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SUMMARY

The One Health (OH) approach is used to control/prevent zoonotic events. However, there is alack of tools
for systematically assessing OH practices. Here, we applied the Global OH Index (GOHI) to evaluate the
global OH performance for zoonoses (GOHI-Zoonoses). The fuzzy analytic hierarchy process algorithm
and fuzzy comparison matrix were used to calculate the weights and scores of five key indicators, 16 sub-
indicators, and 31 datasets for 160 countries and territories worldwide. The distribution of GOHI-
Zoonoses scores varies significantly across countries and regions, reflecting the strengths and weaknesses
in controlling or responding to zoonotic threats. Correlation analyses revealed that the GOHI-Zoonoses
score was associated with economic, sociodemographic, environmental, climatic, and zoological factors.
Additionally, the Human Development Index had a positive effect on the score. This study provides an ev-
idence-based reference and guidance for global, regional, and country-level efforts to optimize the health
of people, animals, and the environment.

INTRODUCTION

Zoonoses are infectious diseases that are transmitted from animals to humans.’ They are caused by bacteria, viruses, fungi, parasites, and
prions2 through direct or indirect contact, vector-borne transmission, or contaminated food.® More than 60% of known infectious diseases
are zoonotic in origin, and approximately 75% of new diseases originate from wild or domestic animals.”” Zoonotic diseases affect more
than two billion people globally each year, causing approximately two million deaths and billions of USD in economic losses.® In the last
ten years, the world has faced several international public health emergencies of zoonotic origin, including the Middle East respiratory syn-
drome (MERS), Ebola, and coronavirus disease 2019 (COVID-19) pandemics.7'8

A global strategy involving meaningful cooperation based on the efficient integration of surveillance at all levels, including interdisciplinary
and interdepartmental integration for effective management, is urgently needed to prevent future zoonotic pandemics. The present chal-
lenge is to move the development of a One Health (OH) paradigm from an individual- or disease-centered approach to a system-wide or
community-based approach. OH is an integrated, unifying approach to balance and optimize the health of people, animals, and ecosys-
tems,”"" and an effective OH framework will be crucial for mitigating zoonotic threats. The One Health High-Level Expert Panel
(OHHLEP)'? was established to promote sustainable OH development to prevent, predict, detect, and respond to global health threats."”
However, tools for the systematic assessment of OH implementation success are lacking.
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The United States of America’s Centers for Disease Control and Prevention (USA CDC) developed the One Health Zoonotic Disease Pri-
oritization (OHZDP) tool in 2013. According to the OH concept, the tool uses the three dimensions of people, animals, and the environment to
rank zoonotic diseases in a country, optimize the allocation of prevention and control resources, strengthen monitoring, and identify future
recommendations and action plans.'*'®> Another approach involves the Generalizable One Health Framework (GOHF), which describes how
jurisdictions can use an OH approach to improve multisectoral collaboration and enhance the prevention and control of zoonotic diseases. '°
However, the capacity to control zoonotic threats from a global perspective and gaps in zoonotic disease governance are still unknown.

Recently, our group developed an evaluation system for global OH performance: the Global OH Index (GOHI). Itis an OH-based framework
for assessing international zoonotic disease control capacity.'®'” Here, we applied the GOHI to evaluate the global OH performance for zoono-
ses (GOHI-Zoonoses), including the capacity for zoonosis control and the ability of countries to prevent, detect, and respond to zoonotic threats/
events. The results of applying the GOHI to zoonoses provide guidance for optimizing the health of people, animals, and the environment.

RESULTS
The framework and datasets of GOHI-Zoonoses

The framework of the GOHI-Zoonoses consists of five key indicators, 16 subindicators, and 31 datasets (Figure 1A; Table 1). The five key in-
dicators were as follows.

(1) Source of infection (Sl) with three subindicators: strategy and regulation [SR], monitoring and feedback [MF], and hygiene [HYG]. The
dataset selected for this indicator focused on the detection, monitoring, and assessment of risk factors for human, livestock, and wild-
life health; vectors; the natural environment; and the coverage and accessibility of basic sanitation facilities and health services.

(2) Route of transmission (RT) with two subindicators: conventional interventions [Cl] and ecological interventions [ECI]. Its datasets
focused on testing and preventing pathogen, host, and vector infections.

(3) Target population (TP) with three subindicators: vaccination coverage [VAC], population coverage and cost of interventions [PIC], and
inhabitants below five meters above sea level [IHB]. Its datasets focused on population vaccine coverage and cost.

(4) Capacity building (CB) with two subindicators: guidelines for the control and supervision of zoonotic diseases [GCS] and nature re-
serves [NR]. Its datasets are related to the evaluation of national guidelines, laws, and regulations related to zoonotic diseases and
vaccines, as well as the control of neglected tropical diseases and vector-borne diseases.

(5) Case studies (CS) with six subindicators: well-known zoonotic diseases of serious health threats—echinococcosis, leishmaniasis, tuber-
culosis, yellow fever, rabies, and COVID-19—were included as CS. Its datasets included disability-adjusted life years (DALYS) and/or
infection number, death, and vaccination coverage.

Among the five key indicators, RT had the highest (25.31%) weight, followed by SI (23.70%), TP (19.09%), and CB (16.77%) (Table S1).

Geographical distribution of GOHI-Zoonoses scores
One hundred and sixty countries and territories worldwide were included in this study; 21 were in East Asia and the Pacific, 47 were in Europe
and Central Asia, 23 were in Latin America and the Caribbean, 18 were in the Middle East and North Africa, two were in North America, eight
were in South Asia, and 41 were in sub-Saharan Africa. The global median GOHI-Zoonoses score was 58.76 (interquartile range [IQR]: 55.96—
63.92). The median GOHI-Zoonoses scores in East Asia and Pacific, Europe and Central Asia, Latin America and the Caribbean, Middle East
and North Africa, North America, South Asia, and sub-Saharan Africa were 73.25 (IQR: 63.87-78.18), 75.49 (IQR: 70.43-78.80), 69.22 (IQR:
64.52-73.39),68.71 (IQR: 64.78-73.94), 82.76 (IQR: 82.51-83.02), 60.93 (IQR: 59.53-66.55), and 58.76 (IQR: 55.96-63.92), respectively (Figure 1B).
Notably, the North American region had the highest median score, while sub-Saharan Africa had the lowest median score.

Higher scores were found in North American, European, and East Asian territories and in Australia (Figure 1C; Tables S2 and S3). According
to the global ranking of GOHI-Zoonoses by country (Table 52), Germany received the highest score (84.86) and the Solomon Islands received
the lowest score (43.01).

Scores of GOHI-Zoonoses for the selected indicators
The average score on the GOHI-Zoonoses scale was 68.06. The average scores for the SI, RT, TP, CB, and CS key indicators were 69.22, 59.30,
59.90, 72.85, and 85.89, respectively. For the key indicator Sl, the scores of most countries were distributed in the range of 50-80, while few
countries scored above 90 points, with obvious variability. The scores of most countries fell in the range of 40-80 in RT, while they ranged from
40 to 50 and 70 to 80 in TP. Most of the CB scores were concentrated between 70 and 80. The CS scores were high overall, with most of them
being distributed in the 80-90 range (Figure 2A).

The highest average score of the subindicator was attributed to monitoring and feedback in the Sl (83.56), ecological interventions in the
RT (69.84), inhabitants below five meters above sea level in the TP (86.77), nature reserves in the CB (95.36), and tuberculosis in the CS (98.18)
(Figure 2B).

Country economic status and performance in GOHI-Zoonoses

A wide gap in GOHI-Zoonoses scores was observed between regions. Among the key S| indicators, North American countries had the
highest score (median: 96.86, IQR: 96.81-96.90) for the Sl key indicator, followed by European and Central Asian countries (median: 82.81,
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Figure 1. The indicator framework and geographical distribution of the GOHI-Zoonoses scores

(A) The indicator framework of GOHI-Zoonoses and weighted values. The innermost layer: key indicators; the middle layer: subindicators; and the outermost
layer: datasets. SR: Strategy and regulation, MF: Monitoring and feedback, HYG: Hygiene, Cl: Conventional intervention, ECI: Ecological interventions, VAC:
Vaccination coverage, PIC: Population coverage and cost of interventions, IHB: Inhabitants below five meters above sea level, GCS: Guidelines for the
control and supervision of zoonotic diseases, NR: Nature reserves, COV: COVID-19, ECHIN: Echinococcosis, LEISH: Leishmaniasis, RHL: Rabies, TUB:
Tuberculosis, YF: Yellow fever. NGSC: National guideline for surveillance/control, NLAR: National legislation on animal reservoirs, ZC: Zoonosis capacity
score, GS: General surveillance, VC: Vector control, WRC: Wildlife reservoirs control, BSC: Basic sanitation services, LTZ: Laboratory testing for zoonotic
reservoirs, PIM: Policy adoption of insecticide-treated mosquito nets, PIRP: Policy adoption of indoor residual spraying, PCC: Prevention chemotherapy
coverage of zoonoses, NSHV: National strategy and regulation for human/animal vaccination, PPDS: Proportion of population having basic drinking water
and sanitation facilities, CCVH: Costs directed to chemotherapy/vaccination of humans, PPL: Proportion of population living in areas where the elevation is
less than 5 m, LZEA: Legislation of zoonosis educational activities, ZVNP: Zoonosis vaccine national plan, ZEHI: Zoonotic events and the human-animal
Interface, IUHC: Universal health coverage (UHC) service subindex on infectious diseases, NTD: Neglected tropical disease control and prevention, SS:
Surveillance, PNPA: Proportion of natural protected areas, CIN: COVID-19 infection number, CD: COVID-19 deaths, CVC: COVID-19 Vaccination coverage,
EDALYS: Echinococcosis human DALYS, LDALYS: Leishmaniasis human DALYS, RDALYS: Rabies human DALYS, TDALYS: Tuberculosis Human DALYS,
YDALYS: Yellow fever DALYS, YVC: Yellow fever vaccination.

(B) The scores of GOHI-Zoonoses per region. The boxplot colors represent different regions. The dots represent the 160 countries and territories involved in this study.
(C) Global score map of GOHI-Zoonoses. The different colors represent different score ranges for GOHI-Zoonoses. Gray represents missing data.

IQR: 76.71-86.44), while the lowest scores were observed in sub-Saharan Africa (median: 50.96, IQR: 45.86-61.58) and South Asia (median:
59.44, IQR: 55.69-66.57). For the RT key indicator, Latin America and the Caribbean, the Middle East and North Africa, and sub-Saharan Africa
had lower average scores (median: 55.83, IQR: 42.86-66.64; median: 56.24, IQR: 45.22-60.91; median: 52.50, IQR: 44.84-64.90, respectively). In
addition, South Asia and sub-Saharan Africa had relatively lower scores for TP (median: 47.76, IQR: 53.21-53.91 and median: 45.47, 1QR: 37.74—
60.62, respectively) and CB (median: 73.59, IQR: 68.60-77.04 and median: 72.01, IQR: 69.06-73.81, respectively) (Figure 2C).
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Table 1. Data sources for GOHI-Zoonoses

Dataset Missing data (%) Data source

National guideline for surveillance/control 11.40 GHS index (https://ghsindex.org/)
National legislation on animal reservoirs 11.40

Laboratory testing for zoonotic reservoirs 26.40

National strategy and regulation for human/animal vaccination 14.10

Zoonotic capacity score 13.20 WHO (https://who.int/)
Policy adoption of insecticide-treated mosquito nets 13.20

Policy adoption of indoor residual spraying 18.20

Prevention chemotherapy coverage of zoonoses 13.60

Costs directed to chemotherapy/vaccination of humans 63.60

Legislation of educational activities on zoonoses 63.60

National program of vaccines against zoonotic diseases 55.50

Zoonotic events and the human-animal interface 11.80

Universal health coverage service subindex on infectious diseases 13.20

Neglected tropical diseases control and prevention 83.60

Surveillance 5.50

COVID-19 infection number 29.50

COVID-19 deaths 19.50

COVID-19 vaccination coverage 29.50

Yellow fever vaccination 20.00

General surveillance 20.00 WOAH (https://woah.org/)
Vector control 32.30

Wildlife reservoirs control 20.00

Basic sanitation services 1.80 World Bank (https://worldbank.org/en/home)
Proportion of population having basic drinking water and sanitation facilities 1.80

Proportion of population living in the areas where elevation is below five meters ~ 2.70

Proportion of natural protected areas 10.50

Echinococcosis human DALYS 10.50 GHDx (https://ghdx.healthdata.org/)
Leishmaniasis human DALYS 10.50

Rabies human DALYS 10.50

Tuberculosis human DALYS 10.50

Yellow fever DALYS 6.40

The proportion of missing data refers to the ratio of the number of countries/territories missing a certain dataset to the total number of countries/areas.

We observed disparities between low-income countries (LICs) and the global average for hygiene (gap = —49.01), conventional interven-
tion (gap = —16.93), vaccine regulation (gap = —20.24), and health facility population coverage and costs of interventions (gap = —26.81).
However, high-income countries (HICs) scored higher than the global average for strategy and regulation of SI (gap = 15.85), hygiene
(gap = 19.76), and conventional intervention (gap = 14.06). The sub-Saharan African region exhibited large disparities compared to the global
average for strategy and regulation adoption for zoonotic sources (gap = —14.75), hygiene (gap = —37.53), and conventional interventions
(gap = —16.61). In South Asia, substantial deficits were found between countries and the global average for strategy and regulation adoption
for zoonotic sources (gap = —15.53), vaccine regulation (gap = —27.78), echinococcosis (gap = —15.56), leishmaniasis (gap = —18.80), rabies
(gap = —15.42), and tuberculosis (gap = —14.25). Latin America and the Caribbean region exhibited poor vaccine regulation (gap = —13.24).
The East Asia and Pacific region had relatively low scores for monitoring and feedback from infectious sources (gap = —11.91). The scores for
Europe and Central Asia for COVID-19 prevention and control were below the global average (gap = —11.84). Most North American countries
had scores above the global average for most indicators (Figure 3; Table S4).

GOHI-Zoonoses is positively correlated with economic, sociodemographic, environmental, climatic, and zoological factors

The GOHI-Zoonoses score exhibited strong positive correlations with gross domestic product (GDP) per capita (r; = 0.62, p < 0.0001), gross
national income (GNI) per capita (r; = 0.62, p < 0.0001), life expectancy (r; = 0.64, p < 0.0001), and human development index (HDI) (rs = 0.68,
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Figure 2. The global scores of GOHI-Zoonoses

(A) The scores of GOHI-Zoonoses in relation to key indicators.

(B) The scores of GOHI-Zoonoses in relation to subindicators. SR: strategy and regulation; MF: monitoring and feedback; HYG: hygiene; Cl: conventional
intervention; ECI: ecological intervention; VAC: vaccination coverage; PIC: population coverage and cost of intervention; IHB: inhabitants below five meters
above sea level; GCS: guidelines for the control and supervision of zoonotic diseases; NR: nature reserves; COV: COVID-19; ECHIN: echinococcosis; LEISH:
leishmaniasis; RHL: rabies; TUB: tuberculosis; YF: yellow fever. The length of each rose petal represents the mean of the sub-I indicators.

(C) The scores of GOHI-Zoonoses in relation to key indicators by region. C1: The score of each region according to the source of infection. C2: The score of each
region according to the route of transmission. C3: The score of each region according to the target population. C4: The score of each region according to
capacity building. C5: The score of each region according to the case studies. The different boxplot colors represent different regions. The dots represent

the 160 countries and territories involved in this study.

p <0.0001). Additionally, the GOHI-Zoonoses score showed a moderate positive correlation with the environmental performance index (EPI)
(rs=0.41, p <0.0001). Livestock olensi‘tyw8 (rs=0.2, p <0.05) and tree cover loss (rs = 0.28, p < 0.05) were weakly positively correlated with GOHI-
Zoonoses scores. From the scatterplot, we found that approximately 70% of the countries are concentrated in areas with livestock density <1
and scores >58.76 (the global median GOHI-Zoonoses score). That is, countries with low livestock densities have GOHI-Zoonoses scores
above the median. Spearman'’s correlation between GOHI-Zoonoses and external factors revealed that the GDP, GNI, life expectancy,
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Figure 3. Economic status and regional performance for GOHI-Zoonoses

The numbers represent the difference between the indicator scores and the global average and are shown in shades of color.

and HDI were strongly positively correlated with hygiene, population coverage and the cost of interventions, rabies, and tuberculosis sub-

indicators (Figure 4).

Multiple linear regression analysis revealed that HDI positively affected GOHI-Zoonoses scores

The multiple linear regression model was found to be statistically significant (F value = 19.14, p < 0.01). The residuals of the multiple linear
regression model were normally distributed and independent and had equal variance (p = 0.4180, Durbin-Watson test statistic = 1.95; Fig-
ure S1). However, multicollinearity existed (variance inflation factor [VIF] >10). The best-fit model was estimated to be least absolute shrinkage
and selection operator (LASSO), with a lambda of 1.14 (Figure S2), which minimized the mean squared error (MSE). The HDI was selected
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(A) Scatterplots between external variables and the GOHI-Zoonoses score. A1: GDP per capita (current US$). A2: GNI per capita (current US$). A3: Life expectancy
at birth, total (years). Ad: Population density (people per sq. km of land area), Logged. E: Human Development Index. A5: Forest area (% of land area). Aé:
Environmental Performance index. For A1-Aé, the regions were distinguished by seven colored dots, which represent the 160 countries and territories

involved in this study.

(B) Spearman correlation between the indicators and external economic, sociodemographic, environmental, and climatic factors. The SI, RT, TP, CB, and CS are
the key indicators. SR, MF, HYG, ClI, ECI, VAC, PIC, IHB, GCS, NR, COV, ECHIN, LEISH, RHL, TUB, and YF are the subindicators. A p value greater than or equal to
0.05 is indicated in gray. rs: Spearman’s rank correlation coefficient. GDP: Gross domestic product. GNI: Gross national income. EPI: Environmental performance
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Figure 4. Continued

index. Sl: source of infection; RT: route of transmission; TP: target population; CB: capacity building; CS: case studies; SR: strategy and regulation; MF: monitoring
and feedback; HYG: hygiene; Cl: conventional interventions; ECI: ecological interventions; VAC: vaccination coverage; PIC: population coverage and cost of

interventions; IHB: inhabitants below five meters above sea level; GCS: guidelines for the control and supervision of zoonotic diseases; NR: nature reserves; COV:
COVID-19; ECHIN: echinococcosis; LEISH: leishmaniasis; RHL: rabies; TUB: tuberculosis; YF: yellow fever. The shades of color and the numbers in the square

boxes represent the magnitude of Spearman’s correlation coefficient (ry).

through LASSO regression. According to the linear regression model constructed with the GOHI-Zoonoses and HDI data, the regression co-
efficient was 36.7 (p < 0.001), and the F value of the linear regression model was 68.64 (p < 0.05). The residuals of the linear regression model
were normally distributed, independent, and equal in variance (p = 0.2630, Durbin-Watson test statistic = 1.85; Figure S3).

HICs have higher GOHI-Zoonoses scores than LICs

The Shapiro-Wilk test showed that the data for GOHI-Zoonoses and key indicators were nonnormally distributed (p < 0.001). The Kruskal-
Wallis test demonstrated differences in GOHI-Zoonoses scores among countries with different economic levels. The GOHI-Zoonoses score
for HICs (median: 75.45, IQR: 71.44-79.50) was significantly greater than that for upper-middle-income countries (UMICs) (median: 69.33, IQR:
63.58-74.98, p = 0.008), lower-middle-income countries (LMICs) (median: 66.45, IQR: 60.22-70.27, p < 0.0001), and LICs (median: 57.97, IQR:
56.44-63.09, p < 0.0001). The GOHI-Zoonoses score for UMICs was significantly greater than that for LICs (p = 0.001). Moreover, HICs ex-
hibited significantly greater scores (median: 83.90, IQR: 73.04-92.79) for sources of infection for zoonotic diseases than did UMICs (median:
72.13, 1QR: 67.56-82.43, p = 0.017), LMICs (median: 63.38, IQR: 49.64-71.66, p < 0.0001), and LICs (median: 49.12, IQR: 44.71-55.04,
p < 0.0001). UMICs received higher scores than LMICs (p = 0.013) and LICs (p < 0.0001) for the SI. HICs (median: 68.14, IQR: 57.84-74.85) ex-
hibited significantly greater scores for transmission than did LMICs (median: 60.60, IQR: 43.69-70.01). Nevertheless, no significant difference
was observed between the HIC and LIC scores in terms of the RT (p = 0.062). With respect to protection of the target population, HICs
(median: 75.13, 1QR: 56.99-78.08) had higher scores than did UMICs (median: 66.11, IQR: 48.81-75.76, p = 0.04), LMICs (median: 54.24,
IQR: 43.37-71.90, p < 0.0001), and LICs (median: 39.30, IQR: 34.84-59.88, p < 0.0001). UMICs scored higher than LICs did (p = 0.001). No sig-
nificant differences were found between the different income levels for CB and CS (Figure 5).

DISCUSSION

By establishing an indicator framework for zoonotic diseases under the OH concept, we evaluated and ranked the occurrence and control
of zoonotic threats in 160 countries/territories worldwide. We discovered disparities in GOHI-Zoonoses scores among regions and coun-
tries with different income statuses. Furthermore, the gaps between the 160 countries in each subindicator and the global average iden-
tified weaknesses in zoonotic disease prevention and control. Correlation analyses preliminarily indicated that GDP, GNI, life expectancy at
birth, HDI, livestock density, tree cover loss, and EPl were associated with the GOHI-Zoonoses score. Multiple linear regression further
indicated that the HDI positively affected the scores, which identified potential driving factors for differences in zoonotic disease preven-
tion and control.

The high scores for some European and American countries might be due to early attention given to the global impact of infectious
diseases, as well as the use of OH approaches to address zoonotic diseases. A standard bibliometric analysis based on OH information
revealed that the USA, the UK, and Australia had the most OH-related publications, accounting for 52.9% of the total OH-related litera-
ture.'” In 2004, the Global Disease Detection (GDD) program was created in the USA in response to the severe acute respiratory syndrome
pandemic.” Apropos, the determination of the USA CDC is embodied in its principle of strengthening global health security by identi-
fying, responding to, and containing emerging infectious diseases and bioterrorism threats.”' In 2008, a strategic framework using the OH
approach for reducing the risk of emerging infectious diseases at the animal-human-environment interface was established by the Food
and Agriculture Organization (FAO), World Organization for Animal Health (WOAH), World Health Organization (WHO), UN System Influ-
enza Coordination, United Nations International Children’s Emergency Fund (UNICEF), and World Bank.”” Sub-Saharan Africa has a heavy
burden of zoonoses across a wide spectrum, including rabies and onchocerciasis, and now-emerging zoonoses such as anthrax, yellow
fever, Ebola, Lassa fever, and COVID-19.7> However, there was a “late” initiative in implementing the OH approach at the regional and
national levels against zoonotic disease control and prevention, which was launched only in 2020.%* The international community is increas-
ingly recognizing the imperative nature of zoonotic disease management within the African region. For example, the involvement of the
USA CDC in Kenya encompasses the delivery of OHZDP.?

Despite the significant variations in GOHI-Zoonoses scores across different regions, each region contains high-scoring countries. For
example, South Africa was the only sub-Sahara African country with a score above 80. In recent years, South Africa has made remarkable ef-
forts to control and prevent zoonotic events. In 2010, the South Africa GDD office became the ninth regional GDD center, and its OH program
was established to detect and respond to zoonotic disease threats.”® South Africa’s experience in successfully tackling zoonotic events can
serve as an example for other African jurisdictions and provide a basis for cooperation at the regional level. In Europe, Germany scored the
highest for GOHI-Zoonoses, which demonstrates its ability to prevent, control, and respond to zoonotic events/threats. In 2001, the German
government launched the Protection Against Infection Act, which aimed to prevent communicable diseases in humans and combat the
spread of infectious diseases, including zoonoses.”’ In accordance with the Protection Against Infection Act, the European Commission is-
sued a new directive on November 17, 2003, pertaining to the surveillance of zoonoses and zoonotic agents.”® The spread of zoonoses has no
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Figure 5. Scores of each indicator for countries with different economic statuses
A) GOHI-Zoonoses scores.

B) Scores of the source of infection indicator.

C) Scores of the route of the transmission indicator.

E) Scores of the capacity building indicator.

F) Scores indicating the case study. HICs: High-income countries. UMICs: Upper-middle-income countries. LMICs: Lower-middle-income countries. LICs: Low-
income countries. The value on the horizontal bar represents the p value. The boxplot colors represent the different economic statuses of the countries and
territories. The dots represent the 160 countries and territories involved in this study. The solid black line in the middle of the boxplot represents the median.
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national boundaries, and collaboration and exchange across borders boost infectious disease transmission efficiencies. It is imperative to
emphasize zoonotic disease prevention and control at national borders and strengthen regional cooperation. Regional OH initiatives and
cooperation should influence the ability of a country to respond. Therefore, policies that enact global strategies for zoonoses while ensuring
synergy and cohesiveness at the global and regional levels are highly valuable.

The current study indicated that HICs tend to have higher GOHI-Zoonoses scores. This could be related to stable government legis-
lation and national strategies, effective health services, comprehensive management of zoonotic vaccines, mass vaccination, and technical
excellence in zoonotic pathogen detection. Previously, HICs were found to effectively manage zoonotic diseases by investing in preventive
measures.”” Conversely, numerous LICs encounter obstacles in implementing strategies to reduce zoonotic risk due to economic factors
that impact households, the business sector, and governmental entities.*® The cost of prevention is a significant barrier for many countries,
and resources for prevention are often not prioritized.” Low-scoring LICs are often not fully prepared for use in treating zoonotic diseases
due to their fragile surveillance ability, late response system, limited medical resources, and poor awareness and education, which results
in a greater risk of future zoonotic diseases.®'* Countries with high GOHI scores indicate strong zoonotic disease control and response
capabilities; however, this does not mean that they have a low risk of zoonotic disease in the future. Zoonotic diseases can spread across
borders and cause worldwide pandemics due to tourism, global migration, trade, etc. Countries need to enhance and strengthen coop-
eration with neighboring countries, such as through joint disease surveillance, sharing of information on animal movements, and integra-
tion and cooperation between multiple sectors®; additionally, the OH approach should be used to prevent, detect, predict, and respond
to the threat of zoonotic diseases in border areas. This was the case in Uganda, where a multisectoral community engaged in character-
izing animal mobility to prevent the cross-border spread of zoonotic diseases.’ As a further example, in 2007, China and Myanmar
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established cross-border malaria prevention and control measures, which effectively reduced the burden of malaria at the China-Myanmar
border.*> Consequently, it is imperative to encourage HICs to support funding and CB in LICs to strengthen the capacity for early detec-
tion of zoonotic disease and enhance the provision of pharmaceuticals, vaccines, and related resources. For example, the United States
Agency for International Development Emerging Pandemic Threats Program, which aimed to strengthen zoonotic disease surveillance and
laboratory testing capacities of LMICs and LICs such as Bangladesh, Cambodia, and Vietnam,>® will bolster the ability of these countries to
prevent, detect, and respond to zoonotic threats/events (GOHI-Zoonoses scores: 66.47, 69.24, and 78.18, respectively). Despite the diffi-
culty in quantifying the precise impacts of these investments, it remains crucial to allocate resources toward measures against the local and
regional spread of zoonotic diseases.”” OH implementation should consider social and ecological factors related to zoonotic transmission
to provide comprehensive strategies for assessing and addressing zoonotic and related risks across communities, particularly those with
stratified regions and customs.™

Zoonoses are influenced by multifaceted drivers encompassing ecological, economic, and social dynamics that operate at local to global
scales.?"~*? Research on the drivers of zoonotic events can inform strategic decisions and optimize control strategies for zoonotic disease
prevention and control. Considering the integrity of the data generated in the present study and the quality of the data, we investigated the
associations of nine external-social, economic, and environmental factors with zoonotic events. Our results showed that GOHI-Zoonoses
scores were greater in countries with higher GNI and GDP. Such an association aligns with the conclusion drawn earlier regarding the influ-
ence of economic status on the prevention and control of zoonotic diseases. In addition, we found that human life expectancy is positively
associated with efficiency in zoonotic disease control, which is consistent with the findings of previous studies showing that higher human life
expectancy is associated with fewer zoonotic parasite infections in companion animals.*?

Previous research has indicated that deforestation leads to increased contact between humans and wild species, thereby increasing the
risk of disease transmission.”* Consequently, the preservation of forest areas and the prevention of deforestation can contribute to miti-
gating the risk of zoonotic diseases. The current study showed a positive correlation between tree cover loss and GOHI-Zoonoses. This
study used a tree cover loss dataset that referred to trees under five meters in length or those lost from other natural factors, such as fires
or storms, but not deforestation.”® This suggests that the natural evolution of the environment rather than human-made disruption can
help restore and reshape ecosystems, potentially reducing the risk of zoonotic threats. Future research may aim to differentiate between
natural and anthropogenic drivers of tree cover loss to better elucidate their distinct impacts on zoonotic disease. Countries with higher
human population densities may be likely to host more zoonoses than other countries.”® In this study, more than 70% of the countries had
low livestock density and high GOHI-Zoonoses scores, which is consistent with findings from other studies that high livestock density in-
creases the risk of zoonotic diseases.”’**® Other studies have shown that higher livestock density creates a larger potential host population
with more possibilities for exposure and transmission within and between farms, which in turn can lead to greater pathogen diversifica-
tion.”® Intensive livestock farming, characterized by elevated livestock densities, is correlated with the risk of zoonotic disease emer-
gence.”"? Thus, maintaining livestock density within a reasonable range is key for preventing zoonotic diseases. The EPI is a ranking sys-
tem that ranks 180 countries according to climate change performance, environmental health, and ecosystem vitality.”” We found that the
EPI was positively correlated with the GOHI-Zoonoses score. In the present study, countries with low GOHI-Zoonoses and low EPI scores
were mostly found in LICs, e.g., in sub-Saharan Africa. These results can be explained by these countries having incomplete policies; inad-
equate implementation measures for environmental and animal health, such as biodiversity conservation and animal habitats; and inap-
propriate exploitation of natural resources, which play roles in zoonotic threats.”® Similarly, the East and Horn of Africa region has
been identified to be at risk for the emergence and spread of zoonotic diseases because this region is threatened by rising temperatures
and unpredictable rainfall. This environmental shift intensifies the proliferation and dissemination of vectorial organisms, including mosqui-
toes, which leads to the transmission of zoonotic infections.” In summary, climate change alters the living conditions of zoonotic patho-
gens and vectors, increasing the spread of zoonotic diseases.” Environmental degradation can compromise the immune system of ani-
mals, leading to the shedding of pathogens from animals into the environment, which in turn infect humans.”” Decreased biodiversity also
increases the risk of transmission of zoonotic diseases.”® Thus, it is important to preserve the environment, reduce pollution, and protect
biodiversity to prevent and control zoonotic diseases. We found no correlation between the GOHI-Zoonoses score and forest area or pop-
ulation density. One possible reason could be that the variables included in this study were indirect variables related to zoonosis, and the
results may be influenced by other confounding factors. We also found no association between the GOHI-Zoonoses score and the inci-
dence of zoonotic diseases, e.g., COVID-19 (p > 0.05), in the CS. This may be due to underreporting and limited testing capacity in
LICs and LMICs,>® which can lead to different numbers of cases or deaths than reported, such as COVID-19. To reduce reporting bias,
countries need to ensure transparency in the surveillance process and document all steps taken to collect and analyze data. This includes
documenting the methods used, any changes made in the process, and any limitations or biases that may exist, e.g., using standardized
forms, protocols, and procedures for data collection. Quality control, which includes regular checks for errors and inconsistencies, is also
needed to ensure the accuracy and reliability of the data.”®>’

The results of multiple linear regression revealed a linear relationship between the HDI and GOHI-Zoonoses score. The HDI is a statistical
composite index that measures a country’s average achievements in three basic aspects of human development: a long and healthy life,
knowledge, and a decent standard of living.”® Higher HDI values indicate greater economic resources, improved education, and enhanced
healthcare infrastructure, which collectively contribute better to the effective prevention and control of zoonotic disease outbreaks.”” Regions
with higher HDI values may have better access to economic resources, improved education, and enhanced healthcare infrastructure, which
contributes to the development and implementation of effective governance policies for zoonotic disease prevention. These findings
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underscore the importance of socioeconomic development in bolstering preparedness and response mechanisms, highlighting the need for
targeted interventions and policies to address zoonotic risks in less-developed areas.

Overall, the strengths of this study lie in the rigorous framework design and the selection of indicators used.'®*° The datasets used were
sourced from authoritative and public databases (Table 1). The methodology that employed algorithms has proven to be effective.®”? To the
best of our knowledge, this study is the first global and comprehensive assessment of the performance of zoonoses based on the OH concept.
The scores under each GOHI-Zoonoses indicator reflected the strengths and weaknesses in controlling or responding to zoonotic threats by
country and region, which are positively associated with economic, sociodemographic, environmental, and climatic factors. This comprehen-
sive evaluation provides evidence to inform global, regional, and national efforts toward preventing and controlling zoonotic events to opti-
mize the health of people, animals, and the environment.

Limitations of the study

One of the limitations of this study is that the dataset used was constructed only from English language databases, and information in
other languages could not be searched and used. One opportunity for expansion of this work could be to incorporate non-English-lan-
guage databases, as information in other languages could not be integrated, especially from governmental databases where English is
not an official working language. In addition, recent data were not available from some of the databases or some LICs; therefore, we inter-
polated the countries with missing data based on economic situation, which may bias the calculation of the GOHI score. Moreover, we
found that some datasets were underreported, resulting in high GOHI scores, e.g., in the LICs. This may be due to limited healthcare re-
sources and heavy workloads in LICs, lack of proper awareness of reporting requirements among healthcare providers, and inadequate

: 6
reporting systems.®>™°
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The indicator framework and geographical distribution of the This paper Figure 1
GOHI-Zoonoses scores

The global scores of GOHI-Zoonoses This paper Figure 2
Economic status and regional performance for GOHI-Zoonoses This paper Figure 3
Scatterplots and correlation (Spearman’s r) between external variables and the This paper Figure 4

GOHI-Zoonoses score
Scores of each indicator for countries with different economic statuses This paper Figure 5

Multiple linear regression and multicollinearity test This paper Figures S1-S3

Software and algorithms

R Studio (version 4.2.3) R Studio: Integrated development for R https://posit.co/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Kokouvi Kassegne (kassegnek@
sjtu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
All the data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.
Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Framework formulation and dataset collection

The framework for the GOHI-Zoonoses was formulated as reported previously®® and is composed of key indicators, subindicators, and
datasets.

To establish the GOHI-Zoonoses framework and populate its datasets, we referred to authoritative publicly available databases of the
World Health Organization (WHO), World Organization for Animal Health (WOAH), World Bank, Global Health Security Index (GHS index),
and Global Health Data Exchange (GHDx).%° The construction of the dataset was based on the principles of relevance, authoritative sources,
open access, completeness, timeliness, comparability, and country-level data.'® The datasets met the following criteria.

() Covered human or animal disease, medical and health data, socioeconomic data, and environmental data related to zoonotic
diseases.

(i) Scientific methods were used to collect the data.

(iii) Covered most countries and territories in the world with sufficient, up-to-date data.
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Indicator selection and database building

Key indicators include the source of infection (Sl), route of transmission (RT), target population (TP), capacity building (CB), and case studies of
zoonotic diseases (referred to as case studies, or CS).°° Subindicators were established based on our previous study,60 and datasets were
updated according to publicly available databases. We reviewed the literature related to zoonotic diseases and OH,'**~"? referred to the
One Health Joint Plan of Action (OHJPA)’" on zoonotic disease actions and OH action for health security and equity,””’® and carried out
consultations with experts from the WHO, WOAH, Food and Agriculture Organization (FAO), and World Bank. The datasets were divided
into qualitative and quantitative data. Qualitative data were marked as “1” when records related to an indicator were found, whereas they
were marked as “0” when records related to an indicator were not found.

Weight determination and calculation of indicator scores

The fuzzy analytic hierarchy process (FAHP) algorithm was used to calculate the weights of each indicator, followed by fuzzy comparison matrix
formation'®"” (Appendix A). Weights were averaged across datasets to reduce the impacts of variation between measurements in each data-
set. We set the boundary for the missing data rate to be less than 50%, '® resulting in 160 countries and territories being included. If the number
of missing datasets exceeded 160 for any indicator, the indicator was excluded from the calculation.’® For missing data, we used the average
of the corresponding data for the three countries with the most similar sociodemographic characteristics to interpolate the missing
values.'”®" For datasets with a value of O or 1, measurements were taken to prevent overpolarization. A positive number was randomly
selected from the normal distribution N ~ (0, 0.16?) to replace the original value 0. A number less than 1 was randomly selected from the
normal distribution N ~ (0, 0.16%) to replace the original value 1.'° For each value in the datasets, the best/worst value was set and normalized
(Appendix B).

Visualization and correlation analyses
Descriptive analysis and data visualization were performed using R 4.2.3 (R Foundation for Statistical Computing, Austria) with R Studio (Posit,
USA). Box plots were generated to present GOHI-Zoonoses scores for the seven regions of the world according to the World Bank analytical
grouping‘ﬁj‘o’
ences between subindicator scores and average scores by country or territory using Excel 2019 (Microsoft, USA).

To explore the relationships between GOHI-Zoonoses and other external sociodemographic, economic, environmental, zoological and

Ridge and rose plots were generated to show the scores for the five key indicators. A heatmap was generated to show differ-

climatic factors, datasets related to gross domestic product (GDP) per capita and gross national income (GNI) per capita, life expectancy,
population density, the human development index (HDI), and forest area were downloaded from the World Bank database’?, the 2022 Envi-
ronmental Performance Index,®’ tree cover loss,” and livestock density.18 We classified countries into high-, upper-middle-, lower-middle-,
and low-income countries based on their GNI per capita levels from the World Bank.®' We initially explored the external drivers of GOHI-
Zoonoses, and Spearman'’s rank correlation was calculated to evaluate the correlation between the external factors and GOHI-Zoonoses
score. The normality of the data was checked by the Shapiro-Wilk test. The Kruskal-Wallis test was used to analyse differences in GOHI-
Zoonoses scores for countries and territories with different income statuses. The significance level o was set to 0.05, which indicated that
a Pvalue less than or equal to 0.05 was considered to indicate statistical significance.

Multiple linear regression and multicollinearity test

A multiple linear regression model was initially established between the GOHI-Zoonoses score and GNI, life expectancy at birth, population
density, HDI, livestock density, tree cover loss, forest area, and EPI. The residuals were tested for normality using the Kolmogorov-Smirnov
method.?” The Durbin-Watson test was used to test residual independence.® A residual scatterplot against the fitted values was generated to
test the homogeneity of residual variance.®® The variance inflation factor (VIF) was subsequently used to test for multicollinearity.® If the value
of the variable VIF was >10, LASSO regression and k-fold cross-validation were used to find the lambda value that produced the minimum
test mean square error (MSE) and construct the regression model.?® Variables with regression coefficients that were not zero were selected
from the LASSO regression model and included in the multiple linear regression model, which was ultimately analysed to identify external
variables affecting the GOHI-Zoonoses score.
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