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Abstract
Population-level Analysis of Public Health Surveillance and Global

Progress to Estimate the Burden of Antimicrobial Resistance

By Michael P Kozuch

Purpose: Gaps remain in our ability to understand and quantify the scope of
antimicrobial resistance (AMR). To assess the intersection between public health
surveillance (PHS) and the global burden of disease associated with AMR, data were
examined to capture the unique context within each country reporting to the Global
Antimicrobial Resistance Surveillance System (GLASS). This investigation addressed
whether two priority pathogens, K. pneumonia and E. coli, with demonstrated resistance
in humans, animals, and the environment, exerted detectable effects at the national
level.

Methods: Data in this ecological study were obtained using multiple, publicly available
datasets from 2018. Countries were grouped by Human Development Index (HDI).
Burden was measured using disability adjusted life years (DALY's) occurring from all
causes. Questions from the Tripartite Antimicrobial Resistance Country Self-
Assessment Survey capturing multi-sectoral approaches and country progress on
national action plans (NAPs) on AMR were dichotomized in the analysis. Resistance
profiles for K. pneumoniae and E. coli were calculated using the mean proportion of
resistant antimicrobial susceptibility testing (AST) results by antibiotic-pathogen pair.
Linear regression models were used to examine the relationship between markers of
AMR and country-level disability burden.

Results: Data were available from 52 countries reporting to GLASS: 13 (25%) had low
or medium HDI, 10 (19%) had high HDI, and 29 (56%) had very high HDI. The
regression for Model 1 of 4 showed a significant positive association between the
proportion of resistant K. pneumoniae ASTs and the rate of all-cause DALY's per
100,000 populations (B = 154.9; 95% CI: 30.6, 279.1). Reductions in burden were
observed in countries reporting multisectoral AMR working groups (8 =-10731.0; 95%
Cl: -17263.1, -4198.9) or with developed NAPs on AMR (B = -6292.1; 95% CI: -11832.7,
-751.5).

Conclusion: The proportion of resistant K. pneumoniae and AMR national strategies
are associated with the country-level burden of disease. Despite its potential predictive
value, the proportion of resistant E. coli did not exert a discernable effect. Particularly
during the scale-up of global efforts in AMR surveillance, our framework synthesizes the
relationship between population-level factors, AMR, and risk of disability.



Population-level Analysis of Public Health Surveillance and Global

Progress to Estimate the Burden of Antimicrobial Resistance

By

Michael P Kozuch

Bachelor of Science
University of Wisconsin — Madison

2017

Thesis Committee Chair: Scott JN McNabb, PhD, MS

A thesis submitted to the Faculty of the
Rollins School of Public Health of Emory University
in partial fulfillment of the requirements for the degree of
Master of Public Health
in Epidemiology

2021



Acknowledgements

| would like to extend my sincerest gratitude to Dr. Scott McNabb for his support
throughout this project. Your thoughtful attention and efforts to connect me with such a
fruitful opportunity helped cultivate a passion for academic writing. I'm fortunate to have
had such an early career mentor.

It is with the tremendous support from Dr. Michael Goodman that | was able to craft a
meaningful analysis for this project. Routine meetings filled with equal parts constructive
feedback and goal-setting carried this project through to completion. A debt of gratitude
is also owed to the support staff at Emory University. To that end, | would like to
specifically thank Shenita Peterson for her efforts to guide my journey of inquisition.

For my family, there were times when my struggles were carried on the shoulders of
many instead of one. Though distance and the pandemic kept us apart, the consistency
you bring to my life is the cornerstone of my academic successes.

Finally, | would like to acknowledge the vital role played by my fiancé, Shanti. We are of
the privileged few to both start and finish a chapter of our academic journey together. As
we set forth on yet another adventure, it bears repeating that | would rather share one

lifetime with you than face all the ages of this world alone. T

TJRR Tolkien, Lord of the Rings



Table of Contents

MAINUS CRIP T et e et e e ettt e e e e e et e e e e e eaa e e e e eeba e e aeesnaaaaaees 1
11 To [F{o111o] o I TP PTPPPP PPN 1
MEENOTAS ...t 5
RESUILS ... 7
DISCUSSION ...ttt ettt e e e e e e e e e et e e e e e e e r e e e e e e e e e e 9

REFERENCES.........ooovieiieieeteteeeese et see sttt 13

B I N = 1 PRSP 19
TADIE L. 19
TADIE 2. . e e 20
TADIE B . e e as 21
TADIE BB, e 22

FIGURES ..ottt e ettt e e e et b e e e e e et e e e e e aba e e e e eaaa s 23
FIQUIE L@ it 23
FIQUIE LD 24

APPENDICES ...ttt e et e e e e e e e e e e e s 25
APPENTIX A Lo 25
APPENAIX B oo 26

LITERATURE REVIEW TABLE ..o 27

FiNal SaIC S Al M BT . e ettt ettt e et e e e e e e eaaenas 29



AMR

AST

DALYs

FAO

GBD 2019

GLASS

HDI

LMIC

NAP

OIE

PHS

TrACSS

WHO

YLDs

YLLs

List of Abbreviations
Antimicrobial Resistance
Antimicrobial Susceptibility Testing
Disability adjusted life years
Food and Agricultural Organization of the United Nations
Global Burden of Disease Study 2019
Global Antimicrobial Resistance Surveillance System
Human Development Index
Low and Middle Income Countries
National Actional Plan
World Organisation for Animal Health

Public Health Surveillance

Tripartite Antimicrobial Resistance Country Self-Assessment Survey

World Health Organization
Years of life lived with disability

Years of life lost



MANUSCRIPT

Introduction

The emergence and increasing prevalence of antimicrobial resistance (AMR) present
new and threatening challenges to human health. Although much is known about the
mechanisms of AMR emergence and spread, considerable gaps remain in our ability to
understand and quantify the scope of the AMR problem.>? AMR constitutes a significant
burden of disease by prolonging iliness, increasing risk of disability and death, and

requiring greater treatment costs.3-°

Klebsiella pneumonia and Escherichia coli — both components of normal intestinal floral
— were identified by World Health Organization (WHO) as two priority AMR
pathogens.!® AMR in these pathogens exacerbate urinary tract and bloodstream
infections and necessitate treatment with increasingly aggressive (or even last-resort)
drugs.>'1:12 Owing to complex interactions between humans, animals, and the
environment, AMR in K. pneumonia and E. coli, as well as other pathogens, highlights
the need for multisectoral public health and healthcare collaboration using a One Health

approach.13-17

Antibiotics are a cornerstone of modern medicine.'® The causes of global morbidity and
mortality are trending away from infectious disease in adults and children.%2° Antibiotic
usage among humans has steadily increased since their earliest use in clinical practice
with sulphonamides in 1935 and penicillin in 1941.%2! The resulting downward trend in
infectious disease mortality came to characterize the early successes of antibiotic
therapy in the 20" century.??=25 For example, infectious disease mortality in the United

States fell from 283 deaths per 100,000 in 1937 to just 59 deaths per 100,000 in 1996.23



Similarly, the increasing availability of antibiotics in low- and middle-income (LMIC)
countries (e.g. oral azithromycin in Malawi, Niger, Tanzania) is associated with
reduction in child mortality to 13.5%.%% Broader assertions linking an estimated 114%
increase in antibiotic consumption in LMIC from 2000 to 2015 with reduced child
mortality rate stir debate over ethical considerations in balancing AMR with reducing
burden of disease.?’~2° Other types of medical care also came to rely on the abundance
of antibiotics in the mid-20™" century. But as the proverbial golden age of antibiotic
discovery brought about dramatic changes to both clinical and agricultural practices,

selective pressures facilitated the evolution of resistant phenotypes among bacterial

Three factors proposed by Wenzel and Edmond drive the extent of antibiotic resistance:
(1) antibiotic resistance introduced to a population; (2) spontaneously selected or
enhanced resistance from suboptimal antibiotic use; and (3) the proportion of human-
human transmission.®! Their assertions based on human populations are also relevant
to One Health. These factors can also be applied in the context of growing proximity
between humans and agriculture, including trends in antibiotic use in animal husbandry
and aquaculture. In the United States, for example,160 million antibiotic prescriptions

totaling over 22.7 million kg are split evenly between human and non-human use.3!

In a landmark study, a direct link was demonstrated between tetracycline supplemented
feed and the emergence of tetracycline-resistant gut flora in farm members and
livestock alike.®? Through continued patterns of antimicrobial use in agriculture, there is
increased selective pressure for strains of antimicrobial-resistant pathogens.32

Antibacterial resistance can also arise from plasma-mediated transfer between bacteria



where horizontal gene transfer facilitates bacterial adaptation.3*34 This mode of
transmission is important for both cases of animal-human transmission and human
transmission where enzyme-mediated resistance via carbapenemases are horizontally
transferred.1®3> With continued suboptimal antibiotic use, growing proximity between
humans and animals, and continued human-human transmission, there is ever-greater

risk for the emergence and dissemination antimicrobial-resistant pathogens.

Integrated One Health public health surveillance (PHS) programs should incorporate
warning systems for emerging resistance in humans, animals, and the environment.
However, current PHS are either limited by national capacity,1336-38 heterogeneity of
data collection,>3%-4! or the lack of integration.1%12 Consisting of WHO, the World
Organisation for Animal Health (OiE), and the Food and Agriculture Organization of the
United Nations (FAO), a tripartite was conceived to systematically address issues of
AMR using a One Health framework.#*=%* In conjunction with the WHO’s Global Action
Plan on Antimicrobial Resistance, nations are to develop national action plans (NAPS)
that include national PHS for antimicrobial resistance.'# In particular, nations contribute
to global PHS efforts by incorporating standardized data collection methods and
reporting to the Global Antimicrobial Resistance Surveillance System (GLASS) for
priority pathogens including K. pneumonia and E. coli.1*4> Other factors such as the
timely monitoring and evaluation of national progress create early opportunities to

address issues during implementation of AMR action plans.

To assess the intersection between the quality of PHS data and the global burden of
disease associated with the emergence and dissemination of AMR, data were

examined to capture the unique context within each country reporting to GLASS.



Specifically, this investigation addressed whether two priority pathogens, K. pneumonia
or E. coli, with demonstrated resistance in humans, animals, and the environment,
exerted detectable effects at the national level. Burden was measured using disability
adjusted life years (DALYSs) occurring from all causes. Considerations for a One Health
framework were included to evaluate the potential impacts from varying levels of

national progress in addressing AMR.



Methods

Data in this ecological study of the impacts of AMR on the risk of disability and death
were obtained using multiple, publicly available datasets from 2018. Human
Development Index (HDI) data were incorporated to approximate country capabilities to
address AMR.#647 GLASS provided standardized antimicrobial susceptibility testing
(AST) data as a marker of AMR.*84° Resistance profiles for K. pneumoniae and E. coli
were calculated using the mean proportion of resistant AST results by antibiotic-
pathogen pair. The Tripartite Antimicrobial Resistance Country Self-Assessment Survey

(TrACSS) offers monitoring and evaluation of the global action plan on AMR.5051

Questions on a 5-point scale (A to E) capturing multi-sectoral approaches and country
progress on NAPs on AMR were dichotomized to improve statistical efficiency
(Appendix A).52 Estimated DALY per 100,000 from the Global Burden of Disease Study
2019 (GBD 2019) were calculated as the sum of years of life lost (YLLs) and years of

life with disability (YLDs) divided by mid-year population.53-5°

Simple and multiple linear regression models were used to examine the relationship
between markers of AMR and country-level mortality and disability burden. Four models
analyzed the association of K. pneumoniae resistance, E. coli resistance, TTACSS
guestion 4.1 on multi-sector and One Health collaboration/coordination, and TrACSS
guestion 5.1 on country progress with development of a NAP on AMR with DALY's from
all causes (Appendix B). Countries were grouped by HDI category and models included
the proportion of adults over 65 years old to generate adjusted measures of
association.®®°” Results of linear models were expressed as beta-coefficients with and

the corresponding 95% confidence intervals. Model fit is captured via adjusted



coefficients of determination (adjusted R-squared). All statistical analyses were

performed using R version 4.0.2.58



Results

Of the 52 countries reporting to GLASS, 13 had low or medium HDI, 10 had high HDI,
and 29 had very high HDI (Table 1). Countries with low or medium human development
also had smaller proportions of their population > 65 years old (4.5%, standard deviation
[SD] 1.7%) than high (7.5%, SD 3.2%) or very high HDI countries (15.9%, SD 6.9%).
The proportion of resistant AST results for K. pneumoniae in low and medium HDI
countries was 51.9% (SD 13.6%), 42.9% in high HDI (SD 16.5%), and 26.5% in very
high HDI countries (SD 18.2%). A similar trend was evident for E. coli. Across all
countries, only 7 of 52 (13.5%) answered either A or B to question 4.1 in TrACSS

compared to 15 of 47 (31.9%) answering A or B to question 5.1.

Individually, all predictors except for % > 65 years old were significantly associated with
all-cause burden of disease (Table 2). In the multivariable models, there was a weak but
statistically significant linear association between the proportion of resistant K.
pneumoniae ASTs and all-cause DALYs in Model 1 (Figure 1a; adjusted R? = 0.39). For
each 1% increase in the rate of resistant K. pneumoniae, the DALYSs a country
experiences increases, on average, by 154.9 per 100,000 population (Table 3.a; CI:
30.6, 279.1) after adjusting for other variables in the model. Neither of the associations
between K. pneumoniae or E. coli resistance and DALYs was statistically significant in
Models 2-4 (Table 3a-3b). Multi-sector and One Health collaboration/coordination was
significantly associated with reductions in DALY's in both Model 1 (8 =-10731.0; CI: -
17263.1, -4198.9) and Model 2 (B = -8265.6; CI: -15251.4, -1279.8). Conversely,
country progress with development of a NAP was associated with a DALYs in Model 3

(B = -6292.1; CI: -11832.7, -751.5) but not in Model 4 (B = -5814.0; CI: -11533.6, -94.3).



In all models, high and very high HDI categorization was significantly associated with

reductions in DALYs when compared against low and medium HDI countries.



Discussion

This analysis demonstrated the extent to which the proportion of resistant pathogens,
national strategies in AMR, and country capabilities to address AMR continue to drive
trends in the risk of death and disability. Of particular note, we observed that higher
proportions of resistant K. pneumoniae as reported to the WHO GLASS were
associated with greater burden of disease measured by DALY's occurring from all
causes. Despite ostensible potential role in predicting the burden of disease at the
country level, resistant E. coli as measured by ASTs did not exert a discernable effect
when considered along with other factors. This study provided estimates for the effect of
age using the % > 65 years old as proxy for countries’ overall age structure. However,
older populations, on average, only predicted greater disease burden when in

conjunction with data on the proportion of resistant K. pneumoniae.

Our results highlighted the potential value in ongoing monitoring and evaluation of the
AMR global action plan. Namely, we observed large reductions in estimated DALYSs in
countries reporting, at a minimum, functioning multisectoral AMR working groups.
Countries with developed, approved, and funded AMR action plans tended to
experience fewer DALY's than those without. However, country progress on NAPs was
less conclusive as a predictor of disability and death. HDI consistently predicted DALYs
across all scenarios, with low and middle HDI countries contributing most to the burden

of disability and death compared to high and very high HDI countries.

The results of this investigation should be considered within the context of available
literature. Many studies estimate the economic burden of AMR, yet few systematically

examine predictors of health impacts across regional or national levels.5%-61
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Nevertheless, previous attempts to estimate AMR-attributable burden using population-
level data report a twofold increase from 2007 to 2015 in the proportion of DALY's due to
K. pneumoniae and E. coli.®? As a component of HDI, socioeconomic factors such as
gross national income per capita are known to be inversely associated with the
prevalence of infections by resistant pathogens.®2 Drivers of AMR identified in our study,
including NAPs for AMR and multisectoral One Health strategies, were also reported in
a study of AMR in Pacific Island countries and territories.®* Contrasting existing studies,
our study did not reliably conclude whether AMR-attributable burden increased with age

among adults.®?

Estimates of the global burden of disease associated with the emergence and
dissemination of AMR are still debated. Several review studies highlight evolving
methods to adjust for confounding in studies estimating the global health impact of
AMR, yet heterogeneity in both predictor and outcome measures still contribute to
uncertainty.*%6> Measuring the burden of disease using DALYs was a methodological
consideration previously employed to enable further assessment and comparisons of
countries or health conditions.®® It also drew upon reliable population health indicators in

the GBD Study.

This study contributed to the literature by providing a framework analysis that
incorporated transdisciplinary approaches in One Health. This analysis is the first to
assess the global burden of disease associated with the emergence and dissemination
of AMR by consolidating data across multiple global initiatives. Specifically, the
relationship between data from GLASS, TrACSS, and GBD 2019 had not been

investigated. The population-level approach using DALY's occurring from all causes also
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mitigated fragmented data collection methods capturing the burden of disease. For
instance, low and middle HDI countries balance resource limitations with standardized
data reporting procedures. Outcomes data from GBD 2019 provide a more inclusive
framework to include countries as their participation in GLASS or TrACSS increases.
Particularly during the scale-up of global efforts in AMR surveillance, our proposed
framework retains the ability to accommodate extended analyses as data become
available. It also suggested an analytical platform to facilitate crosstalk among

disciplines in One Health.

Our analysis had limitations. The availability and quality of AMR PHS data is subject to
national capacity with participation in GLASS skewed towards higher HDI countries. In
general, countries implement GLASS protocols in a standardized, step-wise fashion as
resources permit. The resulting data sparsity and heterogeneity within GLASS
contributed to limited statistical power. We synthesized the proportion of resistant K.
pneumoniae and E. coli across all reported ASTs. Consequently, we sacrificed the
potential to investigate pathogen-specific, antibiotic resistance. HDI was selected to
approximate a country’s overall capabilities to enact strategies in combatting AMR. But
as a composite measure, it may potentiate multiple collinear factors associated with the
risk of death and disability. Results from this ecological study using country-level
population units cannot be used to make inferences smaller subgroups or even
individuals. There is the potential for bias arising from incomplete reporting in the source
data. The corresponding bias analysis would require additional data collection to

ascertain the direction and magnitude of the effect.
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AMR threatens to undermine major global health success in combatting infectious
diseases. However, factors contributing to trends in AMR are complex. Global health
strategies should be multifaceted to minimize the emergence and spread of AMR in
humans, animals, and the environment. While the global action plan creates a
framework for countries to combat AMR, it requires investment from nations and global
stakeholders to bridge gaps actively identified during implementation. Here we
proposed a framework analysis that describes the relationship between population-level
factors, AMR, and risk of death and disability. Future direction should include ongoing
review of monitoring and evaluation data on country progress in AMR. Additionally,
understanding the longitudinal relationship between adherence to NAPs, disease
burden, and rates of AMR can better inform policy decisions. Health outcomes relevant
to animals and the environment should be used in tandem with measures of the health

impact of AMR in humans.
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TABLES

Table 1. Distribution of Country-level Characteristics, by Human Development Index, 2018

Human Development Index

Low and Medium High Very High
(n=13) (n=10) (n=29)
Characteristic n (%) or Mean (SD) n (%) or Mean (SD) n (%) or Mean (SD)
% of Resistant ASTs for K. pneumoniae? 51.91 (13.55) 42.89 (16.47) 26.51 (18.21)
% of Resistant ASTs for E. coli 54.28 (11.03) 38.82 (14.91) 19.47 (10.02)
% of Population > 65 Years Old 4.45 (1.70) 7.47 (3.22) 15.85 (6.88)
Disability Adjusted Life Years (DALYs) per 100,000 38101.50 (12915.18) 29896.00 (7929.91) 28547.64 (5878.47)
Multi-sector and One Health Collaboration/Coordination
EITHER (A) No formal multi-sectoral governance or coordination mechanism
exists
OR (B) Multi-sectoral working group(s) or coordination committee on 4 (7.69) 2 (3.85) 1 (1.92)
AMR established with Government leadership
EITHER (C) Multi-sectoral working group(s) is (are) functional, with clear
terms of reference; regular meetings, and funding for working
group(s). Activities and reporting/accountability arrangements are
defined
OR (D) Joint working on issues including agreement on common 9 (17.31) 8 (15.38) 28 (53.85)
objectives, including restriction of use of critically important
antimicrobials
OR (E) Integrated approaches used to implement the national AMR
action plan
Country Progress with Development of a National Action Plan on AMRP
EITHER (A) No National AMR Action Plan 6 (12.77) 4 (8.51) 5 (10.64)

OR (B) National AMR action plan under development

EITHER (C) National AMR action plan developed
OR (D) National AMR action plan approved by government that reflects
Global Action Plan objectives, with an operational plan and
monitoring arrangements 6 (22.77)
OR (E) National AMR action plan has funding sources identified, is being
implemented and has relevant sectors involved with a defined
monitoring and evaluation process in place

N

(8.51) 22 (46.81)

aGLASS data on K. pneumoniae available from only 50 countries in 2018; "TrACSS data on National Action Plans only available from 47 countries from 2017-
2018; AST: Antimicrobial susceptibility testing



Table 2. Univariable Linear Regression Analyses of Predictors for Country-level Burden of Disease, 2018
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Predictor Estimate 95% Cl P Value
% of Resistant ASTs for K. pneumoniae? 188.55 (69.56, 307.54) 0.003
% of Resistant ASTs for E. coli 151.63 (20.58, 282.69) 0.028
% of Population > 65 Years Old -14412.68  (-48760.16, 19934.80) 0.415
Human Development Index (HDI) Category
Low and Middle Ref.
High -8205.20  (-15207.59, -1202.80) 0.026
Very High -9553.85  (-15110.44, -3997.27) 0.001
Multi-sector and One Health Collaboration/Coordination
EITHER (A) No formal multi-sectoral governance or coordination mechanism exists

OR (B) Multi-sectoral working group(s) or coordination committee on AMR established with Ref.
Government  leadership
EITHER (C) Multi-sectoral working group(s) is (are) functional, with clear terms of reference; regular

meetings, and funding for working group(s). Activities and reporting/accountability

arrangements are defined i i i

OR (D) Joint working on issues including agreement on common objectives, including restriction of 9949.86  (-16869.85, -3029.87) 0.007
use of critically important antimicrobials

OR (E) Integrated approaches used to implement the national AMR action plan
Country Progress with Development of a National Action Plan on AMRP
EITHER (A) No National AMR Action Plan Ref

OR (B) National AMR action plan under development '
EITHER (C) National AMR action plan developed

OR (D) National AMR action plan approved by government that reflects Global Action Plan objectives,

with an operational plan and monitoring arrangements -6479.77 (-12148.77, -810.77) 0.030

OR (E) National AMR action plan has funding sources identified, is being implemented and has

relevant sectors involved with a defined monitoring and evaluation process in place

aGLASS data on K. pneumoniae available from only 50 countries in 2018; "TrACSS data only available from 47 countries from 2017-2018
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Table 3a. Multiple Linear Regression of Country-level Burden of Disease and Multi-Sectoral Approaches, 2018

Model 1
Predictor Estimate 95% ClI
% of Resistant ASTs for K. pneumoniae? 154.87 (30.64, 279.11)
% of Resistant ASTs for E. coli
% of Population > 65 Years Old 58938.88  (20659.61, 97218.14)

Human Development Index (HDI) Category

P Value
0.019

0.004

Model 2
Estimate 95% ClI P Value

60.06 (-151.88, 272.00) 0.581
45248.09 (1075.81, 89420.38) 0.051

Low and Middle Ref.
High -7938.35 (-14216.04, -1660.66)
Very High -9911.65 (-16770.30, -3053.00)

Multi-sector and One Health
Collaboration/Coordination

0.017
0.007

Ref.
-7755.02 (-15173.17, -336.86) 0.046
-10363.75  (-19772.23, -955.27) 0.036

EITHER (A) No formal multi-sectoral governance or
coordination mechanism exists
OR (B) Multi-sectoral working group(s) or Ref.
coordination committee on AMR
established with Government leadership

EITHER (C) Multi-sectoral working group(s) is (are)
functional, with clear terms of reference;
regular meetings, and funding for working
group(s). Activities and reporting/
accountability arrangements are defined

OR (D) Joint working on issues including -10731.02  (-17263.12, -4198.92)

agreement on common objectives,
including restriction of use of critically
important antimicrobials

0.002

Ref.

-8265.61  (-15251.38, -1279.84) 0.025

OR (E) Integrated approaches used to implement
the national AMR action plan
R-squared 0.455 0.314
Adjusted R-squared 0.393 0.239
No. Observations 50 52

3GLASS data on K. pneumoniae available from only 50 countries in 2018
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Table 3b. Multiple Linear Regression Analyses of Country-level Burden of Disease and Progress with National Action Plans, 2018

Model 3 Model 4
Predictor Estimate 95% Cl P Value Estimate 95% ClI P Value
% of Resistant ASTs for K. pneumoniae? 121.19 (-26.39, 268.77) 0.116
% of Resistant ASTs for E. coli -47.15 (-285.07, 190.78) 0.700
% of Population > 65 Years Old 59671.08 (14305.35, 105036.80) 0.014 43417.32  (-6964.46, 93799.10) 0.099
Human Development Index (HDI) Category
Low and Middle Ref. Ref.
High -9387.44  (-16864.00, -1910.87) 0.018 -10218.11 (-18507.64, -1928.58) 0.020
Very High -11801.24  (-19718.88, -3883.60) 0.006 -14686.98 (-24613.60, -4760.36) 0.006
Country Progress with Development of a National
Action Plan on AMRP
EITHER (A No National AMR Action Plan
OR (B) National AMR action plan under Ref. Ref.
development
EITHER (C) National AMR action plan developed
OR (D) National AMR action plan approved by
government that reflects Global Action Plan
objectives, with an operational plan and
monitoring arrangements 6292.08  (-11832.66,-751.49)  0.032 5813.99  (-11533.64,-94.34)  0.053

OR (E) National AMR action plan has funding
sources identified, is being implemented
and has relevant sectors involved with a
defined monitoring and evaluation process

in place
R-squared 0.397 0.310
Adjusted R-squared 0.319 0.226
No. Observations 45 47

aGLASS data on K. pneumoniae available from only 50 countries in 2018; "TrACSS data only available from 47 countries from 2017-2018
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Figure 1a. Relationship Between Resistant K. pneumoniae and Country-level Burden

of Disease, 2018
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Figure 1b. Relationship Between Resistant E. coli and Country-level Burden of

Disease, 2018
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APPENDICES

Appendix A

TrACSS Questions 4.1 and 5.1

Global Monitoring of Country Progress on Antimicrobial Resistance (AMR): Country

Self-Assessment Questionnaire (Version 2.0, 9 October 2017)

4.

Multi-sectoral approach to addressing AMR

Please select one rating that most closely matches the country situation.

4.1 Multi-sector and One Health collaboration/coordination

o | A | No formal multi-sectoral governance or coordination mechanism exists.

o | B | Multi-sectoral working group(s) or coordination committee on AMR
established with Government leadership.

o | C | Multi-sectoral working group(s) is (are) functional, with clear terms of
reference; regular meetings, and funding for working group(s). Activities and
reporting/accountability arrangements are defined.

o | D [ Joint working on issues including agreement on common objectives,
including restriction of use of critically important antimicrobials.

o | E | Integrated approaches used to implement the national AMR action plan.

Country progress with development of a national action plan on
antimicrobial resistance (AMR)

Please select one rating that most closely matches the country situation.

5.1 Country progress with development of a national action plan on AMR

o

No national AMR action plan.

National AMR action plan under development.

National AMR action plan developed.

©)
O
@)

0w >

National AMR action plan approved by government that reflects Global
Action Plan objectives, with an operational plan and monitoring
arrangements.

m

National AMR action plan has funding sources identified, is being
implemented and has relevant sectors involved with a defined monitoring
and evaluation process in place.




Appendix B

Y = All-cause disease burden (DALYs per 100,000)

X1 = Rate of K. pneumoniae resistance (%)

X2 = Response to TrACSS question 4.1 (0: A/B, 1: C/D/E)
X3 = HDI category (Low/Middle, High, Very High)

Xa = Proportion of population > 65 years old (%)

E = Random Error, assumed ~ N(0,5?)

Bo: true y-intercept, and Bi: regression coefficient (slope) for the ith predictor

Y = All-cause disease burden (DALYs per 100,000)

X1 = Rate of E. coli resistance (%)

X2 = Response to TrACSS question 4.1 (0: A/B, 1: C/D/E)
X3 = HDI category (Low/Middle, High, Very High)

X4 = Proportion of population > 65 years old (%)

E = Random Error, assumed ~ N(0,0?)

Bo: true y-intercept, and Bi: regression coefficient (slope) for the ith predictor

Model 3 Y = Lo+ BiXi+ 52X+ B3X5+L,X4 + E where:
Y = All-cause disease burden (DALYs per 100,000)

X1 = Rate of K. pneumoniae resistance (%)

X2 = Response to TrACSS question 5.1 (0: A/B, 1: C/D/E)
X3 = HDI category (Low/Middle, High, Very High)

X4 = Proportion of population > 65 years old (%)

E = Random Error, assumed ~ N(0,0?)

Bo: true y-intercept, and Bi: regression coefficient (slope) for the ith predictor

Model 4 Y = Bo+ B1X1+ L2Xo + B3 X+ Xy + E where:
Y = All-cause disease burden (DALYs per 100,000)

X1 = Rate of E. coli resistance (%)

X2 = Response to TrACSS question 5.1 (0: A/B, 1. C/D/E)
X3 = HDI category (Low/Middle, High, Very High)

X4 = Proportion of population > 65 years old (%)

E = Random Error, assumed ~ N(0,0?)

Bo: true y-intercept, and Bi: regression coefficient (slope) for the ith predictor



LITERATURE REVIEW TABLE

27

KEYWORDS PUBMED
INCLUDED (PUBMED AND EMBASE) MESH TERMS EXCLUDED KEYWORDS
Concept 1: e antimicrobial[tw] fluoroquinolones Antifungal*[tw]
Antimicrobial e antibiotic*[tw] carbapenems Antiparasitic*[tw]
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e cephalosporin*[tw]
Concept 2: e Resistance drug resistance, bacterial
Resistance e Susceptibility beta-Lactam Resistance
o resist*[tw] e Cephalosporin resistance
e susceptib*[tw] Carbapenem-Resistant
e ‘"beta-Lactam Resistance"[tw] Enterobacteriaceae
e "Cephalosporin resistance" fluoroquinolones
e "Carbapenem-Resistant drug resistance, multiple, bacterial
Enterobacteriaceae"
¢ fluoroquinolone*[tw]
e "drug resistance, multiple, bacterial"
Concept 3: e Global
Setting (tied with e Countries
Burden) e countr*
e global
e worldwide
Concept 4: e death[tw]
Burden (tied with e "all-cause mortality"[tw]
Setting) e DALY*tw]
o "Disability-adjusted life years"[tw]
e burden*[tw]
e  cost*tw]
e incidence[tw]
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Concept 5:
Country-level factors

HDI[tw]

"Human Development Index"[tw]
TrACSS[tw]

Tripartite[tw]

GLASS[tw]

“G.L.A.S.S.”[tw]

"Global antimicrobial resistance and
use surveillance system"

"Tripartite Antimicrobial Resistance
(AMR) Country Self-Assessment

Survey"
KEYWORDS PUBMED
EXCLUDED (PUBMED AND EMBASE) MESH TERMS EXCLUDED KEYWORDS
Excluded Concept 1: e Antifungals
Remaining e Antiparasitics
Antimicrobials e Antivirals
KEYWORDS PUBMED
QUALIFIERS (PUBMED AND EMBASE) MESH TERMS EXCLUDED KEYWORDS
Age e None Specified
Species e None Specified
Language e English
Date range e None Specified

Publication type
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Final Search Statements

PubMed =n =204

Date: 3/15/2021

((antimicrobial[tw] or antibiotic*[tw] or fluoroquinolone*[tw] or carbapenem*[tw] or cephalosporin*[tw])
NOT (Antifungal*[tw] or Antiparasitic*[tw] or Antiviral*[tw]))

AND (resist*[tw] or susceptib*[tw] or "beta-Lactam Resistance"[tw] or "Cephalosporin resistance" or "Carbapenem-
Resistant Enterobacteriaceae” or fluoroquinolone*[tw] or "drug resistance, multiple, bacterial")

AND (countr* or global or worldwide) and (death[tw] or "all-cause mortality"[tw] or DALY*[tw] or "Disability-adjusted life
years"[tw] or burden*[tw] or cost*[tw] or incidence[tw])

AND (HDI[tw] or "Human Development Index"[tw] or TTACSS[tw] or Tripartite[tw] or GLASS[tw] or “G.L.A.S.S.”[tw] or
"Global antimicrobial resistance and use surveillance system" or "Tripartite Antimicrobial Resistance (AMR) Country Self-
Assessment Survey")

AND English[lang]



