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SUMMARY

The One Health (OH) approach, integrating aspects of human, animal, and environmental health, still lacks
robustly quantified insights into its complex relationships. To fill this knowledge gap, we devised a compre-
hensive assessment scheme for OH to assess its progress, synergies, trade-offs, and priority targets. From
2000 to 2020, we find evidence for global progress toward OH, albeit uneven, with its average score rising
from 61.6 to 65.5, driven primarily by better human health although environmental health lags. Despite syn-
ergies prevalent within and between the three health dimensions, over half of the world’s countries, mainly
low-income ones, still incur substantial trade-offs impeding OH’s advancement, especially between animal
and environmental health. Our in-depth analysis of synergy and trade-off networks reveals that maternal,
newborn, and child health are critical synergistic targets, whereas biodiversity and land resources dominate
trade-offs. We provide key information for the synergetic and uniform development of global OH and policy-

making.

INTRODUCTION

Human, animal, and environmental health are three intricately
interconnected domains that collectively influence global secu-
rity."? Healthy humans have complete physical, psychological,
and mental well-being, including positive social relationships.®
Healthy animals are free of physiological, psychological, and
behavioral diseases, which enables them to survive and repro-
duce normally within their habitats.* Environmental health fo-
cuses chiefly on air, water, and soil quality, a stable climate,
the safe use of chemicals and waste management, and biodi-
versity conservation.® An array of global changes is increasing
the risk of infectious disease outbreaks, threatening both hu-
man and animal health and jeopardizing the healthcare systems
of countries.® About 75% of all emerging infectious diseases
are zoonotic, such as COVID-19, Ebola, and Zika pandemics
and epidemics caused by viruses, most of which are influenced
by various environmental factors.” Accordingly, given the
evolving global landscape of potential epidemics, the World

Health Organization (WHO) Pandemic Agreement indicates
that there is now an impetus to design and apply a more inte-
grated framework to strengthen pandemic prevention, pre-
paredness, and response.”

The One Health High-Level Expert Panel (OHHLEP)—on which
sit members of the Food and Agriculture Organization of the
United Nations, the World Organization for Animal Health, the
WHO, and the United Nations Environment Program—has
defined One Health (OH) as an integrated, unifying approach
that aims to sustainably balance and optimize the health of peo-
ple, animals, and ecosystem.® The OH approach is recognized
as the currently most effective and sustainable method for avert-
ing, readying for, and detecting interconnected health threats,
particularly for mitigating the impact of emerging infectious dis-
ease outbreaks.® For example, USAID’s PREDICT project initi-
ated in 2009 has implemented a targeted, risk-based surveil-
lance strategy based on the OH approach to detect the
sources of viruses as soon as possible and gauge their risk of
spillover.'® This strategy has been very successful so far and
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has been used to help governments worldwide investigate,
detect, and mitigate emerging major disease threats.

Since the introduction of OH in the late 1990s, much effort has
been directed to how to measure progress toward achieving
OH."" Zhang and colleagues'? proposed a health cell-like frame-
work that takes a holistic perspective, which can serve as an
assessment tool to measure OH performance and gauge the
impact of economic and policy-related factors on the three
health dimensions. Despite advances in refining the OH concept
and its assessment frameworks, vexing challenges prevail in
identifying key priorities and quantifying the progress of coun-
tries whose socioeconomic, cultural, natural, and health realities
differ variously.'> OHHLEP has developed an over-arching The-
ory of Change in addition to the OH definition that provides a
conceptual framework and theoretical foundation for its imple-
mentation and evaluation.®'* Therefore, a systematic analysis
of the complex relationships among three health dimensions
on both the global and national scale is imperative for distin-
guishing those priorities and safeguarding OH."> Employing dig-
ital technologies—including artificial intelligence (Al), big data,
and related digital technologies—in the operationalization of
OH fosters interdisciplinary collaboration and data sharing.'®
Al-assisted negotiations based on large language models can
promote transparency in balancing diverse risks.'” Nonetheless,
a fragmented, distributed, and heterogeneous data environ-
ment, coupled with limited access to health data, is hampering
the development of systematic data-driven health solutions.'®

Several studies have analyzed from different perspectives
how the environment and animals could impact human health,
e.g., via habitat destruction, environmental pollution, and climate
change, all of which can spur the emergence and expand the
spatial range of infectious diseases.®'® Animals are crucial vec-
tors for many potent diseases, such as the syndrome coronavi-
rus and the Ebola virus.'® They are affected by environmental
changes and human activities that alter the population and range
of host species, as well as their geographical distribution and
habitats. These changes contribute to a greater risk of animal-
to-human spillover events in newly discovered viruses.*’

Despite a better understanding of how environmental and an-
imal factors can influence human health, we still lack system-
atic, real-world, data-driven assessments and analyses of gen-
eral relationships within the three health dimensions in terms of
synergies (where progress in one goal facilitates another’s
advancement) or trade-offs (where progress in one goal im-
pedes another’s advancement), especially regarding their
spatial differentiation.?’** This gap hinders unified progress to-
ward OH, potentially limiting its ability to bolster responses to
public health crises. Consequently, this impairs the effective
application of the OH approach in crafting policies and corre-
sponding action.*®

To comprehensively address this gap, we designed a holistic
OH assessment scheme based on the Global One Health Index
and health-related Sustainable Development Goals (SDGs)
(Tables S1 and S2). Next, we standardized these indicators
and analyzed their relationships using Spearman correlations.
We then separately examined these statistically significant rela-
tionships within OH at both the global and national scales. Our
study answers three questions: (1) what are the spatiotemporal
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characteristics of progress toward OH from 2000 to 20207 (2)
which synergies and trade-offs exist between and within the hu-
man, animal, and environmental health dimensions? and (3) what
are the key synergistic and trade-off targets influencing progress
in OH globally and nationally? By quantitatively addressing these
pressing questions, our findings can guide countries in pinpoint-
ing their health priorities based on relationships between
different health aspects, thereby ultimately supporting the pro-
motion of sustainable development and enhancing human re-
sponses to global crises.

RESULTS

Spatiotemporal dynamics of OH at the global and
national scale

Our results revealed remarkable progress in the globally aver-
aged OH index, which reached 65.54 in 2020, significantly
improving over its 2000 benchmark (Figure 1A, p < 0.05). Howev-
er, this progress is uneven, with disparities across different
health dimensions and countries worldwide. This uneven prog-
ress toward OH suggests that its benefits are not universally
experienced, with several prominent countries deteriorating in
their environmental health despite the global increase in OH. In
particular, this improvement has been driven by gains in human
health, whereas advances in environmental health have been
sluggish, stagnant, or reversed (Figure 1A). Specifically, between
2000 and 2020, human health increased by 14.21%, animal
health by 7.07%, and environmental health by 2.45%. However,
15.71% of countries in this period incurred negative growth in
their respective OH index (Figure S1). Individually, 14.29%,
30.41%, and 38.74% of countries saw human, animal, and envi-
ronmental health declines, respectively (Figure S1).

From their health configurations, we could not find any country
that performed well, with a score >80, in each of the three health
dimensions (Figure S1). This was mainly because no country has
an environmental health score above 80 (Figures S1 and S2).
This finding suggests that even high-income countries can
face substantial hurdles in achieving OH. Moreover, despite
gains in OH, formidable challenges persist in improving all three
health dimensions. For example, there is a notable rise in
the number of countries whose configuration is (Hn, Ha, Me)—
well-performing human health, well-performing animal health,
with moderately performing (60 < scores <80) environmental
health—and likewise (H,, Ma, Me). Both configurations rose by
750% and 240%, mainly concentrated in high-income and up-
per-middle-income countries in Europe and North America
(Figures 1B and S2).

Moreover, the number of lower-middle-income and low-in-
come countries with daunting configurations, such as (Ly, La,
Le) (scores <60), (Ln, La, Me), and (My, La, Me), experienced a
marked decline, respectively falling by 40%, 64.29%, and
33.33%. More importantly, as of 2020, progress toward OH
faced considerable challenges across all three health dimen-
sions (Lp, La, Le) in nine middle-income and low-income coun-
tries in Asia and Africa (Figure S2). They include four low-income
countries (i.e., Afghanistan, the Democratic Republic of the
Congo, Burkina Faso, and Madagascar), one upper-middle-in-
come country (Equatorial Guinea), and four middle-income
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Figure 1. Global One Health progressed and changed in the number of countries with three configurations of scores for human, animal, and

environmental health worldwide from 2000 to 2020

(A) Global annual average score of the One Health index, human, animal, and environmental health, from 2000 to 2020. The bar height represents the mean. The
upper bound is defined as Q3 + 1.5 *IQR, while the lower bound is Q1 — 1.5 * IQR, where Q1 and Q3 are the 25th and 75th percentiles, respectively, and IQR is the

interquartile range for the sample of 148 countries (n = 148).

(B) Countries were grouped into 15 configurations of score levels for human (h), animal (a), and environmental health (e) (see STAR Methods, Table S3). Those with
scores >80 are performing well (H), those with scores <60 are facing substantial challenges (L), and those with scores between 60 and 80 are performing

moderately (M).

countries (i.e., the Federated States of Micronesia, Papua New
Guinea, Solomon Islands, and Kiribati).

Synergies and trade-offs between human, animal, and
environmental health
We consistently found a higher proportion of synergies (S) than
trade-offs (T) between the three health dimensions. Globally,
synergy proportions (S) exceeded trade-offs (T) with absolute
differences of 16.13%, 11.20%, and 6.95% for human-animal,
human-environmental, and animal-environmental health,
respectively (Figure 2A). This implies a trend of mutual enhance-
ment rather than constraint across different health dimensions.
Nationally, similar patterns characterized most countries, indi-
cating the prevalence of synergies. Encouragingly, we find that
37.7% of countries have synergistic effects in all three health di-
mensions (S, S, S), concentrated in high-income and middle-in-
come countries in Europe and the Americas (Figures 2B and S3).
Despite synergistic effects being widespread, some countries
still face substantial challenges to achieving uniform develop-
ment across three health dimensions, especially in regions with
lower income (Figure 2B). Hence, progress along a single health
dimension in these countries might negatively impact another.
For instance, more than 89 low- and middle-income countries,
mainly in Africa and Asia, harbor at least one trade-off across
the three health dimensions. Of them, 56 countries displayed
additional trade-offs in the other two health relationships. Specif-
ically, 23, 19, and 14 countries, respectively, feature (T, S, T), (S,
T, T), and (T, T, S) configurations. Crucially, we identified six
countries with trade-offs across all three health dimensions,
i.e., (T, T, T), irrespective of their income level (Figure 2B). This
group includes not only the low-income countries Guinea, Solo-

mon Islands, and Burkina Faso but also high-income countries
(Seychelles) and two upper-middle-income countries (China
and Fiji).

Our results show that environmental health faced substantial
challenges for relationships within each health dimension, given
its higher proportion of trade-offs than synergies (Figure 2A). This
pattern was consistently found across countries with varying in-
come levels (Figure S3). According to the interactive health con-
figurations, trade-offs within animal health also pose a critical
obstacle, predominantly in low and lower-middle-income coun-
tries (Figure 2C). Further, within all three health dimensions, rela-
tionships dominated by synergies, i.e., (S, S, S), were prominent
in 34 high-income and lower-middle-income countries, mainly in
Europe and South America. In contrast, only four island countries
had more trade-offs than synergies (Figure 2C).

Although high-income countries exhibit more synergies and
low-income countries more trade-offs, this pattern does not
hold for all relationships within or between the three health di-
mensions (Figure S3). For greater insight into the complexities
of different health relationships, we analyzed how these shifted
with progress in OH. This revealed that when a country’s synergy
proportions increase within and between health dimensions, its
OH index also rises. Conversely, more trade-off proportions
are associated with a lower country OH index (Figures 3 and
S4-S8).

We found further variability in the correlations between the
country OH index at three levels and the synergy or trade-off pro-
portions within and between the three health dimensions in 2020
(Figure 3). In those countries facing substantial OH challenges
(L), the synergy proportion within human health is positively
correlated with the country OH index (p = 0.33, p < 0.05).
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However, it is negatively correlated with the trade-off proportion
(p = —0.34, p < 0.05) (Figure 3). In moderately performing coun-
tries (M), synergy proportions between the three health dimen-
sions and within environmental health are each positively corre-
lated with the country OH index (0.23 < p < 0.34, p < 0.05). In
contrast, it is negatively correlated with their trade-off propor-
tions (—0.34 < p < —0.28, p < 0.05) (Figure 3). Well-performing
countries (H) have positive correlations between the country
OH index and their synergy proportions within animal or environ-
mental health dimensions and in the animal-environmental
health relationship (0.59 < p < 0.79, p < 0.05), but lack any signif-
icant correlations for trade-off proportions (o > 0.05) (Figure 3).

Key targets of global OH relationships

Our results indicate that key synergistic targets can help to reach
other OH targets, in this way acting as pivotal leverage points for
improving OH. Globally, from the OH synergy network, we iden-
tified H1 (maternal, newborn, and child health) as the most influ-
ential target, followed by H3 (non-communicable diseases and
mental health), H2 (infectious diseases), A3 (animal nutritional
status), and E5 (environmental biodiversity) (Figure A4A;
Table S4). For instance, H1 had significant synergistic relation-
ships with six OH targets across more than 627 indicator data
pairs (p < 0.05; Figure S9). Additionally, improvements to A3
and E5 significantly help to meet four and two OH targets,
respectively, involving more than 629 indicator data pairs
(p < 0.05; Figure S9).

Likewise, progress toward meeting key trade-off targets can
slow advances in other OH targets (and vice versa). This calls
for careful consideration of their potential impacts to minimize
negative effects. In the trade-off network, E2 (land resources)
emerged as the most influential target, followed by H7 (food se-
curity), A4 (animal biodiversity), and E4 (hazardous chemicals)
(Figure 4B; Table S5). Then, environmental health targets domi-
nate the trade-off network, for which all average-weighted de-
gree targets are ranked within the top seven in the network,
where E2 is paramount (Table S5). This suggests that it is essen-
tial to consider potential limiting effects on other OH targets’
achievement when promoting environmental health targets to
avoid or overcome trade-off effects. Specific OH targets can
significantly affect synergy and trade-off networks, albeit with
different associated targets or countries. For instance, one of
the most influential targets in global trade-off and synergy net-
works is E5, ranked fifth in terms of its average-weighted degree
(Tables S4 and S5).

Key OH targets of health relationships across countries

Nationally, we found similarities in the identified influential tar-
gets across many countries, but differences did arise in a few
countries. Through our analysis, we could identify the key targets
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exercising the greatest impact across various countries and their
affected human populations. Namely, H1 (maternal, newborn,
and child health), H2 (infectious diseases), and H3 (non-commu-
nicable diseases and mental health) stood out as the most influ-
ential synergistic targets. For example, the synergistic targets of
H1-H2 prevail in 95 countries across Asia, Africa, South America,
and Europe, positively affecting about 5.62 billion people (Fig-
ure 5A); H1 and H3 form the top synergistic pairing in 30 coun-
tries across Europe, Africa, Asia, and Australia, influencing about
0.48 billion people (Figure 5A). Concerning trade-offs, A4 (animal
biodiversity) emerged as the most influential trade-off target, fol-
lowed by E2 (land resources). A4 leads the trade-off target in 84
countries, mainly with H1, impacting about 6.06 billion people
across Asia, Africa, and America. E2 is prominent atop the
trade-off target pairings in 27 countries, mainly with H1, affecting
0.66 billion people across Europe and Africa (Figure 5B).

Our study pinpoints H1, H2, and H3 as key synergy targets at
both the global and national scales. It also highlights why it is
imperative to address trade-offs related to E2 (land resources),
H7 (food security), and A4 (animal biodiversity) to enhance OH
progress (Table S5; Figure 5B). At the national scale, H1-H2
and H1-A4 emerge as the most influential pairs of OH target syn-
ergies and trade-offs, with associated human populations and
countries exceeding those of other OH target pairs. The distribu-
tion of countries associated with these pairs was almost iden-
tical, mainly concentrated in Asia, Africa, and South America
(Figure 5). Therefore, enhancing the synergy among these tar-
gets and addressing trade-offs is crucial for bolstering OH prog-
ress, given the corresponding implications for a huge portion of
the world’s population and its countries.

DISCUSSION

Better putting OH into practice requires fostering synergies
among these health dimensions while identifying and minimizing
their trade-offs.”* Our study systematically investigated spatio-
temporal disparities within and between human, animal, and
environmental health dimensions from 2000 to 2020, seeking
to identify pertinent synergies and trade-offs. More importantly,
we distinguished key OH synergistic and trade-off targets,
providing timely information for policymaking to achieve OH uni-
form progress in various health dimensions and countries.
While our findings agree with other work showing a global
improvement in OH,?>® we identified uneven progress across
various health dimensions and countries. These disparities can
be explained by major advances in human health due to rapid
progress in medical technology, widespread public health initia-
tives, and improved education.”>° Nevertheless, environ-
mental health features little, if any, improvement or, in some
cases, regression. A case in point: just one-fifth of the strategic

Figure 2. Global-scale relationship proportions and geographic patterns of synergies and trade-offs between and within human, animal, and

environmental health dimensions across countries

(A) Proportion of synergy (green), trade-off (red), and non-classified (yellow) observed between and within three health dimensions at the global scale.

(B) Mapped relationships between these dimensions (human-animal health, human-animal health, and animal-animal health).

(C) The country-level relationships within each health dimension (human, animal, and environmental health). The bar chart inset shows the number of countries
with different income levels in various interactive configurations of three health dimensions (both within and between dimensions). The “T” indicates a higher
proportion of trade-offs than synergies, while the “S” indicates a higher proportion of synergies than trade-offs.
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Figure 3. Correlations between the One Health index and the proportion of synergies or trade-offs within and between human, animal, and
environmental health in countries worldwide in 2020, respectively, at three levels of the One Health index

The three levels included countries with scores >80 as performing well (H), those with scores <60 as facing substantial challenges (L), and scores between 60
and 80 as performing moderately (M). We used linear regression models to fit lines between the One Health index of countries and the proportion of synergies or

trade-offs between and within the three health dimensions.

and specific goals tied to nature and environmental protection of
the world in six global agreements are progressing smoothly.*’
In fact, for nearly one-third of specific targets in these conven-
tions, either minimal or no progress has been made, or countries
have deviated from certain targets.*’

From the analysis of three health configurations, we find that
no country performs well overall, with a score above 80. None-
theless, countries differing in income status may face distinct
challenges. For instance, low- and middle-income countries
struggle with attaining development in every health dimension,
while high-income countries mostly face challenges in environ-

6 iScience 27, 111357, December 20, 2024

mental health. The obstacles in the way of low- and middle-in-
come countries could be ascribed to a mix of factors, such as
heavy population pressure coupled with limited resources, along
with rapid urbanization, in addition to the rapid expansion of live-
stock production and agriculture, all of which are leading to land
degradation; biodiversity loss; air, water, and soil pollution; and a
greater risk of disease spillover.®'"*° For high-income countries,
however, it is likely that the unsustainable mass production and
consumption of non-essential goods and services, which are
critical factors underpinning its resource depletion and environ-
mental pollution, lead to trade-offs between environmental
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Figure 4. Observed synergy and trade-off networks between the One Health target pairs on a global scale

(A) Greenish connecting lines denote the synergy network.

(B) Reddish connecting lines show the trade-off network. Darker and wider lines indicate a stronger correlation between the One Health target pairs. Larger
connection nodes (circles) on the lines indicate that the corresponding target substantially impacts the network.

health and other health dimensions, namely human and animal
health.®*%°

Our analysis underscores a global trend whereby synergies
outweigh trade-offs among the three health dimensions, mainly
in high-income countries. This trend has probably been strength-
ened by introducing and developing the OH approach and
SDGs, which have spurred nations to adopt holistic-oriented
strategies that align human, animal, and environmental health,
resulting in a relatively higher proportion of synergies.**® For
example, the OH approach shows a range of quantitative incre-
mental benefits regarding health services and infrastructure
monitoring and response systems, antimicrobial resistance,
food safety, nutrition security, environmental sanitation, and
zoonosis control.” Nonetheless, pivotal trade-offs persist within
lower- and middle-income countries in Africa and Asia, where
economic imperatives often come at the expense of animal
and environmental health, given the limited resources and demo-
graphic pressures there.*”* Environmental health is the gravest
challenge across countries, irrespective of income, exacerbated
by inadequate health policy frameworks, asymmetric regional
competition, and escalating demands for public health and
food safety.’® These stark disparities emphasize why targeted
policies and actions are urgently needed to foster greater syn-
ergy relations and facilitate uniform OH progress. However,
some high-income countries may face difficulties in achieving
synergies.

Although high-income countries generally exhibit more syn-
ergies and low-income countries more trade-offs, this pattern
does not hold for all relationships examined here. Our in-depth
analysis of how the OH index is related to the three health dimen-

sions yielded fresh insight conducive to advancing OH policy ini-
tiatives. For example, correlation shifts emerged in the synergy
and trade-off proportions among the three health dimensions
versus the OH index at its three levels. Tackling the human health
dimension has led to better health outcomes in countries with an
OH index level of L (score <60). For example, global health ini-
tiatives have undoubtedly improved health outcomes in low-in-
come and middle-income countries, particularly in Southeast
Asia and sub-Saharan Africa.*’** Countries with an OH index
level of H (score > 80) should instead focus on leveraging syner-
gistic effects between the animal and environmental health di-
mensions. For example, biodiversity conservation yields stron-
ger synergistic benefits in high-income countries whose overall
health performance is also higher.**

Hence, the suite of challenges faced and domains prioritized
for intervention are apt to vary drastically across countries at
different stages of socioeconomic development, potentially
shaped by factors such as their degree of economic moderniza-
tion, resource endowments, and the extent of policy implementa-
tion.”* Future research should aim to stratify countries based on
political systems and other relevant traits.'> Embracing this more
nuanced approach is needed to better understand the complex
interplay between the three health dimensions and provide
more valuable insights for customizing cross-sectoral policies.

Since prevailing synergies and trade-offs inevitably differ to
some extent across countries, we must strive to craft tailored
policies that mitigate likely trade-offs in different countries and
contexts.*® So, pursuing synergistic outcomes among the key
targets (i.e., H1, H2, and H3) is the most promising strategy for
initiating a virtuous cycle of OH progress. Such key synergy
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Figure 5. Global patterns of the top 15 One Health target pairs with synergies and trade-offs across countries

(A) Synergies.

(B) Trade-offs. The bar chart inset shows different One Health targets and their corresponding populations in 2020. The gray color indicates regions with no data
or less than n = 3 data pairs.

targets are closely associated with synergistic co-benefits, Our research also underscores the need to dampen potent
which means that progress in one can help fulfill other targets.  trade-off effects, mainly concerning land resources (E2) and an-
For example, previous research suggests that good health and  imal biodiversity (A4). These targets are essential because prog-
well-being engage synergistically with other SDGs, which is ress in one could prevent or limit success in others.>* Many
conducive to reducing negative environmental impacts, meeting  studies have stressed that spillover effects of zoonotic diseases,
technological demands, and driving healthcare investments, spurred by land-use changes and biodiversity loss, rightly stand
especially in developing countries.** out as interdisciplinary priorities.***® Not surprisingly, those
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areas under the greatest pressure from land use and biodiversity
changes are prone to becoming hotspots for zoonotic disease
outbreaks.'®

For instance, Southeast Asia and sub-Saharan Africa are hot-
spots for zoonotic diseases such as the Ebola virus, coronavi-
ruses (pandemics severe acute respiratory syndrome and
COVID-19), and the influenza virus (pandemic H5N1).>**° Rapid
agricultural expansion, urbanization, and deforestation to meet
growing food and population demands have led to much biodi-
versity loss and habitat fragmentation.®” From 1998 to 2018, for-
est coverage in Southeast Asia shrunk by 50%, with over 30% of
its remaining forest areas being highly fragmented.*”*® These
factors, linked to land-use changes, drive frequent disease out-
breaks and pose substantial challenges to human, animal, and
environmental health.** Progress in human health often comes
at the expense of animal and environmental health, thus repre-
senting pivotal trade-offs. Low-income countries, particularly
those in Southeast Asia and sub-Saharan Africa, must often
contend with urban growth that exceeds socio-economic devel-
opment. This inevitably leads to inadequate funding for disease
prevention, incoherent policies, limited medical resources, and
weak monitoring systems, all heightening the disease risks those
countries must bear.*

Nevertheless, our findings do show that promoting the syn-
ergy between H1 (maternal, newborn, and child health) and H2
(infectious diseases) while mitigating the trade-offs of A4 (animal
biodiversity) can advance the OH index. For instance, Vietham
has significantly reduced its incidence of malaria and dengue fe-
ver through vaccination programs and surveillance systems of
zoonotic diseases, coupled with improved medical infrastructure
and public dissemination of health knowledge.® From 2008 to
2017, Vietnam’s malaria cases fell by 60%, with the number of
deaths reduced by 76%.°" Moreover, by 2023, China had estab-
lished 82 internationally renowned protected wetlands, ranking
the country fourth worldwide in total wetland area. Currently,
the national protection rate of wetlands exceeds 52%, thus
ensuring water security, markedly enhancing biodiversity, and
protecting vital habitats.>” Adapting these measures can effec-
tively promote synergistic outcomes among three health dimen-
sions, thereby enhancing OH progress.

On a global scale, a critical trade-off target is food security
(H7). Despite improving global food affordability, the overarching
goal of the food system to mitigate environmental and climate
change consequences while augmenting nutritional and health
outcomes remains elusive.*® The world’s food system is respon-
sible for 29% of anthropogenic greenhouse gas emissions (E1)
and contributes to 60% of the loss in global terrestrial biodiver-
sity (A4).>* Food production is associated with more than 50%
of zoonotic infectious diseases that emerge in humans, exacer-
bated by the expansion and intensification of agriculture.”® Ris-
ing urban incomes, unbalanced diets, and insufficient physical
activity are known contributors to the escalation of cardiovascu-
lar diseases (H3).?” Furthermore, including both malnutrition and
obesity-related conditions, diet-related diseases now account
for 20% of premature deaths worldwide.®" Thus, fruitful and
innovative collaborations across multiple sectors, such as ani-
mal and human health cooperation and robust environmental
monitoring (short- and long-term), are essential pro-active
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mechanisms for balancing OH targets to avoid conflicts and
achieve common interests and goals.*®

Limitations of the study

While our study did yield worthwhile findings, it is nonetheless
important to recognize its limitations. This includes potential
incomplete aspects of our OH indicator framework, lacking a
quantitative analysis to explicitly elucidate the drivers behind
spatiotemporal changes to the OH index and the dynamics be-
tween various health relationships. For instance, we could not
incorporate emerging chemical emissions and the COVID-19
pandemic into the OH index framework due to insufficient data
support. Thus, we may underestimate the connections between
the three health dimensions. Rising emissions of emerging pol-
lutants can disrupt ecosystems and endanger wildlife, posing
threats to human well-being and planetary health.” Although
this study did include wastewater treatment (E4.5) in gauging
progress toward OH, its assessment framework is still deficient
and needs more work.

Future research efforts should focus on continually developing
the proposed indicator framework and delving deeper into the
factors influencing various health relationships, whether related
to politics, economics, culture, sustainable waste management,
and the impact of the COVID-19 pandemic, to foster a richer un-
derstanding of OH dynamics.'? To resolve extant and looming
trade-offs, exploring effectual strategies in the future is impera-
tive. Their practical implementation will likely hit certain eco-
nomic and social development constraints, highlighting the
importance of objectively evaluating cost-effectiveness in man-
aging trade-offs with health dimensions. Overall, our study pro-
vides a scientific basis for future research on OH synergy and
trade-off mechanisms, including policymaking, by identifying
priority development goals and spatial disparities. Furthermore,
it enriches current knowledge of integrated health and offers
timely scientific evidence for preventing, monitoring, and re-
sponding to pandemics. Strengthening this research is now
crucial to realizing global OH and sustainable development.
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METHOD DETAILS

Indicator selection and data sources

This study devised a comprehensive OH assessment scheme by integrating various established indicators from the GOHI and SDGs.
The GOHI served as our primary reference, encompassing key indicators from the Environmental Performance Index (EPI), WHO, and
WOAH."? We also took into account additional health-related indicators within the SDGs.>® Our OH indicator framework was organ-
ised into three levels corresponding to the three health dimensions (human, animal, environmental), 17 OH targets, and 49 OH indi-
cators (Table S1). Due to the limitations in data availability and accessibility, we collected data from 2000 to 2020 to build the OH
indicator database. Consequently, the impact of the COVID-19 pandemic was not accounted for in the analysis. We only extracted
data from official databases to ensure their statistical reliability, general applicability, and currency (Tables S1 and S2). These data
were selected according to seven recognized principles'? (relevance, authoritative sources, open access, completeness, timeliness,
comparability, and national-scale data). Both cross-checks and consistency tests were carried out randomly while collecting the data
to uphold its integrity and quality. The latter were linearly interpolated for indicators with missing values using MATLAB R2019b
software.

Data processing

To calculate the OH, we used a four-step process: (1) selecting indicators, (2) setting the target and baseline values, (3) normalisation,
and (4) aggregation.®® Among the 193 UN Member States, we considered only those countries’ data missing rates below 50% in hu-
man, animal, or environmental dimensions.'? Globally, 148 countries met this criterion for inclusion. Like the method used for the
Sustainable Development Report 2022 (SDR),?° global and national scale scores were calculated (arithmetic means) for every OH
target, the three health dimensions, and the OH index from 2000 to 2020. First, the OH indicator scores were aggregated to yield
OH target scores, and then the latter were aggregated to obtain human, animal, and environmental health scores. The OH index
was then calculated as the mean of the scores for the three health dimensions. To minimize subjectivity, all OH indicators were
equally weighted and considered equally importance.®®

We compared the changes in scores for the three health dimensions and the OH index between 2000 and 2020 at national and
global scales. To convey the spatial patterning of the OH index and human, animal, and environmental health dimensions, we clas-
sified those with a score >80 as performing well (H); those with a score <60 as facing substantial challenges (L); and those with
scores in between 60 and 80 as performing moderately (M). In addition, one-way analysis of variance (ANOVA) was used to test
for a difference during the 20-year study period among years (five levels: 2000, 2005, 2010, 2015, and 2020) in the OH index and three
health scores of the countries (Figure 1A). According to these score levels, we categorised the countries into 27 possible configura-
tion types spanning the three health dimensions (Table S3). This resulted in 15 configurations having a nonzero number of countries
(Figure 1B).

This study inferred relationships by considering statistically significant positive and negative correlations as tentative evidence for
synergies and trade-offs. For the entire dataset, bivariate correlations were performed between 173 071 unique OH indicator pairs,
encompassing 54 indicators across approximately 148 countries from 2000 to 2020. We used Spearman’s rank-based coefficient®’
(p) to assess the possible monotonic relationships between all combinations of indicator pairs on a per-country basis from 2000 to
2020. This method offers the advantage of assessing correlations and conducting significance tests with limited data while still
enabling adequate interpretability.®” The selected indicator pairs may pertain to either domains of the same health dimension or those
of two distinct health dimensions, letting us explore the synergies and trade-offs within and between differing health dimensions in-
depth. We restricted this correlation analysis to OH indicator pairs with more than three data points to help lessen the risk of detecting
false synergies or trade-offs arising from limited data in light of the experience of related studies and data availability constraints.**

A correlation with a p-value <0.05 was considered significant.>* To avoid over-interpretation of correlation, we define the relation-
ship with p €[-0.5, 0.5] as “non-classified”, p e[-1, —0.5] as a “trade-off” and p €[0.5, 1] as a “synergy”,®® as illustrated in Figure S10.
Furthermore, we leveraged the OH indicators as a proxy to convey the complex relationships within and between the three health
dimensions, given that eliminating confounding factors among indicators is not feasible. In sum, using a data-driven methodology,
this study presented a preliminary systematic assessment of relationships among aspects of human, animal, and environmental
health.

Synergies and trade-offs

We systematically analyzed global and national OH relationships to understand their synergy or trade-off among the three health di-
mensions and identify priority targets. Globally, relationships within OH targets were quantified by assessing their respective propor-
tions (%) of synergies, trade-offs, and non-classified pairs. Likewise, the OH relationships were tallied as proportions (%) per country
on a national scale to reduce bias from variation in indicator data availability.

Our initial step involved mapping the global distribution of variations in the proportions (%) of synergies and trade-offs between and
within the three health dimensions by country. We then compared the relationships within and between three health dimensions
among countries stratified by their World Bank income grouping in 2020. By integrating the relationship configurations within and
between the three health dimensions, we globally mapped the patterns for different countries. Finally, we examined the number
of countries by their income grouping in 2020 under different relationship configurations of the three health dimensions. In our
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analysis, we defined situations where the proportion of synergies exceeded that of trade-offs as “S” and, conversely, where that of
trade-offs exceeded synergies as “T".

To further analyze how these relationships evolved in tandem with progress toward OH, we first tested for Spearman correlations
and performed linear regression models to fit lines between the OH index of countries and the proportion of synergies or trade-offs
between and within the three health dimensions. Next, we compared the difference in correlation strength (coefficient values) across
different health dimensions in countries subsumed under the three OH index levels (L, M, H).

Using a network analysis, we then identified the key OH targets influencing the synergies and trade-offs between different health
domains or dimensions by employing an average weighted degree®* by considering only the number of data pairs exceeding 100.°*
The ‘average degree’ simply refers to the average number of connections per target in the network, ignoring the weights of its con-
nections.®* Hence, ‘average-weighted degree’ refers to the average strength of connections per target in a network, now taking into
account the weights of its connections.®* The average-weighted degree was calculated by summing up all the connection weights for
a given target and then dividing that value by the total number of targets. In deriving the average-weighted degree, we utilize the pro-
portions of synergy and trade-off relationships specific to each OH target pair as the weights. For this calculation, Gephi software®
was used, to glean insight into the influence of each OH target in the synergy or trade-off scenarios (Tables S4 and S5). The average
degree and the average-weighted degree were calculated as follows:

N
> k
Average Degree = ’:/1\1 (Equation 1)
N
2 2w
Average Weighted Degree = =y EI\A;(') (Equation 2)

where N represents the number of OH targets, k; is the degree of the i-th target. The weight of an edge is denoted as wj;,
where i and j are two connected targets. N(j) represents the set of all targets directly connected to target i.

We individually ranked the OH target pairs for each country based on the proportion of synergies, trade-offs, and non-classifieds.
Given the substantial disparities in OH target rankings across countries, we also determined the relative frequency rank, which in-
dicates how often a specific OH target got ranked globally within the top 15 synergy or trade-off pairs. Finally, we generated a
map depicting each country’s highest-ranked OH target pairs among those above-identified top 15 synergy or trade-off pairs.
The flowchart for this study’s OH assessment and its evaluation of synergies and trade-offs among the three health dimensions at
both the global and national scale is shown in Figure S10.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantification and statistical analyses were performed as described in the method details section of the STAR Methods.
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