.

6 What Changes with a Law-Faithful Twin

Under the assumptions above, five qualitatively important capabilities become available that no
current incumbent tool provides.

6.1 Causal Pathway Attribution Rather Than Signal Accumulation

Today’s surveillance stacks often tell you that a signal is rising without clearly identifying: - where it
is being amplified; - which sector or discharge source is contributing most; - which pathway matters
most for human exposure; and - which intervention would reduce risk fastest.

A 7 twin would produce causal pathway rankings — not just “AMR signal is elevated at Site X”
but “Site X signal is predominantly driven by Y hospital efluent entering at node Z, amplified by
treatment plant bypass during storm events Q and R, with secondary contribution from livestock
runoff corridor C.” This is the difference between epidemiological description and actionable causal
intelligence.

6.2 Climate-Coupled Forward Intelligence

Temperature drives bacterial growth rate nonlinearly. It affects horizontal gene transfer efficiency. It
modulates antibiotic degradation rates in the environment. Flood events distribute resistance gene
pools across drainage basins. Drought concentrates residues and resistant organisms in shrinking
water bodies.

A 7 twin coupled to weather and climate forcing could produce forward-looking transmission windows:
in the next 10-14 days, given the forecast temperature profile and flood risk, the probability of
elevated ARG concentration at receiving-water point P crosses actionable threshold T with 80%
confidence. No current system provides this capability. The COVID-19 wastewater signal provided
4-7 days of lead time over clinical peaks under static conditions; a physics-coupled 7 system could
extend that forward horizon to 10-14 days for temperature-sensitive resistance dynamics during
high-risk seasonal windows.

6.3 Cross-Sector Synchronization

Instead of separate human-health, animal-health, environmental, and utility dashboards operated by
different agencies with different sampling cadences and incompatible data formats, a 7 twin could
support a shared operational picture linking sample sites, flow conditions, weather and dilution
effects, clinical clusters, veterinary outbreak signals, and environmental contamination under one
jointly consistent model. This is the institutional coordination value: not just better data, but better
shared situational awareness across ministries that currently operate with fragmented pictures of the
same underlying biological-physical system.
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6.4 Dynamic Actionability Thresholds

Many surveillance programs struggle with the fundamental question: what signal level is actionable?
Static thresholds fail under variable dilution conditions — a given ARG concentration in a river
means something very different after a storm event than during low flow. A 7 approach, by modeling
flow and dilution explicitly, could support flow-corrected dynamic thresholds, reducing false alarms
during storm-driven dilution spikes and improving sensitivity during low-flow concentration events.
It could also produce lead-time estimates for environmental-to-clinical escalation: given current
wastewater signals, with what probability and over what time horizon would clinical AMR rates in
the served population be expected to rise?

6.5 Capital Sequencing Intelligence

A large part of the preventable public-good value in AMR is not from more surveillance per se
but from better prioritization of infrastructure spending. Which wastewater treatment plants need
upgrades first? Which hospitals need pretreatment for effluent before discharge? Which reuse
schemes need additional barriers and monitoring?” Which livestock-density zones need combined
human-animal-environmental monitoring? These are capital allocation questions. A 7 twin that
provides ranked answers to these questions — with uncertainty bounds — converts surveillance into
investment intelligence and supports the case for AMR prevention financing in development bank
and national budget processes.

7 Competitive and Incumbent Landscape

No 7-grade environmental-transmission intelligence system exists today. The incumbent landscape
is strong in narrow verticals but systematically weak at the cross-sector, physics-coupled, climate-
integrated level that 7 would occupy. The following six programs or platforms represent the most
significant incumbents.

71 CDC NARMS — National Antimicrobial Resistance Monitoring System (United States)

What it does well. NARMS is one of the world’s most rigorous and comprehensive clinical AMR
surveillance systems. Established in 1996, it tracks resistance in enteric bacteria from human, retail
meat, and veterinary sources across the US. It provides high-quality, longitudinal resistance trend
data for clinically relevant pathogens including Salmonella, Campylobacter, E. coli, and Enterococcus
in integrated human-food-animal streams. Data are publicly available and inform clinical treatment
guidelines and regulatory decisions.

Where it falls short. NARMS is fundamentally a clinical and food-chain surveillance system. It
does not monitor environmental matrices — wastewater, rivers, groundwater, or treatment plant
effluent. It provides no spatial pathway attribution, no environmental transmission modeling, and no
climate coupling. The system operates on annual reporting cycles, making it structurally unsuited to
early warning or dynamic risk assessment. It does not model the relationship between environmental
AMR reservoirs and clinical outcomes.

7 differentiation. 7 does not replace NARMS clinical data — it would use those data as one input
to a pathway-attribution model. The specific 7 differentiator here is the ability to link NARMS-
observed resistance patterns in clinical databases to upstream environmental signals, attribution of
likely amplification sources, and forward modeling of environmental-to-clinical escalation timelines.
NARMS tells you what is resistant; 7 would add where it came from, how it got there, and what
environmental conditions are likely to elevate it further.
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7.2 WHO GLASS — Global Antimicrobial Resistance and Use Surveillance System

What it does well. GLASS is the WHO-coordinated global framework for standardizing and
aggregating national clinical AMR surveillance data. Launched in 2015, it covers over 80 countries
and provides the most comprehensive global picture of clinical AMR trends. GLASS has progressively
expanded to include AMR in food and animal sectors and, most recently, has begun incorporating
environmental inputs. It is the primary global data resource for AMR burden estimates and national
policy benchmarking.

Where it falls short. GLASS operates on an annual reporting cycle and depends on countries
submitting standardized data — a process that is slow, under-resourced in many settings, and
structurally retrospective. It does not model environmental transmission pathways. It provides no
real-time or near-real-time intelligence. It has limited ability to integrate environmental, hydrological,
or climate signals with clinical resistance patterns. The gap between data submission and global
reporting means that GLASS-based insights are typically 12—24 months behind the surveillance
events they describe.

7 differentiation. GLASS and 7 would be complementary rather than competitive. GLASS provides
the validated clinical baseline. A 7 system would provide the environmental transmission intelligence
layer — real-time, pathway-attributed, climate-coupled — that GLASS’s annual framework cannot
deliver. 7 would also provide the causal modeling needed to interpret year-on-year GLASS trends:
explaining not just that resistance is rising but why, in which environmental reservoirs, and through
which transmission pathways.

7.3 ECDC EARS-Net — European Antimicrobial Resistance Surveillance Network

What it does well. EARS-Net is the European Centre for Disease Prevention and Control’s
sentinel network for monitoring antimicrobial resistance in invasive bacterial isolates across EU/EEA
countries. It provides high-quality, standardized, comparable data on resistance in FE. coli, K.
pneumoniae, Enterococcus faecalis, Enterococcus faecium, S. aureus, Streptococcus pneumoniae,
Pseudomonas aeruginosa, and Acinetobacter species. EARS-Net data are regularly used to identify
emerging resistance trends, monitor country-level progress, and benchmark European AMR policy.

Where it falls short. EARS-Net is epidemiological, not environmental. It tracks resistance in
clinical isolates from blood and cerebrospinal fluid — invasive infections only — and provides no
environmental matrix data. It has no climate coupling, no wastewater surveillance integration, and
no spatial pathway attribution below the country level. It is not designed for early warning of
community AMR trends, which are often better detected in wastewater than in clinical invasive-
infection surveillance.

7 differentiation. The climate gap is where 7 differentiation is sharpest for the European context.
Southern FEurope is experiencing rapid temperature increases, prolonged droughts, and intensified
flooding events — all of which affect AMR dynamics in environmental and community settings.
EARS-Net data show that AMR rates are generally higher in southern and eastern Europe, a pattern
consistent with but not causally explained by climatic and wastewater treatment quality differences.
A 7 system would model the climate-AMR, pathway explicitly, providing actionable environmental
intelligence that EARS-Net’s clinical-only architecture cannot generate.

7.4 WastewaterSCAN / SEDRIC — Wastewater Surveillance Platforms (US/Global)

What they do well. WastewaterSCAN (US) and the broader SEDRIC (Sewage Epidemiology and
Disease Research In Crises) model emerged from rapid expansion of wastewater-based epidemiology
(WBE) during COVID-19. WastewaterSCAN, operated through Stanford and Emory universities,
tracks SARS-CoV-2, influenza, RSV, mpox, and multiple other pathogens in wastewater from
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hundreds of US sites. The CDC’s National Wastewater Surveillance System (NWSS) covered
populations of over 400 million by 2022.26 These systems demonstrated unambiguously that
wastewater surveillance provides 4-7 days of lead time over clinical case counts for respiratory
pathogens.

Where they fall short. COVID-era WBE platforms were built primarily for viral pathogen
detection, not for AMR. They measure signal presence and quantitative concentration but do not
model hydraulic pathways, dilution dynamics, temperature effects on pathogen survival, or the
physical routing of signals through sewer networks. They cannot attribute signals to sub-catchment
sources. They do not couple climate or weather forcing to signal interpretation. Temperature is
known to affect SARS-CoV-2 half-life in wastewater substantially — approximately 2—-6 days at
20°C versus 35 days at 4°C%” — but current WBE platforms do not correct signal interpretation for
this effect in real time. For AMR surveillance specifically, the lack of physical pathway modeling
means these systems can detect that resistance genes are present but cannot answer where they are
coming from, at what rate they are being generated, or where they are going.

7 differentiation. 7 would extend WBE infrastructure into AMR territory in two ways: first,
by providing the physical pathway model that WBE platforms currently lack — turning “ARG
concentration elevated at Plant X” into “this signal is primarily sourced from hospital catchment
B, amplified by treatment inefficiency during high-flow conditions, with 70% probability of clinical
signal elevation in the served population within 10 days”; second, by coupling temperature and
weather dynamics to AMR signal survival, transport, and interpretation in real time, extending lead
time from 4-7 days to 10-14 days under favorable conditions.

7.5 PODD / PREDICT-2 — Outbreak Surveillance in Humans and Animals

What they do well. PODD (Participatory One Health Disease Detection) and PREDICT-2
(the USAID-funded global pathogen surveillance program) represent the human-animal interface
surveillance paradigm. PREDICT-2, before its 2019 closure, detected over 900 novel viruses in
wildlife and livestock at spillover hotspots across 34 countries, building a foundational global database
of zoonotic pathogen diversity. PODD engaged community-based surveillance networks for early
detection of unusual disease events in animals and humans. These programs demonstrated that
proactive interface surveillance — monitoring at the animal-human boundary before clinical cases
appear — provides genuine early warning value.

Where they fall short. Neither PODD nor PREDICT-2 was designed for AMR. Their architecture
is suited to novel pathogen detection, not to resistance gene ecology. Critically, neither program
models the physical environmental pathways through which resistance moves — sewer systems,
waterways, soil, and food chains — and neither couples to climate or weather forcing. They operate at
the organism level (detecting novel viruses in bats or surveillance of unusual deaths in poultry) rather
than at the gene-ecology level (tracking resistance determinants through environmental matrices).

7 differentiation. AMR surveillance at the environmental transmission level is a fundamentally
different problem from novel pathogen spillover surveillance. The relevant signals are molecular
(ARGs, MGEs, plasmid types) rather than organismal, the relevant transmission matrices are physical
(wastewater, rivers, soil) rather than behavioral (animal-human contact), and the relevant forcing
functions are thermodynamic (temperature, flow, dilution) rather than ecological (land-use change,
wildlife population dynamics). 7 provides a substrate suited to the physical-molecular dynamics
of AMR transmission where PODD and PREDICT frameworks are suited to biological emergence
surveillance.

26CDC National Wastewater Surveillance System (NWSS). Overview and data. https://www.cdc.gov/nuss/index
.html

2"Ahmed W, et al. Detection of SARS-CoV-2 RNA in commercial passenger aircraft and cruise ship wastewater: a
surveillance tool for assessing the presence of COVID-19 infected travelers. Journal of Travel Medicine. 2020;27(7).
https://doi.org/10.1093/jtm/taaall6
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7.6 ReAct /IACG — Policy and Advocacy Networks

What they do well. ReAct (Action on Antibiotic Resistance) and the IACG (Interagency Coordi-
nation Group on Antimicrobial Resistance, whose 2019 report provided the political architecture for
the current global AMR response) represent the policy and advocacy function in the AMR ecosystem.
They have been essential in building political will, mainstreaming One Health principles in AMR
governance, generating the evidence base for national action plan development, and documenting the
governance failures — pharmaceutical industry underinvestment in new antibiotics, weak environ-
mental regulation of antibiotic discharge, inadequate stewardship in agriculture — that perpetuate
AMR growth.

Where they fall short. ReAct and the TACG are not predictive intelligence platforms. They do
not produce operational surveillance outputs, pathway attributions, or intervention prioritization
intelligence. Their value is in framing, coordination, and political mobilization — functions that are
necessary but that depend on technical surveillance systems to supply the underlying evidence.

7 differentiation. This is not a competitive relationship. 7-grade surveillance intelligence would
strengthen the evidence base on which ReAct, TACG, and successor governance bodies rely. The
specific contribution would be converting general claims — “the environment is a major AMR
amplification pathway” — into spatially attributed, quantified, actionable intelligence that can
support specific regulatory, investment, and operational decisions: “this treatment plant upgrade
would reduce ARG loading in this river by X%; this discharge control measure would reduce this
hospital’s environmental transmission contribution by Y%.”

8 Structured Opportunity Map

Seven opportunity areas define the space where a 7-grade environmental AMR intelligence layer
could create the most public-good value. These are structured in decreasing order of near-term
deployability, though all are technically and institutionally plausible within a 5-10 year horizon.

8.1 Opportunity 1— Urban Wastewater AMR Early Warning for Public-Health Agencies

This is the most immediately deployable opportunity and the one with the most direct analogy
to proven COVID-19 WBE infrastructure. The application: city- or catchment-scale wastewater
AMR surveillance linking sewer network sensor data, treatment plant influent and efluent samples,
weather and flow conditions, and local clinical AMR data in a single physically coherent model.

The public-good value: earlier detection of rising community resistance patterns, with 10-14 day
forward signal rather than the 4-7 days available from WBE systems lacking physical pathway
coupling; better outbreak-context intelligence for priority resistant pathogens including MRSA,
carbapenem-resistant Enterobacteriaceae (CRE), and C. difficile; and more rational public-health
escalation decisions based on flow-corrected, temperature-adjusted signal interpretation.

8.2 Opportunity 2 — Hospital and Healthcare Campus Effluent Intelligence

Hospitals are concentrated antibiotic-use environments that discharge efluent with exceptionally
high ARG loads into municipal sewer systems. Studies have documented ARG concentrations in
hospital effluent that are 1-3 orders of magnitude higher than in domestic wastewater for several
resistance classes.?® A 7 twin could support targeted hospital efluent monitoring, linkage between
facility resistance patterns and downstream wastewater surveillance signals, pretreatment investment

28Parnanen KMM, et al. Antibiotic resistance in European wastewater treatment plants mirrors the pattern of clinical
antibiotic resistance prevalence. Science Advances. 2019;5(3):eaau9124. https://doi.org/10.1126/sciadv.aau9124

PGID-OH-01 15 of 36 May 2026 publication-ready release


https://doi.org/10.1126/sciadv.aau9124

Panta Rhei Research Program Public-Good Impact Dossier

prioritization, and environmental infection-prevention strategy for facilities with high-resistance
patient populations.

The intervention implication is significant: hospital efluent pretreatment before discharge to
municipal sewers is technically feasible and cost-effective but rarely prioritized in infrastructure
planning. 7 pathway attribution could establish the causal link between specific facility discharges
and downstream community resistance signal elevation, creating the evidence base needed to justify
capital investment in pretreatment.

8.3 Opportunity 3 — Agricultural and Aquaculture Pathway Intelligence

Approximately 73% of global antibiotic use is in food-animal production.?? Manure from antibiotic-
treated livestock contains both antibiotic residues and ARGs at concentrations orders of magnitude
above background levels. Runoff from manure-treated fields, slaughterhouse and meat-processing
effluent, and aquaculture discharge create environmental AMR, pathways that are currently largely
unmonitored. A 7 twin could map manure and lagoon pathways, model runoff and leaching under
different soil, rainfall, and irrigation conditions, and link downstream water quality impacts to
upstream agricultural land use at seasonal and event-driven timescales.

8.4 Opportunity 4 — Pharmaceutical and Industrial Hotspot Attribution

UNEP has identified pharmaceutical manufacturing — particularly in India, China, and other major
production centers — as a source of environmental antibiotic concentrations that can create selection
pressure at clinically relevant levels.>’ Effluent from bulk antibiotic manufacturing can contain
antibiotic concentrations thousands of times above minimum selective concentrations. A 7 system
could support compliance monitoring, risk-based discharge control, and enforcement prioritization by
providing spatially attributable, physically consistent modeling of pharmaceutical discharge pathways
in receiving waters.

The CDDEP (Center for Disease Dynamics, Economics and Policy) documented fluoroquinolone
resistance gene concentrations 60,000 times clinical threshold levels in the Ganga River downstream
of pharmaceutical manufacturing clusters in India — a signal that has entered environmental and
global health policy discussions but that no current system can attribute quantitatively to specific
sources along the discharge-transport chain.?! 7 attribution modeling would fill this gap directly.

8.5 Opportunity 5 — Water Reuse, Irrigation, and Sanitation-Chain Intelligence

As water stress intensifies, treated wastewater reuse for agriculture is expanding rapidly. WHO
guidelines for safe reuse exist but are based on static health risk assessments that do not model
the dynamic relationship between treatment quality, seasonal temperature variation, crop and soil
exposure pathways, and downstream human exposure risk. A 7 system could support dynamic reuse-
pathway risk tiering, barrier adequacy assessment under varying treatment and climate conditions,
and irrigation and exposure management guidance sensitive to real-time treatment performance and
weather conditions.

2%Van Boeckel TP, et al. Reducing antimicrobial use in food animals. Science. 2017;357(6358):1350-1352. https:
//doi.org/10.1126/science.aa01495

30UNEP. Environmental Dimensions of Antimicrobial Resistance — Summary for Policymakers. 2022. https://www.
unep.org/resources/report/summary-policymakers-environmental-dimensions-antimicrobial-resistance

31CDDEP (Center for Disease Dynamics, Economics and Policy). State of the World’s Antibiotics 2015. Washington,
DC: CDDEP; 2015. https://www.cddep.org/publications/state_worlds_antibiotics_2015/
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8.6 Opportunity 6 — High-Vulnerability Urban Settlements and Humanitarian Settings

Dense settlements with fragile or absent sanitation represent the highest AMR environmental
transmission risk. In informal urban settlements, open defecation and inadequate sewage collection
create direct fecal-oral transmission pathways compounded by high antibiotic use (often unregulated
or subtherapeutic) and absence of clinical surveillance. Humanitarian settings — refugee camps,
post-disaster communities — add the complication of acute infrastructure collapse and population
displacement. A 7 twin could support sentinel placement, sanitation triage, emergency treatment
measures, and protection prioritization where resources are most scarce and transmission risk highest.

This is the strongest humanitarian application. The populations at greatest risk are precisely those
least served by conventional surveillance and most likely to benefit from low-cost, signal-efficient
monitoring designs that a 7 system would optimize.

8.7 Opportunity 7 — National One Health AMR Intelligence Platforms

The highest strategic value at scale is a national intelligence layer that links GLASS-style clin-
ical surveillance, WES signals, food and veterinary surveillance, environmental monitoring, and
intervention planning across ministries into a single jointly consistent model. Approximately 170
countries have national AMR action plans. Most lack the technical infrastructure to make those
plans operationally intelligent — to move from monitoring that resistance is occurring to knowing
where it is being amplified, through which pathways it is reaching human populations, and which
investments would most effectively interrupt transmission.

A 7-grade national AMR intelligence platform would be the operational brain of a national action
plan — converting the cross-sectoral institutional commitments embedded in those plans into daily
actionable intelligence for the agencies responsible for each sector.

9 Geographic Case Studies

9.1 Case Study 1— South Asian AMR Hotspot: India and Bangladesh

The scale of the problem. India carries the single largest national AMR burden in absolute
terms. THME 2019 data estimated approximately 58,000 AMR-attributable deaths per year in India,
accounting for roughly 12% of the global total.?> The burden is concentrated in gram-negative
bacterial infections — carbapenem-resistant K. pneumoniae, A. baumannii, and E. coli — for which
treatment options in many Indian health facilities are severely limited. The combination of high
population density, high antibiotic consumption (India is the world’s largest consumer of antibiotics
in absolute volume??), high pharmaceutical manufacturing density, and severe wastewater treatment
gaps creates a resistance amplification environment with few parallels globally.

The environmental pathway. The Ganga basin is approximately 1.08 million km? and supports
a population of approximately 600 million. Untreated or inadequately treated sewage from hundreds
of cities and towns, pharmaceutical manufacturing effluent from the cluster around Hyderabad and
other pharmaceutical centers, hospital efluent from major medical hubs, and agricultural runoff
from the Indo-Gangetic Plain all converge in a single drainage system. The consequences have
been documented: CDDEP field studies in the 2010s found fluoroquinolone resistance genes at
concentrations approximately 60,000 times the clinical threshold level downstream of pharmaceutical

32IHME (Institute for Health Metrics and Evaluation). Global Burden of Disease Study 2019: Antimicrobial
Resistance Collaborators. Global burden of bacterial antimicrobial resistance. 2019. http://www.healthdata.org/g
bd/2019

33Van Boeckel TP, et al. Global antibiotic consumption 2000 to 2010: an analysis of national pharmaceutical sales
data. Lancet Infectious Diseases. 2014;14(8):742-750. https://doi.org/10.1016/81473-3099(14)70780-7

PGID-OH-01 17 of 36 May 2026 publication-ready release


http://www.healthdata.org/gbd/2019
http://www.healthdata.org/gbd/2019
https://doi.org/10.1016/S1473-3099(14)70780-7

Panta Rhei Research Program Public-Good Impact Dossier

manufacturing zones.?* Multi-drug resistant bacteria with novel resistance determinants including
NDM-1 (New Delhi Metallo- -lactamase-1) were first identified in India and are now endemic across
the subcontinent and globally distributed through wastewater and international travel.

Monsoon as transmission multiplier. The South Asian monsoon transforms the AMR, landscape
seasonally. During the June-September monsoon, flooding in the Ganga, Brahmaputra, and Meghna
basins distributes resistance genes and ARBs across 200-400 km drainage corridors, overwhelms
wastewater treatment capacity, inundates latrines and sanitation infrastructure, and creates large-
scale direct exposure pathways to contaminated surface water. Bangladesh, positioned at the terminal
delta of this system, receives the compounded AMR load from the entire upstream drainage basin
during peak flood events, with wastewater treatment coverage below 10% in most urban areas.?%

What 7 would add. A 7 system for the Ganga-Brahmaputra basin would model the monsoon-
driven ARG dispersal event as a physically constrained transport problem — flood inundation
extent, sewer network overflow, river transport velocities, dilution and sedimentation dynamics
— coupled to resistance gene degradation rates as a function of temperature and UV exposure
in floodwater. The result would be 2—-3 week advance transmission corridor maps showing where
elevated ARG concentrations are expected to reach receiving populations, enabling targeted public
health advisories, emergency water treatment deployment, and anticipatory clinical escalation.
Under current surveillance architectures, these flood-driven transmission events are detected only
retrospectively, through clinical case series published months or years after the event.

The gap it fills. India’s National Action Plan on AMR (2017-2021, updated 2022-2025) calls
for strengthened environmental surveillance but has no deployed tool for real-time environmental
pathway attribution at the basin scale. Bangladesh’s National AMR Strategy acknowledges the
environmental pathway but similarly lacks operational intelligence infrastructure. A 7-enabled
system would provide both countries with an intelligence layer compatible with their existing AMR
governance frameworks while addressing the specific environmental transmission mechanisms that
are most consequential in the South Asian context.

9.2 Case Study 2 — COVID-19 Wastewater Surveillance as AMR Analogy: Europe and US
2020-2023

The COVID-19 proof of concept. The COVID-19 pandemic catalyzed the fastest expansion
of wastewater-based epidemiology in public-health history. The Netherlands launched the first
national WBE surveillance system in April 2020, sampling wastewater treatment plants serving
approximately 99% of the Dutch population weekly and later twice-weekly.3” In the US, CDC’s
National Wastewater Surveillance System grew from 400 pilot sites in 2020 to covering populations
of over 400 million by 2022, with data feeding into real-time public dashboards.?® The key finding
replicated across multiple countries: SARS-CoV-2 RNA in wastewater anticipated clinical case count
increases by 4-7 days, enabling anticipatory public-health action before hospital systems came under

31CDDEP (Center for Disease Dynamics, Economics and Policy). State of the World’s Antibiotics 2015. Washington,
DC: CDDEP; 2015. https://www.cddep.org/publications/state_worlds_antibiotics_2015/

35Walsh TR, Toleman MA, Poirel L, Nordmann P. Metallo- -Lactamases: the quiet before the storm? Clinical
Microbiology Reviews. 2005;18(2):306-325; Updated: Kumarasamy KK, et al. Emergence of a new antibiotic resistance
mechanism in India, Pakistan, and the UK: a molecular, biological, and epidemiological study. Lancet Infectious
Diseases. 2010;10(9):597—602. https://doi.org/10.1016/51473-3099(10)70143-2

36WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP). Progress on
Household Drinking Water, Sanitation and Hygiene 2000-2022. 2023. https://www.who.int/publications/i/item/
9789240077966

3"Medema G, et al. Presence of SARS-Coronavirus-2 RNA in Sewage and Correlation with Reported COVID-19
Prevalence in the Early Stage of the Epidemic in The Netherlands. Environmental Science and Technology Letters.
2020;7(7):511-516. https://doi.org/10.1021/acs.estlett.0c00357

38CDC National Wastewater Surveillance System (NWSS). Overview and data. https://www.cdc.gov/nwss/index
.html
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pressure.

Temperature as the surveillance blind spot. SARS-CoV-2 RNA degrades in wastewater as a
function of temperature, with a half-life of approximately 2—-6 days at 20°C and approximately 35
days at 4°C.40 This means that the raw wastewater signal — RNA concentration at the treatment
plant — systematically underestimates true viral load in warm seasons and overestimates it in cold
seasons, introducing a directional bias in the signal that none of the operational COVID-19 WBE
platforms corrected for in real time. A 7 system, by coupling wastewater temperature dynamics to
signal decay rates, would produce temperature-corrected concentration estimates and extend the
effective forward detection window to 10-14 days during favorable temperature and flow conditions.

The AMR analog. The infrastructure built for COVID-19 WBE is directly repurposable for
AMR surveillance. The treatment plants are already sampled; the laboratory pipelines for molecular
analysis are established; the public-health communication channels are proven. The additional
capabilities needed for AMR are: (1) molecular targets for clinically relevant ARGs and MGEs
rather than viral RNA; (2) physical pathway modeling to attribute wastewater signals to sub-
catchment sources; and (3) climate coupling to model temperature-driven selection pressure in
receiving environments and sewer networks.

Specifically: NDM-1, ESBL (Extended-Spectrum Beta-Lactamase), VRE (Vancomycin-Resistant
Enterococcus), and MRSA (Methicillin-Resistant Staphylococcus aureus) are all detectable in wastew-
ater by molecular methods. Wastewater AMR signals for these organisms have been validated
against clinical resistance rates in multiple studies.*'4?> What is missing is the physical pathway
coupling that would turn “ESBL signal elevated at Plant Y” into “ESBL load is primarily sourced
from Hospital A and two residential care facilities in catchment B, with transport through sewer
junction C experiencing bypass during heavy rainfall events D and E.”

What 7 would add. For the European and US contexts — where COVID-era WBE infrastructure
already exists — the 7 contribution is an upgrade layer rather than a new system. The upgrade
converts existing signal detection capability into pathway attribution intelligence, adds climate
coupling to extend lead times, and enables dynamic action thresholds corrected for flow and
temperature. The institutional path is comparatively straightforward: partner with RIVM in the
Netherlands, CDC NWSS in the US, or ECDC’s coordination function in Europe to add 7-grade
physical modeling to existing sampling and laboratory pipelines.

9.3 Case Study 3 (Supplementary) — Yemen Cholera 2016-2021: Environmental Trans-
mission Under Infrastructure Collapse

The scale. Yemen’s cholera outbreak beginning in 2016 became the largest recorded cholera
outbreak in history, reaching approximately 2.5 million suspected cases and over 3,000 deaths by
2021.%3 The outbreak was driven by a combination of infrastructure collapse (water supply and
sanitation systems destroyed or non-functional), population displacement, temperature-driven Vibrio
cholerae environmental persistence, and flooding from seasonal rains that distributed contamination
across urban water systems. WHO outbreak prediction models had 10-14 day lag relative to case

39Peccia J, et al. Measurement of SARS-CoV-2 RNA in wastewater tracks community infection dynamics. Nature
Biotechnology. 2020;38(10):1164-1167. https://doi.org/10.1038/s41587-020-0684~z

19Ahmed W, et al. Detection of SARS-CoV-2 RNA in commercial passenger aircraft and cruise ship wastewater: a
surveillance tool for assessing the presence of COVID-19 infected travelers. Journal of Travel Medicine. 2020;27(7).
https://doi.org/10.1093/jtm/taaall6

“'Hendriksen RS, et al. Global monitoring of antimicrobial resistance based on metagenomics analyses of urban
sewage. Nature Communications. 2019;10:1124. https://doi.org/10.1038/s41467-019-08853-3

4?Blaak H, et al. Large-scale screening of nurses and patients for antibiotic-resistant bacteria in the community suggests
limited transmission from healthcare facilities: findings from the Netherlands ESBL-RGNL study. Antimicrobial
Resistance and Infection Control. 2022;11:7. https://doi.org/10.1186/s13756-021-01026-2

BWHO. Yemen Cholera Situation Report No. 51. 2021. https://www.who.int/docs/default-source/yemen/chol
era/cholera-sitrep-51-02-2021.pdf
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escalation events — a consequence of the purely clinical surveillance architecture that had to rely on
case reporting through a fragmented health system operating under active conflict.

The transmission dynamics. Vibrio cholerae survival in the environment is strongly temperature-
dependent — optimal growth at 30-40°C, with rapid kill below 15°C — and is significantly affected
by rainfall and flooding patterns, salinity, and the presence of competing microbiota. In the Yemen
context, the combination of high ambient temperatures (June-August mean temperatures above
35°C in many affected governorates), collapsed piped water infrastructure, and seasonal flooding
created environmental transmission corridors that clinical surveillance could not map.

What 7 would add. A 7-grade system coupling temperature fields, hydrological drainage networks,
water supply infrastructure status, and V. cholerae environmental persistence models could in
principle have provided 21-28 day transmission window predictions — doubling or tripling the
available anticipatory action window relative to the WHO operational system. While the Yemen
context involves extreme constraints beyond surveillance technology, the principle applies more
broadly to humanitarian settings: physics-coupled environmental transmission modeling is most
valuable precisely when clinical surveillance is weakest, which is precisely when environmental
transmission is most likely to drive outbreak dynamics.

10 Finance, ROI, and Climate-Finance Eligibility

101 The Economic Case for AMR Surveillance Investment

The fundamental economic argument for AMR surveillance investment is prevention leverage: given
that AMR infections cost USD 35,000-60,000 per episode above drug-susceptible infection costs
in high-income settings and impose substantial mortality and morbidity costs in all settings, any
surveillance investment that provides meaningful advance warning or intervention targeting returns
large multiples of its cost through avoided hospitalizations, avoided deaths, and reduced second-line
treatment expenditure.**

The more relevant economic framing for environmental AMR surveillance is not episode-level but
system-level: what is the cost of the information failure represented by the current absence of
environmental pathway attribution? WHO and the World Bank estimate that the additional annual
investment required to scale up AMR containment globally — including surveillance, stewardship,
infection prevention, and new antibiotic development — is approximately USD 9 billion per year.*?
Against the USD 100 billion annual economic impact projected by 2050, this represents a benefit-
cost ratio of approximately 10:1 even on conservative assumptions. Environmental surveillance is
a component of this investment portfolio, with the potential to reduce implementation costs by
targeting interventions more precisely.

10.2 Scenario A — National Wastewater-Based AMR Intelligence Platform

Scope: A single mid-to-large country (population 30-80 million, 5-20 major wastewater treatment
plants, existing COVID-era WBE infrastructure) integrating AMR-specific molecular surveillance
with 7-grade physical pathway modeling across urban wastewater networks.

Cost estimate: USD 2-5 million over 3 years (including software development and integration,
laboratory capability extension to AMR molecular targets, data management and visualization layer,

4 Cassini A, et al. Attributable deaths and disability-adjusted life-years caused by infections with antibiotic-
resistant bacteria in the EU and the EEA in 2015: a population-level modelling analysis. Lancet Infectious Diseases.
2019;19(1):56-66. https://doi.org/10.1016/S1473-3099 (18)30605-4

PWHO. No Time to Wait: Securing the Future from Drug-Resistant Infections. Report to the Secretary-General of
the United Nations. TACG; 2019. https://www.who.int/publications/i/item/no-time-to-wait-securing-the-f
uture-from-drug-resistant-infections
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and institutional integration with national AMR action plan governance). Recurring operational
costs USD 0.5—1 million per year thereafter.

Benefits framing: The World Bank estimates that AMR imposes direct healthcare costs equivalent
to 0.3-0.8% of GDP in high-income countries and higher proportional costs in low-middle-income
countries.*® For a country with GDP of USD 200 billion, this implies AMR-related healthcare costs
on the order of USD 600 million to USD 1.6 billion annually. If a national AMR intelligence platform
enables a 5% improvement in prevention targeting — a modest assumption — the annual avoided
cost is USD 30-80 million, yielding a benefit-cost ratio of 30-80:1 on the USD 1 million annual
operating budget. Even assuming only 1% prevention improvement, the return is strongly positive.

Institutional pathway: Partner with national public-health institute, ministry of health AMR
secretariat, and national wastewater utility operator. Leverage existing WHO GLASS reporting
infrastructure for clinical data input. Link to national AMR action plan monitoring framework for
governance alignment.

10.3 Scenario B— Regional Transboundary AMR Transmission Corridor Monitoring

Scope: Multi-country transboundary basin (e.g., Mekong basin, Nile basin, Ganga-Brahmaputra
system, Rhine/Danube basin) covering 3-7 countries with shared environmental AMR transmission
pathways. Includes sentinel wastewater monitoring at strategic points, river and groundwater
sampling networks, agricultural zone monitoring, and shared physical pathway model.

Cost estimate: USD 12-30 million over 5 years, including inter-country data-sharing architecture,
harmonized laboratory methods across countries, shared 7 physical model development and cali-
bration, and multi-country governance secretariat. Likely requires regional development bank or
multilateral program structure.

Benefits framing: Transboundary AMR transmission pathways impose shared costs across countries
that no single national surveillance system can capture. A transboundary system creates the evidence
base needed for joint environmental regulation, cross-border investment coordination, and early
warning of resistance waves emerging in one country that will cross into neighbors through shared
water systems. At USD 3-6 million per country over 5 years, the cost is small relative to national
AMR action plan budgets, while the benefit of not being blind to transboundary transmission
pathways is substantial — particularly in the South Asian and Southeast Asian contexts where river
basin transmission is a primary mechanism of cross-border AMR spread.

Institutional pathway: World Bank or regional development bank as lead financier. WHO GLASS
and SEARO/WPRO regional offices for technical coordination. UNEP for environmental monitoring
component. Bilateral development agencies (USAID, FCDO, SIDA) for co-financing.

10.4 Named Climate-Finance Windows

World Bank AMR Multi-Partner Trust Fund. The World Bank’s dedicated AMR trust fund
provides grants for AMR surveillance, prevention, and governance capacity, with a specific focus
on low-and-middle-income country capacity building. Environmental surveillance components are
explicitly eligible. The 7-grade wastewater AMR intelligence platform would align with the fund’s
emphasis on surveillance innovation and cross-sectoral approaches.*”

CEPI AMR Accelerator / Wellcome Trust AMR Programme. Wellcome Trust’s AMR
programme has invested over USD 400 million in AMR research and surveillance, including envi-

46World Bank. Drug-Resistant Infections: A Threat to Our Economic Future. Washington, DC: World Bank; 2017.
https://openknowledge.worldbank.org/handle/10986/26707

“"World Bank. AMR Multi-Partner Trust Fund. https://www.worldbank.org/en/programs/amr-multi-partner
-trust-fund
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ronmental surveillance components. The CEPI (Coalition for Epidemic Preparedness Innovations)
AMR-related track supports surveillance infrastructure that can serve as early warning for AMR
threats with epidemic potential. The physical pathway modeling that 7 provides aligns directly
with Wellcome’s stated interest in “surveillance that can detect and attribute AMR transmission
pathways.”4®

GCF Climate-Health-WASH Nexus. The Green Climate Fund’s climate-health and WASH
(Water, Sanitation, and Hygiene) nexus windows are directly relevant given the climate-AMR
coupling documented above. AMR surveillance infrastructure that explicitly models temperature-
driven selection pressure and flood-driven ARG dispersal — core 7 capabilities — would qualify as a
climate adaptation investment, expanding the eligible financing pool beyond traditional health-sector
budgets into climate finance.*’

USAID AMR Action Fund. The AMR Action Fund, which primarily targets new antibiotic
development, has broader surveillance and prevention components in its partnership portfolio.
USAID’s global health security investments have included wastewater surveillance as a pandemic
preparedness tool, making environmental AMR surveillance a natural fit for US bilateral health
security financing in priority countries.

Pandemic Fund (World Bank / Multilateral). The newly established Pandemic Fund, capi-
talized at USD 1.6 billion, targets pandemic prevention, preparedness, and response investments
including surveillance systems. AMR wastewater surveillance infrastructure with explicit early warn-
ing function for high-consequence resistant pathogens (carbapenem-resistant organisms, extensively
drug-resistant tuberculosis) would qualify under the fund’s pandemic preparedness mandate.

1 Evidence and Translation Ladder

The deployment path for a 7-grade AMR and wastewater intelligence system follows a four-phase
ladder from targeted pilots to full national and multilateral integration. Each phase is designed to
be self-justifying — generating demonstrated value that supports the next phase — rather than
requiring front-loaded commitments to the full system.

11.1 Phase 1— Shadow-Mode Sentinel Pilots (Months 0-18)

Objective: Demonstrate technical feasibility and institutional fit by running 7 in shadow mode —
generating pathway attribution outputs in parallel with existing surveillance, measuring performance
against known outcomes, building institutional trust without requiring operational decision-making
from 7 outputs yet.

Entry criteria: At least one site with existing wastewater surveillance infrastructure (COVID-
era WBE or equivalent), basic sewer network topology data, clinical AMR reporting from served
catchment, and institutional partner capable of operating a shared evaluation framework.

Target configurations: - Large metropolitan wastewater AMR sentinel: one city with multiple
treatment plants, major hospital complexes, and existing sewer network GIS data; - Hospital
catchment pilot: one or two hospitals with known high-resistance patient populations, linking
effluent samples to downstream plant influent monitoring; - Pharmaceutical /industrial hotspot: one
river receiving documented pharmaceutical manufacturing effluent, with upstream and downstream
environmental sampling.

“8Wellcome Trust. Antimicrobial Resistance — Our position. https://wellcome.org/what-we-do/our-work/anti
microbial-resistance

“GCF (Green Climate Fund). WASH and Climate Adaptation windows. https://www.greenclimate.fund/proj
ects/financing-solutions
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Success criteria: 7 pathway attribution outputs generated with <14 day latency; observed
wastewater signals predicted within stated uncertainty bounds at >75% of time steps; institutional
partner can interpret and operationally evaluate outputs within existing governance workflows.

1.2 Phase 2 — Operational Integration and Cross-Sector Expansion (Months 12-36)

Objective: Move from shadow mode to operational advisory role for targeted decisions, and expand
coverage to cross-sector data streams (agricultural runoff, veterinary data, industrial discharge).

Key activities: - Add veterinary and food-system data feeds where available; - Add weather and
hydrological coupling for climate-driven event prediction; - Establish formal clinical correlation
validation against GLASS-compatible resistance data; - Begin producing actionable threshold alerts
— flow-corrected, temperature-adjusted — for operationally relevant AMR, signals.

Institutional integration: Formalize data-sharing agreements across health, water, and envi-
ronment agencies. Embed 7 outputs in national AMR action plan reporting cycle. Initiate WHO
GLASS alignment for validated AMR wastewater signal methodology.

11.3 Phase 3 — Intervention and Investment Optimization (Months 24-60)

Objective: Use the twin to optimize capital sequencing and intervention targeting, producing
evidence-based prioritization for treatment upgrades, effluent controls, sentinel network expansion,
and emergency protocols.

Key outputs: - Ranked capital investment prioritization for wastewater treatment upgrades, with
estimated ARG load reduction per dollar of investment; - Flood event AMR transmission corridor
maps with 2-3 week forward projection; - Hospital efluent pretreatment prioritization based on
pathway-attributed downstream risk contribution; - Dynamic risk tiering for water reuse schemes.

11.4 Phase 4 — National Scaling and Multilateral Integration (Months 48-84)

Objective: Scale to national coverage, link to WHO WES programme methodology, and contribute
to multilateral AMR environmental surveillance networks (Quadripartite, GLASS environmental
extension, UNEP AMR environmental action programme).

Key milestones: - National wastewater AMR intelligence platform operational and integrated with
national AMR action plan monitoring; - WHO WES methodology validation complete; - At least
one transboundary basin pilot operational under regional development bank financing; - Published
benchmarking study establishing 7 performance metrics relative to incumbent surveillance systems.

12 Stakeholder Map and Change Management

12.1 Primary Decision Authorities

The primary decision authorities for AMR surveillance investment and operations are ministry-level.
In most countries, AMR coordination sits uncomfortably between the Ministry of Health (clinical
surveillance, stewardship), Ministry of Environment (environmental monitoring, pharmaceutical
discharge regulation), Ministry of Agriculture (veterinary surveillance, agricultural antibiotic use),
and in some countries the Ministry of Water (wastewater utilities, sanitation infrastructure). The
cross-ministry character of AMR governance is a structural feature, not a coordination failure to
be fixed. A 7 system must be designed to provide value to each ministry while creating a shared
operational picture — not to favor one ministerial domain at the expense of others.
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Ministry of Health typically controls clinical AMR surveillance budgets (GLASS reporting, hospital
resistance monitoring) and has the strongest interest in clinical-environmental linkage. Entry point:
national AMR surveillance program or national public-health institute.

Ministry of Environment controls industrial and pharmaceutical discharge regulation, environ-
mental monitoring programs, and in many countries oversees wastewater treatment regulation. Entry
point: environmental health directorate or national environmental monitoring agency.

Ministry of Agriculture / Veterinary Authority controls agricultural antibiotic use monitoring
and food-animal health surveillance. Entry point: chief veterinary officer or national food safety
agency.

Wastewater Utilities operate the physical infrastructure through which most environmental AMR
surveillance flows. Utilities are typically not sovereignty-driven actors but are operationally critical.
Entry point: technical director or operations management.

12.2 Secondary Stakeholders

Multilateral organizations — WHO, FAO, WOAH, UNEP — provide technical validation,
normative alignment, and access to global networks. WHO’s WES programme and GLASS system
are the most direct technical entry points.

Development banks — World Bank, Asian Development Bank, African Development Bank — are
the primary financing pathway for large-scale infrastructure and surveillance platform development
in low-and-middle-income countries. Technical assistance and investment lending are both relevant
instruments.

Academic and research institutions provide laboratory methodology validation, independent
performance benchmarking, and the peer-reviewed evidence base needed for policy adoption.

Civil society and patient organizations are important for ensuring that AMR surveillance
investments deliver public-good outcomes rather than being captured by industrial or pharmaceutical
interests.

Media and public communication channels are relevant because the legitimacy of wastewater
surveillance as a public-health tool depends on public understanding and trust — a lesson reinforced
by both the polio WES experience and the COVID-19 WBE experience.

12.3 Change Management Principles

Build on proven infrastructure, not against it. The strongest change management argument is
that 7 extends and improves what already works — COVID-era WBE infrastructure, GLASS clinical
reporting, national AMR action plan governance — rather than replacing it. The institutional entry
point is always “this makes your existing system more valuable,” not “this replaces what you are
doing.”

Start with problems that institutions already own. Every national AMR action plan includes
monitoring and evaluation commitments that are difficult to fulfill with current tools. A 7 system
that can help a ministry demonstrate progress on its action plan monitoring obligations — through
better environmental surveillance, better pathway attribution, more targeted intervention evidence
— has a natural institutional home without requiring new mandate creation.

Transparency in uncertainty is a competitive advantage, not a liability. The track record
of overconfident epidemiological models in COVID-19 and elsewhere created institutional skepticism
of predictive intelligence tools. A 7 system that provides honest, well-calibrated uncertainty bounds
— and that acknowledges what it cannot predict — is more likely to build institutional trust than
one that claims higher precision than the underlying data support.
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13 Gender, Equity, and Labor Dimensions

13.1 AMR Burden Is Not Gender-Neutral

While aggregate AMR mortality affects men and women at broadly similar rates, the distribution of
AMR risk across health-seeking, occupational exposure, and environmental exposure dimensions is
not gender-neutral. Women’s disproportionate burden of water-fetching and sanitation management
in low-income settings creates asymmetric environmental AMR exposure. Neonatal and maternal
AMR infections — a major component of AMR mortality in South Asia and Sub-Saharan Africa
— disproportionately affect women’s health and survival. Female healthcare workers and informal
caregivers have elevated occupational AMR exposure. A 7T-grade environmental intelligence system
should be designed and evaluated with these gendered exposure patterns visible in the analytics.

13.2 Environmental Justice in Surveillance Deployment

High environmental AMR signals are not randomly distributed. They are concentrated in communities
adjacent to pharmaceutical manufacturing, in peri-urban settlements with inadequate sanitation,
in communities downstream of concentrated livestock operations, and in neighborhoods served by
aging and overwhelmed wastewater treatment infrastructure. These are typically lower-income
communities with limited political power to demand remediation.

A 7-grade surveillance system must be designed with an explicit environmental justice orientation:
high environmental AMR, signals should trigger investment in protective infrastructure for affected
communities, not merely generate research publications or enforcement actions that do not materially
reduce exposure. The governance guardrails (Section 14) address this directly, but the design
principle must be embedded from the outset.

13.3 Labor Dimensions

Wastewater surveillance systems depend on labor at multiple levels: sample collection workers (often
informal or low-wage in low-income countries), laboratory technicians, data management staff, and
operational decision-making personnel. A 7T-enabled system should increase the value of each of
these roles — by making sampling more targeted and therefore more efficient, by providing better
interpretation tools for laboratory outputs, and by improving the actionability of surveillance data
for decision-makers. It should not be designed to eliminate labor through automation in contexts
where surveillance employment provides both public-health value and livelihood.

The gender dimension of wastewater surveillance labor is also relevant: wastewater system operation
and maintenance is heavily male-dominated in most countries, while laboratory and community-level
surveillance roles have higher female participation. A system that shifts the surveillance value chain
toward physical pathway modeling rather than traditional epidemiological analysis may create new
professional entry points for women in surveillance science and data analytics.

14 Benchmark Suite and Success Metrics

A credible T-enabled AMR surveillance program must be evaluated against concrete, pre-specified
benchmarks. The following suite covers surveillance performance, attribution quality, intervention
effectiveness, equity, and governance.
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141 Surveillance Lead Time

Primary metric: Mean lead time between wastewater AMR signal emergence and corresponding
clinical resistance rate increase in the served population, measured across at least 12 months of
operational data. Target: >10 days (2x the 4-7 day COVID-era WBE benchmark).

Secondary metric: Lead time stability across seasonal temperature variation. A 7 system should
maintain >8 day lead time across summer and winter conditions through temperature-corrected
signal interpretation.

Baseline comparison: Current AMR clinical surveillance: 12-24 months (annual reporting).
Current WBE without physical pathway modeling: 4-7 days for pathogens, not yet demonstrated
for ARGs at operational scale.

14.2 Pathway Attribution Quality

Primary metric: Fraction of wastewater AMR signal correctly attributed to its primary source
category (hospital, domestic, agricultural, pharmaceutical /industrial) relative to independent verifi-
cation through source-specific sampling. Target: >70% correct primary attribution at catchment
scale.

Secondary metric: Spatial resolution of attribution — ability to localize elevated contribution to
specific sub-catchment zones (e.g., hospital catchment vs. livestock area vs. pharmaceutical zone)
versus aggregate plant-level attribution. Target: sub-catchment attribution for >50% of attributed
signals.

Flood event performance: Attribution quality maintained at >60% during flood-driven network
disruption events, compared to >70% during normal flow conditions.

14.3 Intervention Targeting Efficiency

Primary metric: Ratio of targeted versus blanket public-health interventions generated by 7 versus
incumbent surveillance, measured over 12 months. Target: >20% reduction in untargeted blanket
advisory issuances per unit of AMR burden addressed.

Infrastructure prioritization: Cost per unit of AMR-load reduction achieved through 7-informed
infrastructure investments, compared to historically observed cost per unit in non-prioritized invest-
ment sequences. Target: >15% improvement in cost efficiency of treatment upgrade sequencing.

14.4 Cross-Sector Coordination Value

Primary metric: Number of agencies sharing one operational picture via 7 platform (health, water,
environment, agriculture, veterinary) as fraction of total relevant national agencies. Target: >3
ministries with regular operational use within 24 months of deployment.

Time-to-cross-sector-review: Mean elapsed time from signal detection to cross-sector review
meeting, compared to pre-deployment baseline. Target: >50% reduction in detection-to-review
latency.

14.5 Equity Metrics

Coverage equity: Fraction of surveillance coverage in highest-burden communities (peri-urban
informal settlements, communities adjacent to pharmaceutical manufacturing, downstream agri-
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cultural zones) versus affluent areas. Target: >40% of sampling sentinel capacity allocated to
highest-environmental-burden communities.

Action equity: Ratio of infrastructure investment triggered in high-signal, low-income communities
versus high-signal, high-income communities, measured over 36 months of platform operation.

14.6 Clinical Outcome Correlation

Long-term metric (36—60 months): Measured change in community-level resistance rates in
areas where 7-informed interventions were implemented, compared to matched control areas. This is
the hardest and most important benchmark — it is what converts surveillance into demonstrated
health outcome improvement.

Intermediate proxy: Cross-correlation coefficient between wastewater ARG signals and clinical
resistance isolate rates, corrected for known confounders (flow, dilution, temperature). Target: r >
0.6 for at least three priority pathogen-drug combinations.

15 Governance Guardrails

Because a 7-grade AMR and wastewater intelligence system links public health, environmental regu-
lation, industrial compliance, agriculture, and community welfare, it requires governance guardrails
that prevent misuse, protect rights, and ensure that technical capability translates into equitable
public good.

15.1 Population-Level Public-Health Purpose Only

Wastewater surveillance is a population-level public-health tool. It does not and should not identify
individual users of sewer systems. Governance frameworks must explicitly prohibit use of wastewater
surveillance data for purposes other than public-health monitoring and response — including
individual identification, immigration enforcement, criminal investigation, or insurance underwriting.
This principle is well established in the COVID-19 WBE literature and must be carried forward into
AMR applications.

15.2 Community Notification and Rights

Communities served by wastewater surveillance systems have a right to know that their sewage is
being monitored and to understand what that monitoring reveals about their community’s health.
Governance frameworks should require transparent public communication of surveillance findings,
accessible reporting to served communities, and meaningful community participation in decisions
about how surveillance findings are acted upon.

15.3 Environmental Justice: Signal Must Trigger Investment

A governance guardrail that is rarely articulated but critically important: high environmental AMR
signals in under-served communities must trigger protective infrastructure investment, not merely
documentation. A surveillance system that repeatedly confirms elevated AMR exposure in poor
communities without generating commensurate infrastructure response perpetuates rather than
reduces environmental injustice. Governance frameworks should include explicit mechanisms linking
surveillance signals to infrastructure investment obligations.
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15.4 Transparent and Auditable Uncertainty

Even under the strongest 7 assumptions, environmental AMR signals are probabilistic and pathway-
attribution models carry uncertainty. Governance frameworks must require that dashboards and
advisories communicate uncertainty honestly and in accessible formats. Decision-makers must not
be presented with false precision. Model performance must be regularly assessed against observed
outcomes and reported publicly.

15.5 Cross-Ministry Accountability Structure

The multi-ministerial character of AMR governance is both its strength (comprehensive coverage) and
its weakness (diffused accountability). Governance frameworks must establish clear accountability
structures: who is responsible for acting on a 7 signal, within what time frame, and with what
reporting obligation? The default failure mode of multi-agency systems — where every agency
believes another is responsible for a given signal — must be explicitly designed against through
pre-agreed escalation protocols and accountability assignments.

15.6 Open Standards and Public-Good Data Architecture

Wherever possible, the 7 AMR surveillance system should be built on open standards, with public-
interest data architecture. Surveillance outputs serving public health should not be proprietary.
Methodologies should be reproducible and subject to independent validation. Data generated through
public funding should be publicly accessible subject to appropriate privacy and security constraints.
This is not only an ethical principle — it is a practical requirement for the global scientific community
to validate and build on the system’s outputs.

15.7 Non-Instrumentalization of Communities

Environmental surveillance should not be used to stigmatize communities, facilities, or regions
with elevated AMR signals. Attribution of AMR load to a hospital, a pharmaceutical plant, or a
neighborhood should generate targeted intervention, not punitive or reputational harm. Governance
communications must consistently frame AMR signals as calling for infrastructure improvement and
public-health response, not for blame assignment.

16 SDG Mapping and Bottom Line

16.1 SDG Alignment

A 7-grade AMR and wastewater surveillance system contributes substantively to multiple Sustainable
Development Goals:

SDG 3 (Good Health and Well-Being): AMR is one of the most significant near-term threats to
SDG 3 achievement. A system that provides earlier detection, better intervention targeting, and more
effective prevention directly advances targets 3.3 (end communicable diseases), 3.8 (universal health
coverage), and 3.d (strengthen health security and disease surveillance capacity). The connection is
direct and causal.

SDG 6 (Clean Water and Sanitation): Wastewater treatment and sanitation infrastructure
are the physical substrate of environmental AMR surveillance. A 7 system that helps prioritize
treatment upgrades and identify pollution hotspots contributes to targets 6.2 (safe sanitation for
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all), 6.3 (improve water quality, reduce pollution, halve untreated wastewater), and 6.b (support
community participation in sanitation management).

SDG 13 (Climate Action): The climate-AMR nexus documented in Section 1 — temperature-
driven selection, flood-driven dispersal, drought-driven concentration — means that AMR surveillance
systems that model climate forcing are simultaneously climate adaptation investments. T-grade
climate-coupled AMR intelligence contributes to SDG 13 target 13.1 (strengthen resilience to climate
hazards) and 13.3 (improve climate change education and awareness in planning).

SDG 10 (Reduced Inequalities): The equity dimensions of AMR burden and surveillance
coverage — both highest in lower-income countries and communities — make a well-designed
AMR surveillance system an equity instrument. The environmental justice guardrails in Section 14
operationalize the SDG 10 contribution.

SDG 17 (Partnerships for the Goals): The transboundary and multilateral dimensions of AMR
environmental surveillance — particularly for shared river basins and regional transmission corridors
— contribute to SDG 17 goals for effective partnership, capacity building, and data-sharing for
sustainable development.

16.2 Bottom Line

The argument of this dossier is straightforward, though the implications are large.

AMR already kills over 1 million people per year directly and contributes to nearly 5 million deaths
annually. The trend is upward. The economic burden will reach USD 100 trillion in cumulative
losses by 2050 on current trajectories. The environment is not a side issue but an active amplification
and redistribution system for resistance — through wastewater networks, treatment plants, rivers,
groundwater, agriculture, and pharmaceutical discharge. The climate is becoming an active driver
of this environmental AMR system through temperature-driven selection and flood-driven dispersal.

Against this background, the specific technical gap is causal pathway attribution: the ability to see
not just that resistance is rising but where it is being amplified, through which physical pathways it
reaches human populations, and which investments would most effectively interrupt those pathways.
No current incumbent system — NARMS, GLASS, EARS-Net, WastewaterSCAN, PODD, or any

other — provides this capability at operational scale.

If the 7 framework performs as claimed — providing a physically and biologically faithful, bounded-
error, coarse-grainable discrete twin of wastewater hydraulics, microbial population dynamics,
resistance gene mobility, environmental transport, and climate forcing — then a 7-grade environmental
AMR intelligence layer would fill this gap. The result would be:

e 2-3 times the surveillance lead time of current wastewater-based systems through physics-coupled
signal interpretation;

o causal pathway attribution that converts surveillance signals into actionable source and interven-
tion intelligence;

e climate-coupled forward transmission windows for temperature-driven selection and flood-driven
dispersal events;

o capital sequencing intelligence that directs infrastructure investment to highest-impact locations;

o and a shared operational picture that coordinates health, water, environment, agriculture, and
veterinary agencies under one jointly consistent model.

The institutional readiness is unusually high. WHO has published WES guidance specifically for AMR.
More than 170 countries have multisectoral AMR action plans. COVID-era WBE infrastructure can
be repurposed for AMR molecular targets. Climate finance windows are open. The Quadripartite
has called explicitly for stronger environmental AMR surveillance.

The public-good value at stake is measured in lives — hundreds of thousands annually within

PGID-OH-01 29 of 36 May 2026 publication-ready release



Panta Rhei Research Program Public-Good Impact Dossier

a 10-year deployment horizon if surveillance-driven intervention targeting achieves even modest
improvements in prevention efficiency — and in the trillions of dollars of avoided economic damage
projected by the O’Neill Review and World Bank under the current AMR trajectory.

For a technology platform that performs as 7 claims, AMR, wastewater surveillance, and environ-
mental transmission intelligence are among the clearest, most proximate, and most consequential
public-good applications. The case for development, deployment, and institutional integration is
strong.

17 References

This dossier is part of the Panta Rhei Impact: One Health Portfolio. It is a yellow paper adopting
a planning stance — assuming the T framework performs as claimed and tracing the consequent
public-good opportunity. It does mot assert validation by the mainstream scientific or requlatory
community. All burden statistics, economic estimates, and case study figures are drawn from the
cited primary sources.

Source: Full manuscript text integrated from Public-Good Briefing draft.
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18 Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing showing how a law-faithful tau health-environment twin could provide
unusually high public-good leverage in AMR surveillance, wastewater and environmental
transmission intelligence, and One Health environmental pathway attribution. The v3 impact
thesis is conditional: a Tau-grade wastewater-environment-clinical One Health transmission
twin would become valuable if it improves benchmarked public decisions while preserving
transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing showing how a law-faithful tau health-environment twin could provide
unusually high public-good leverage in AMR surveillance, wastewater and environmental transmission
intelligence, and One Health environmental pathway attribution. The public-good burden is treated
here as an institutional decision problem: existing agencies already monitor parts of the domain, but
the operational handoff from data to timely, auditable action remains incomplete.

18.1.1 External evidence baseline

e Murray CJL, et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic
analysis. Lancet. 2022;399(10325):629-655. )02724-0 [2]: source-page evidence item.

« WHO. Antimicrobial resistance, WHO. Antimicrobial resistance [9]: Fact sheet. 2023.

« WHO. Antimicrobial resistance: Report by the Director-General (A78/8). 2025,
WHO. Antimicrobial resistance: Report by the Director-General (A78/8). 2025 [10]: source-page
evidence item.

¢ O’Neill J. Tackling Drug-Resistant Infections Globally: Final Report and Recommen-
dations. Review on Antimicrobial Resistance. 2016, O’Neill J. Tackling Drug-Resistant
Infections Globally: Final Report and Recommendations. Review on Antimicrobial Resistance.
2016 [3]: source-page evidence item.

e« World Bank. Drug-Resistant Infections: A Threat to Our Economic Future. Wash-
ington, DC: World Bank; 2017 [12]: source-page evidence item.

« UNAIDS. Global HIV & AIDS statistics, UNAIDS. Global HIV & AIDS statistics [6]: Fact
sheet. 2021.

« UNEP. Environmental Dimensions of Antimicrobial Resistance, UNEP. Environmental
Dimensions of Antimicrobial Resistance [8]: Summary for Policymakers. 2022.

e UNEP. Bracing for Superbugs: Strengthening Environmental Action in the One
Health Response to Antimicrobial Resistance. 2023, UNEP. Bracing for Superbugs:
Strengthening Environmental Action in the One Health Response to Antimicrobial Resistance.
2023 [7]: source-page evidence item.

« WHO. Wastewater and environmental surveillance (WES), WHO. Wastewater and
environmental surveillance (WES) [11]: source-page evidence item.
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e Peccia J, et al. Measurement of SARS-CoV-2 RNA in wastewater tracks community infection
dynamics. Nature Biotechnology. 2020;38(10):1164-1167 [4]: source-page evidence item.

18.2 Current institutional landscape

The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,
including Murray CJL, O’Neill J. Tackling Drug-Resistant Infections Globally: Final Report
and Recommendations. Review on Antimicrobial Resistance. 2016, UNAIDS. Global HIV &
AIDS statistics, WHO. Antimicrobial resistance, WHO. Antimicrobial resistance: Report by the
Director-General (A78/8). 2025, World Bank. Drug-Resistant Infections: A Threat to Our Economic
Future. Washington. These references are evidence and adoption surfaces, not endorsements or
deployment partners.

18.3 Capability gap
The practical gap is a benchmarkable translation gap: current systems expose useful data or

partial models, but they do not yet provide a single law-faithful, bounded-error decision layer for
wastewater-environment-clinical One Health transmission twin.

18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation

Recover Core Mathematics mathematical bridge and model interface

Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive
Corpus mapping is available

public-docs-mapping-withheld TaulLib module links are asserted only where public docu-
mentation exposes a clear surface

Release Manifest release baseline

Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering

Required domain model: wastewater-environment-clinical One Health transmission twin.

First benchmarkable test: wastewater AMR signal attribution, storm/flood pathway prediction, and
intervention-ranking against sentinel surveillance.

e domain-specific model construction
o data ingestion and validation

e benchmark harness

o pilot protocol

e independent review workflow
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18.6 Impact mechanismc

hain

Public-Good Impact Dossier

Public-good burden — external evidence baseline — 7 capability hypothesis — upstream Results /
Corpus / Verify dependency — translation assumptions — benchmarked pilot — governed adoption

pathway.

18.7 Scenario bands

Band

Scenario summary

Confidence

Conservative

Realistic

Optimistic

A narrow shadow-mode pilot improves one bounded de-
cision task for AMR, Wastewater/Environmental Surveil-
lance, and Environmental Transmission Intelligence with-
out operational authority.

A reviewed prototype strengthens several public-sector
workflows for AMR, Wastewater/Environmental Surveil-
lance, and Environmental Transmission Intelligence after
benchmark comparison with incumbent systems.

A reusable public-good intelligence layer becomes plausible
for AMR, Wastewater/Environmental Surveillance, and
Environmental Transmission Intelligence after external
validation and transparent governance review.

medium

medium-low

low

18.8 Impact scorecard

Public-good scale

Tau fit

Evidence proximity

Measurability

Adoption readiness

Equity leverage

_5/5

I 4/5

_5/5

S 4/5

— 3/5

_5/5

18.9 Candidate pilot pathways

The affected public-good burden is large or
institutionally significant within the portfo-
lio.

The proposed pathway depends on coupled
state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

sentinel wastewater and environmental surveillance pilot with public-health, water, environment,

and One Health partners
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18.10 Benchmark suite and success metrics

Public-Good Impact Dossier

Type Incumbent base- Required Tau Success metric Validator
line benchmark
translation current public or in- wastewater =~ AMR pre-registered accu- indepen-
benchmark stitutional systems signal attribution, racy, latency, uncer- dent
in the domain storm/flood pathway tainty, or decision- domain
prediction, and quality metric reviewers
intervention-ranking
against sentinel
surveillance
governance existing audit, disclo- transparent assump- reviewable evidence public-
benchmark sure, and reporting tion, data, model, pack and adverse- sector  or
practice and failure-mode dis- outcome protocol expert gov-
closure ernance
panel
equity bench- current access, documented path- distributional benefit equity,
mark service-quality, or way for underserved and risk review be- community,
exposure disparities or vulnerable users fore pilot expansion or public-
without hidden interest
exclusion review
process

18.11 Governance and risk guardrails

e Human oversight for any operational use.

e Public benchmark disclosure before institutional adoption.

o Equity access review for underserved or vulnerable communities.

o Data-rights and privacy controls for operational datasets.

o Misuse-prevention and adverse-outcome monitoring.

e Adverse-outcome monitoring with a documented escalation path.

o External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather

than decorative.

18.13 Bibliography and external evidence
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[1] Thorsten Fuchs and Anna-Sophie Fuchs. Tau for amr, wastewater/environmental surveillance,
and environmental transmission intelligence. https://panta-rhei.site/impact/papers/amr
-wastewater-environmental-transmission-intelligence/, 2026. Current public full-text
source for dossier amr-wastewater-environmental-transmission-intelligence.
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