nature communications

Article

https://doi.org/10.1038/s41467-022-33627-9

Global mortality of snakebite envenoming
between 1990 and 2019

Received: 26 October 2021

Accepted: 21 September 2022

Published online: 25 October 2022

M Check for updates

GBD 2019 Snakebite Envenomation Collaborators*

Snakebite envenoming is an important cause of preventable death. The World
Health Organization (WHO) set a goal to halve snakebite mortality by 2030. We
used verbal autopsy and vital registration data to model the proportion of
venomous animal deaths due to snakes by location, age, year, and sex, and
applied these proportions to venomous animal contact mortality estimates
from the Global Burden of Disease 2019 study. In 2019, 63,400 people (95%
uncertainty interval 38,900-78,600) died globally from snakebites, which was
equal to an age-standardized mortality rate (ASMR) of 0.8 deaths (0.5-1.0) per
100,000 and represents a 36% (2-49) decrease in ASMR since 1990. India had
the greatest number of deaths in 2019, equal to an ASMR of 4.0 per 100,000
(2.3-5.0). We forecast mortality will continue to decline, but not sufficiently to

meet WHO's goals. Improved data collection should be prioritized to help
target interventions, improve burden estimation, and monitor progress.

Snakebite envenoming affects millions of people worldwide annually
and is a significant source of mortality". Preventing and treating the
problem is complex and requires collaboration among the fields of
public health, medicine, ecology, and laboratory science. After being
removed from the category A neglected tropical disease (NTD) list in
2013, snakebite envenoming was reinstated in 2017 in response to
antivenom shortages and advocacy from researchers and international
NGOs**. In 2019, the World Health Organization (WHO) set a target to
halve the number of deaths and cases of snakebite envenoming
by 2030".

Few studies on the global disease burden of snakebite envenom-
ing have been conducted. In 1998, Chippaux estimated over 100,000
deaths were caused by snakebite envenoming’. In 2008, Kasturiratne
and colleagues used the Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) framework to capture regional trends and found
that snakebite envenoming caused between 20,000 and 94,000
annual deaths globally®. At the regional level, meta-analyses have
analyzed national health reporting systems, hospital records, and
household surveys to estimate the regional burden in sub-Saharan
Africa and the Americas, and found the annual mortality to be 7331 and
370 deaths, resepectively”®. Recent community-based household sur-
veys have demonstrated the capacity of targeted data collection to
assess the burden of snakebite envenomation in areas of high snake-
bite vulnerability, such as India, Sri Lanka, and the Terai Region of

Nepal’ ™. Updated estimates of the global situation, including the use
of large global health data repositories and more advanced spatio-
temporal modeling, are lacking.

Here, we present annual estimates of the mortality and years of
life lost (YLLs) due to snakebite envenoming in 204 countries and
territories from 1990 to 2019 by age and sex using verbal autopsy (VA)
survey and official vital registration (VR) mortality data from the GBD
cause of death data repository. We discuss our results in light of the
WHO goal of halving the number of deaths and cases of snakebite
envenoming by 2030 by forecasting the disease burden to 2050. To
guide specific public health interventions, we quantify the association
between snakebite envenoming and select covariates to better
understand what factors are associated with death from snakebite
envenoming. We find that the majority of deaths from snakebite
envenoming occurred in South Asia, with sub-Saharan Africa having
the second-most deaths. Mortality from snakebite envenoming has
decreased over the last 30 years, however, at an insufficient rate to
meet the WHO'’s 2030 goal.

Results

Global mortality and years of life lost

Snakebite envenoming accounted for 63,400 deaths (95% uncer-
tainty interval [UI] 38,900-78,600) and 2.94 million YLLs (1.79
million-3.74 million) in 2019, globally. This was equal to an age-
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standardized rate of 0.8 deaths (0.5-1.0) per 100,000 and 38 YLLs
(23-49) per 100,000. From 1990 to 2019, the global age-
standardized rate of death and YLLs per 100,000 decreased sig-
nificantly by 36% (2-49) and 40% (6-55), respectively. Globally, the
mortality from snakebite envenoming was greater in males than
females in 2019, although non-significantly, with an age-standardized
rate of 0.9 deaths (0.6-1.1) per 100,000 in males, compared to 0.7
deaths (0.3-1.0) per 100,000 in females (Fig. 1).

Burden by region and Socio-demographic Index

Mortality due to snakebite envenoming showed substantial regional
variation (Fig. 2 and Supplementary Fig. 5). South Asia had the greatest
burden, with 54,600 deaths (95% Ul 31,800-68,300) and 2.54 million
YLLs (1.48 million-3.21 million), accounting for 86% (76-92) of global
deaths and 86% (78-91) of global YLLs (see Supplementary Data file).
The age-standardized death and YLL rates were equal to 3.4 deaths
(2.0-4.2) per 100,000 and 144 YLLs (83-182) per 100,000, respec-
tively. Western, Central, and Eastern sub-Saharan Africa had the next-
highest mortality from snakebite envenoming, with 1.4 deaths
(1.0-2.1), 1.3 deaths (0.8-1.8), and 1.2 deaths (0.8-1.6) per 100,000,
respectively. The regions with the lowest age-standardized rates in
2019 were Central Europe, high-income North America, high-income
Asia Pacific, and Western Europe. At the regional level, there was a log-
linear relationship between the Socio-demographic Index (SDI) of a
region and the region’s age-standardized snakebite envenoming
mortality rate in 2019 (Fig. 3).

India had the greatest absolute number of snakebite envenoming
deaths in 2019 at 51,100 deaths (95% Ul 29,600-64,100), followed by
Pakistan (2070 deaths [1470—2950]). In India, the age-standardized
rate of death due to snakebite envenoming was 7.3 per 100,000
(4.1-8.8) in 1990 and decreased to 4.0 per 100,000 (2.3-5.0) in 2019,
which represents the greatest absolute decrease over that timespan
globally. Within India, Chhattisgarh, Uttar Pradesh, and Rajasthan had
the greatest age-standardized death rates, at 6.5 deaths (3.5-8.4), 6.0
deaths (2.6-8.0), and 5.8 deaths (3.5-7.4) per 100,000, respectively.
Uttar Pradesh had the greatest absolute number of deaths of any state
in India in 2019, with 12,000 deaths (5230-16,100). See Supplementary
Table 5 for state-level results for all of India.

Sub-Saharan Africa also had a high burden of snakebite enve-
noming deaths across the entire continent. Nigeria had the greatest
number of deaths with 1460 (977-2640), and there were seven other
countries in Western sub-Saharan Africa with greater than 200 deaths
(Burkina Faso, Cameroon, Chad, Cote d’'Ivoire, Ghana, Mali, and Niger).
In Central sub-Saharan Africa, the Democratic Republic of Congo had
545 deaths (313-1030). In Eastern sub-Saharan Africa, Ethiopia had 499
deaths (321-708) and Kenya had 349 (197-603). Somalia, Central
African Republic, and Eritrea had the greatest age-standardized death
rates in sub-Saharan Africa, at 4.5 (1.6-14.1), 3.4 (2.1-5.6), and 2.9
(1.2-5.2) deaths per 100,000, respectively.

Forecasted mortality to 2050

By 2050, the rate of snakebite envenoming mortality globally is
expected to decrease to an age-standardized rate of 0.7 deaths (95% Ul
0.4-1.1) per 100,000 (Fig. 4). This is equivalent to 68,800 absolute
deaths annually (39,100-126,000), which is greater than the number of
deaths that occurred in 2019, due to forecasted population increases.
By 2030, we predict the global age-standardized rate will non-
significantly decrease by 8.6% (-9.6 to 20.1). See Supplementary
Table 6 for each region’s forecasting results, by decade, from 2020
to 2050.

Discussion

Snakebite envenoming caused 63,400 deaths (95% Ul 38,900-78,600)
and 2.9 million YLLs (1.8 million-3.7 million) in 2019, which makes it
the deadliest NTD according to GBD 2019". Over time, the global age-
standardized rate of death has decreased by 36% (2-49), which shows
progress; however, this annual rate of change would be insufficient to
accomplish WHO’s 2019 goal of halving the burden by 2030".

South Asia had the greatest mortality from snakebite envenoming
due to the intersection of ecological factors, socioeconomic vulner-
ability, and low health system capacity, which creates a population at
risk of snakebite envenomation and death. Specifically, India had the
greatest number of deaths, with over 50,000 in 2019. These estimates
are consistent with previous research conducted with verbal autopsy
mortality surveys, which were the source of data in India in our analysis
as well”!., After a venomous snakebite occurs, the probability of death
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Fig. 1| Global age-standardized mortality rate of snakebite envenoming in males and females from 1990 to 2019. The upper and lower estimates of the 95%
uncertainty interval are represented by the error bands around the mean estimate. Source data are provided as a Source Data file.
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Fig. 2 | Age-standardized mortality rate of snakebite envenoming in 2019
across 204 countries and territories. Age-standardized snakebite envenoming
mortality rates across both sexes combined in 2019. GBD 2019 did not publish
state-level estimates for China, so each state is colored based on China’s national

estimate. The endemic habitat of venomous snakes of medical importance was
queried from the WHO Snakebite Information and Data Platform®. Source data are
provided as a Source Data file.
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Fig. 3 | Regional age-standardized mortality rate from snakebite envenoming
from 1990 to 2019 by Socio-demographic Index value of the region. Age-
standardized snakebite envenoming mortality rate per 100,000 by region and

0.8

Socio-demographic Index. Each point represents the age-standardized mortality in
a given year from 1990 to 2019 in the region. Y-axis is on log scale. Source data are
provided as a Source Data file.

increases if antivenom is not administered within six hours'®. However,
in South Asia, many seek out traditional healers or attend clinics with
insufficient education about how to treat snakebite envenoming or
lacking the antivenom to administer life-saving treatment'®™". Victims
who do reach a hospital often have insufficient access to dialysis,

ventilators, and blood transfusions, which are essential to deal with the
complications of envenoming'®?°. Interventions to secure more rapid
antivenom delivery need to be coupled with preventive strategies like
increased education and health system strengthening in rural areas,
and be targeted around the geographical and seasonal variation of
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Fig. 4 | Global and regional age-standardized snakebite envenoming mortality
rate from 1990 to 2019 with forecasting to 2050 of the seven regions with the
highest snakebite envenoming burden. Age-standardized snakebite envenoming
mortality rate per 100,000 by region and year, forecasted to 2050. The plot shows
the top seven regions in terms of age-standardized rates in 2019, all of which had
age-standardized mortality rates greater than 0.1 per 100,000. Lines in bold are the
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snakebite envenoming estimates from the primary statistical analysis pipeline,
while dotted lines are the predictions from the forecast regression. No steps were
made to align GBD 2019 cause-specific mortality rate estimates with the predicted
forecast from 2020, and predictions are made based on the average annualized rate
of change from 1990 to 2019 and the age-sex demographic composition of each
region. Source data are provided as a Source Data file.

snakebite envenomation risk to maximize their ability to prevent and
treat snakebites.

Sub-Saharan Africa faces many of the same problems as South
Asia, such as health system capacity shortcomings and the use of tra-
ditional healers as primary providers, as well as problems like an
inadequate production of antivenom for the continent’s endemic
snakes and high rates of conflict and humanitarian crisis®*%. We esti-
mated Sub-Saharan Africa had the second greatest mortality with 6790
deaths (95% Ul 5040-10,100) and 314,000 YLLs (219,000-521,000),
equivalent to age-standardized rates of 1.2 deaths (0.9-1.6) per
100,000 and 36.9 YLLs (27.3-54.6) per 100,000. The supply of anti-
venom is inadequate in sub-Saharan Africa and the cost for a dose is
often prohibitively expensive, leaving victims of snakebite enveno-
mation without treatment options*. Many of the countries with the
highest burden of snakebite envenoming in sub-Saharan Africa are also
those recently or currently in the midst of conflicts and humanitarian
crises that increase outdoor exposure and disrupt the health system’s
capacity for surveillance and treatment*?, For example, Somalia (4.5
deaths per 100,000), Central African Republic (3.4 deaths per
100,000), Eritrea (2.9 deaths per 100,000), Chad (2.6 per 100,000),
and South Sudan (2.3 deaths per 100,000) have some of the highest
mortality rates globally. Human displacement from conflict likely leads
to increased human-wildlife conflicts and decreased access to anti-
venom and other necessary medical care'*”. Our estimates corrobo-
rate previous reports that populations in the middle of humanitarian,
migration, and environmental crises are at high risk and surveillance
efforts should be scaled up targeting these populations?.

Our ensemble modeling framework allowed us to test multiple
covariates for their association with snakebite envenoming mortality
and provided important insights on the disease’s epidemiology.
Environmental indicators such as living at a lower elevation and lati-
tude and socioeconomic indicators like education had strong negative
associations with snakebite envenoming mortality (Supplementary
Fig. 4). Education had a more negative association for males, while
urbanicity was more strongly negative for females. These findings
aligned with previous research that reported higher snakebite enve-
noming mortality in females than males in rural areas". We show that at
a population level, interventions for rural areas focused on antivenom
delivery should be supplemented with education for agricultural
workers to increase awareness of high-risk behaviors and mitigation
strategies. With more granular geospatial and temporal epidemiolo-
gical data, streamlined and targeted interventions can be achieved,
such as the use of education, rapid emergency transport for agri-
cultural workers, antivenom delivery to high-risk areas, and rigorous
evaluation of innovative interventions like antivenom delivery via
drones to at-risk rural locations'**%,

When paired with the recent analysis by Longbottom et al. that
mapped the vulnerability to snakebite envenoming, our estimates
present a complementary assessment of the drivers behind snakebite
envenoming mortality, and especially highlight where there are gaps in
antivenom access across the world®. In some places, Longbottom
et al.’s results intersected with locations we estimated to have high
mortality rates, such as Central and Eastern sub-Saharan Africa, which
Longbottom et al. estimated have significant vulnerability due to poor
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health system infrastructure and the presence of snakes for which
there is no effective antivenom. Conversely, we found that high rates
of mortality also occur in areas that Longbottom et al. did not estimate
to have a high vulnerability, such as India. This is likely due to the
existence of antivenom for the Big Four snakes (Bungarus caeruleus,
Daboia russelii, Echis carinatus, and Naja naja) that cause over 90% of
envenomations in the country, while the vulnerability estimates were
focused on exposure to snakes that do not have antivenom
treatments'®*, Our mortality estimates demonstrate that preventing
snakebite envenoming death depends on not just the existence of
antivenom, but also its dissemination to rural areas and the health
system’s capacity to provide wound care and necessary medical
treatment for victims with secondary complications such as neuro-
toxic respiratory failure or acute kidney injury requiring dialysis®.

In this analysis, we incorporated an extensive amount of ICD-
coded VR and VA data that have previously not been utilized in global
snakebite estimates. However, even in this dataset, there was sparsity
across some locations, for example, in sub-Saharan Africa and South-
east Asia, where there are few robust in-country data reporting sys-
tems. Our estimate of 6790 deaths (95% Ul 5040-10,100) in sub-
Saharan Africa aligns closely with the meta-analysis by Chippaux,
which estimated there were 7331 (5149—9568) annual deaths’. Both
studies had similar limitations due to data scarcity, are likely under-
estimates of the true number of deaths, and emphasize the urgent
need for better epidemiological assessments to provide a more accu-
rate estimation of the true disease burden due to snakebite enve-
noming in high-risk areas like sub-Saharan Africa, South Asia, and
Southeast Asia.

VA and VR are both imperfect methods for counting deaths from
snakebite envenoming and represent another limitation in our study.
Using VA data, we could still be underestimating the true magnitude of
death if the distinctive signs of snakebite, or the snake itself, were not
seen when the bite occurred. For example, in Cambodia, only a single
verbal autopsy study including venomous animal mortality has been
conducted to our knowledge®, which did not find a single death due to
snakebite envenoming, despite the presence of multiple venomous
snakes in the country®. Snakebite envenoming deaths are also rare
enough that it is difficult for surveys to identify a sufficient number of
deaths to estimate a robust mortality estimate. In Sri Lanka, a recent
study by Ediriweera et al. using household surveys in 165,000 people
found only five deaths in the whole country, equal to a rate of 2.3 per
100,000 people, with a 95% confidence interval of 0.2 to 4.4, We used
nationally representative and complete VR data from Sri Lanka in our
estimation process; however, official death statistics have been shown
to miss many snakebite envenoming deaths or miscode them as
another cause. Studies comparing verbal autopsy community-based
studies and official records frequently find that official records
undercount the number of deaths that actually occurred®°, While
the VR data we used in Sri Lanka likely underestimated the true
community-level disease burden, Ediriweera et al’s study demonstrate
the limitations in the ability of verbal autopsy to calculate precise and
accurate rates of rare events like snakebite envenomation deaths.
Acknowledging the limitations in vital registration data, we attempted
to use post-processing steps like redistribution of ill-defined causes of
death to attempt to account for underreporting®. Given that many
snakebite envenoming deaths occur in rural settings in countries
without robust surveillance, our estimates are likely underestimates
given the limitations of the epidemiological data.

Another limitation in our analysis was that we were only able to
present results for each country, while recent verbal autopsy surveys
have shown granular geographical and seasonal variation in the risk of
snakebite envenomation within countries, with the greatest risk in
rural areas'”". One recent study in the Terai region of Nepal, which is a
low-altitude zone with a monsoon climate where agriculture is the
primary occupation, found that the mortality rate of snakebite

envenomation was 22.4 per 100,000, over five times our estimate for
India®. According to mortality estimates from GBD 2019, these results
would make snakebite envenomation the ninth greatest cause of death
in Nepal and the greatest cause of death among injuries, ahead of the
mortality rate due to falls, self-harm, and road injuries”. More large-
scale community-based surveys are required to accurately determine
the burden of snakebite envenoming in rural areas and better under-
stand the geographic and temporal trends that could lead to more
impactful interventions. For example, in South Asia, snakebite enve-
nomation is closely tied to monsoon season, which should guide
health system infrastructure planning and antivenom distribution,
among other interventions”.

To improve future studies, questions related to snakebite enve-
noming should be incorporated into regular health surveys that are
already being conducted across sub-Saharan Africa and South Asia. In
WHO'’s 2019 Strategy for Prevention and Control of Snakebite Enve-
noming in sub-Saharan Africa, updated and precise epidemiological
data were outlined as a need moving forward to better guide appro-
priate and efficient implementation of antivenom interventions™.
Injury surveillance, such as the use of District Health Information
System 2 (DHIS2), has shown promise and could be adapted to sna-
kebites to create real-time geographically specific epidemiological
monitoring®. Increased collaboration between researchers and local
health institutions should be prioritized to bolster the availability of
data, demonstrate the unmet need for antivenom, and rigorously
monitor and evaluate interventions.

Our analysis also relied on WHO venomous snake distribution
data to decide which locations could reliably be identified as having
venomous snakes of medical importance and which did not. It was
important for our results to be ecologically feasible, and this database
represented the most complete list of venomous snakes capable of
causing mortality that we could find. However, while it is updated
iteratively, it is not complete and only contains approximately 200
venomous snakes deemed medically important, out of 600 venomous
snakes. While these other 400 snakes may not cause fatalities reg-
ularly, they could cause fatal envenomation in rare cases. If a country
only contained one of these 400 venomous snakes that was capable of
a rare fatal envenomation and not one of the 200 medically important
snakes, then we would be erroneously zeroing out that location. For
example, there is the Solomons Coral Snake (Salomonelaps par) in the
Solomon Islands that has no recorded fatal envenomations, but there
are case reports of near-lethal bites*. Conversely, we had official health
statistics data that recorded an ICD-coded death due to snakebite
envenoming in Chile and New Zealand, but based on the review of the
WHO venomous snake distribution database and venomous snake
habitats, we agreed that there were no endemic venomous snakes
despite these recorded deaths.

In conclusion, we provide the most comprehensive and data-
driven estimates of the global magnitude of snakebite envenoming
mortality to date. We find that deaths are concentrated in South Asia;
however, sub-Saharan Africa also has a high disease burden. Significant
investments in data collection, research, and public health interven-
tion are required to better quantify the magnitude of snakebite enve-
noming. Securing timely antivenom access across rural areas of the
world would save thousands of lives, and greater investment into
devising and scaling up these interventions should be prioritized to
meet WHO’s snakebite envenoming and neglected tropical
disease goals.

Methods

Summary

We started by reviewing GBD 2019 mortality estimates for venomous
animal contact. The GBD study and its methodological framework to
estimate mortality due to injuries have been described in detail
elsewhere®?®,
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In brief, we used a subset of the data for venomous animal contact
to identify snakebite-specific mortality, as well as other animal-specific
mortality, and evaluated these data using models that captured spa-
tiotemporal patterns to estimate mortality for four different animals
(snakes, bees, scorpions, spiders) and for a fifth residual category
(other venomous animal contact). We adjusted each animal-specific
mortality estimate so that their sum equaled the GBD 2019 overall
venomous animal contact mortality estimates, thus preserving internal
consistency. To account for uncertainty in the primary data, data
processing, measurement error, and choice of model, every model in
the process was run 1000 times to produce final estimates with 95%
uncertainty intervals, which comprise the 2.5th and 97.5th percentiles
of 1000 draws.

GBD 2019 venomous animal contact estimation

We used published GBD 2019 estimates for overall venomous animal
contact mortality as a platform for our analysis. A summary of the GBD
2019 estimation approach for mortality from venomous animal con-
tact follows.

The case definition for a venomous animal contact death in GBD
2019 was death resulting from unintentionally being bitten by, stung
by, or exposed to a non-human venomous animal. We identified deaths
in VR and VA cause of death data using ICD-9 codes E905-E905.99 and
ICD-10 codes X20-X29.9. Once data from all available sources were
identified, data underwent the processing that occurs for all cause-of-
death data in GBD, which includes noise reduction to reduce stochastic
variation and redistribution of unspecified or incorrectly coded causes
of death. This is important for snakebite envenoming, which can
manifest in multiple injuries after systemic envenomation and be mis-
attributed to a different cause of death. These data preparation steps
for GBD mortality estimates are described in detail elsewhere®. See
Supplementary Fig. 1 for a map of data used in the GBD 2019 venomous
animal contact model.

Next, mortality due to snakebite envenoming was modeled using
GBD cause of death ensemble modeling (CODEm). CODEm explores a
large variety of possible submodels to estimate trends in causes of
death using an algorithm to select varying combinations of covariates
that are run through several modeling classes®. Covariates are also
included to guide predictions where data are sparse or absent. In this
analysis, we included 16 socioeconomic or environmental covariates
identified as conceivably associated with the risk of snakebite mor-
tality risk: (1) population-weighted rainfall in mm/yr™, (2) urban pro-
portion of the location™, (3) Proportion of population involved in
agricultural activities™, (4) Population-weighted mean temperature™,
(5) Absolute value of average latitude, (6) Proportion of the location
over 1500 meters elevation, (7) Proportion of the location under 100
meters elevation, (8) Population density over 1000 people per square
kilometer (binary)™, (9) Population density under 150 people per
square kilometer (binary)™, (10) Healthcare Access and Quality
Index™, an estimate from the GBD that describes a country’s health-
care access and quality®®, (11) Socio-demographic index™”, (12) lag-
distributed income per capita'™, (13) Education in years per capita™,
(14) Log-transformed Summary Exposure Value for venomous animal
contact™, a measure of a population’s exposure to a risk factor that
takes into account the extent of exposure by risk level and the severity
of that risk’s contribution to disease burden®, (15) Proportion of
population vulnerable to venomous snakebites®, and (16) Mean
number of venomous snake species inhabiting a location®®. Every
covariate was available for all 204 countries. A subset was time-varying
(indicated by superscript TV). Each covariate was given a prior on the
direction of its beta coefficient, either positive or negative, if there was
a strong prior that it was associated in a positive or negative manner
with venomous animal contact mortality.

The predictive validity of each of the submodels was tested using
test-train holdouts, whereby a specific model was trained on 70% of the

data and tested on the withheld 30% of data to determine out-of-
sample predictive validity, which was quantified using root mean-
squared error (RMSE). Once the submodels were conducted and pre-
dictive validity was measured, then an ensemble model was developed
out of the submodels. The best-performing models were chosen based
on out-of-sample predictive validity.

YLLs are defined as the difference between life expectancy and the
age at which a death occurs, based on life tables used in GBD 2019 that
estimate the remaining life expectancy for each five-year age group in
all populations greater than 5 million in GBD 2019. Supplementary
Table 2 shows the life expectancy used in YLL calculations for
GBD 2019.

Study design and data sources
After GBD 2019 venomous animal contact mortality was estimated, we
undertook the following steps to estimate snakebite-specific mortality.

We first reviewed all cause of death data that could be mapped
directly to snakebites or other venomous animals. The ICD codes used
for each animal are listed in Supplementary Table 3, along with the
volume and type of data used in snakebite modeling. The snakebite-
specific model had 10,636 location-years of data. See Supplementary
Figs. 2, 3 for maps of the volume of data used in the snakebite enve-
noming model and the type of data in each location.

After obtaining all possible data, we applied the same cause of
death noise reduction processing described above to the raw animal-
specific data®. We redistributed deaths coded to ICD codes E905,
E905.9, and X29—which code for deaths due to unspecified venomous
animals—by aggregating all the properly coded deaths by location, age,
sex, and animal and applying the proportion of correctly coded deaths
due to snakebites to the number of deaths coded for an unspecified
venomous animal. Redistribution was based on location, age, and sex
patterns from correctly coded venomous animal deaths. Out of 69,097
deaths that could be coded to the ICD codes above, 5711 (8.3%) were
coded to unspecified venomous animal contact and needed to be
redistributed. Redistributed animal deaths were added to the number
of properly coded deaths for each animal. If a location-age-sex group
had more incorrectly coded deaths that needed to be redistributed
than properly coded deaths across all five animal groups, then we
aggregated based on a broader demographic in order to have a more
stable proportion for redistribution. First, we aggregated the codes by
only location and age and applied these proportions to the location-
age-sex groups where there were sufficiently properly coded deaths by
location and age, but not when stratified by sex. If there were still
insufficient deaths when disregarding sex, we aggregated across all
ages and both sexes within a location and applied that proportion. If
there were still more deaths needed for redistribution than properly
coded deaths in a location, we aggregated deaths over the GBD region
to estimate the proportion of deaths due to each animal and applied
that proportion to the redistributed deaths. There were 27,020 deaths
properly coded for snakebites. After redistribution, there were 29,040
deaths attributable to snakebites, an increase of 7.5%.

Statistical analysis

Following noise reduction and redistribution of ill-defined causes of
death, we developed statistical models based on the spatiotemporal
Gaussian process regression (ST-GPR) modeling framework used in
GBD". ST-GPR starts by fitting a mixed-effects linear prior and then
fitting a second model based on the weighted residuals between the
input data and the linear prior. We set the second-stage model weights
to allow high smoothing over time due to a prior expectation that the
burden of snakebite does not change substantially year after year, low
smoothing over space because of a prior that the burden of countries
within a region can vary substantially, and a medium weight over age to
allow age smoothing while not overfitting. See ST-GPR parameters in
the Supplementary Information for further details on ST-GPR
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= No endemic venomous snakes
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Caribbean and Central America

W Africa E Mediterranean

Fig. 5| Age-standardized mortality rate from all venomous animal contact and
the age-standardized proportion due specifically to snakebite envenoming.

a GBD 2019 estimates of the age-standardized mortality rate from venomous animal
contact for both sexes combined in 2019. b Estimated age-standardized proportion

of all venomous animal contact deaths due to only snakebites in 2019. GBD 2019 did
not publish state-level estimates for China, and each state is colored based on China’s
national estimate. The endemic habitats of venomous snakes of medical importance
was queried from the WHO Snakebite Information and Data Platform®.

hyperparameter weighting equations and covariate selection. Every
combination of covariates (Supplementary Table 1) was tested in a
mixed-effects model with snakebite deaths per 100,000 people as the
outcome variable. Directions differ for priors between the GBD 2019
and species-specific model if there was uncertainty if a prior direction
would be true for all five venomous species models. An ensemble of
the best-performing models was developed, which acted as the first-

stage linear prior in the ST-GPR model, weighted by out-of-sample
RMSE. The model weights are defined by spatial distance across world
regions and temporal distance.

We ran ST-GPR models for snakes, bees, scorpions, spiders, and
a fifth other venom category to estimate the rate of death from all
five animals for 204 countries, 23 age groups, males and females, for
every year between 1980 and 2019, inclusive. To ensure the
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ecological feasibility of our results, we zeroed out all locations that
do not have endemic venomous snakes of medical importance,
according to the WHO Snakebite Information and Data Platform®.
Countries with zero snake deaths are given in Supplementary
Table 4. The WHO Snakebite Information and Data Platform maps
out the habitats of over 200 medically important venomous snakes,
out of the 600 venomous snakes and 3000 overall species of snakes.
The distribution map is based on published reference texts, scientific
journals, museum collection databases, and consultations with
zoologists and snakebite experts from around the world*. For each
location, age, sex, and year demographic, we aggregated the results
from all five different animals to derive the proportion of overall
venomous animal deaths due to snakebites. This proportion was
applied to the GBD 2019 venomous animal contact results from 1990
to 2019 to calculate the snakebite-specific mortality rate. Figure 5a
displays the GBD 2019 all-ages rate of death from venomous animal
contact, while Fig. 5b displays the proportion of those deaths due to
just snakebite.

Extrapolation, age-standardization, and forecasting for 2020 to
2050 estimates

Estimates for GBD 2019 span from 1990 to 2019. To estimate the
number of deaths due to snakebite envenoming from 2020 to 2050 in
10-year intervals, we input the snakebite envenoming results into a
regression with year and age as predictors. We conducted each
regression by sex and region separately and added a cubic spline on
age. Each sex- and region-specific regression was run 1000 times, and
the resulting coefficients were used to predict rates in the years 2020,
2030, 2040, and 2050. Predicted rates were multiplied by the fore-
casted population and standardized using the GBD 2019 standard
population*°. No steps were made to align GBD 2019 mortality esti-
mates with the predicted forecast from 2020, and predictions were
made on the average annualized rate of change and the age-sex
demographic composition of each region.

Socio-demographic Index

SDI is a summary measure of development, taking into account a
country’s total fertility rate for women younger than 25 years, educa-
tional attainment, and lag-distributed income per capita. Methods to
produce SDI are discussed elsewhere®.

GATHER compliance

This study complies with the Guidelines for Accurate and Transparent
Health Estimates Reporting (GATHER) recommendations (Supple-
mentary Information pp 20-22)*.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The findings from this study were produced using data available in
public online repositories or in the published literature, data that are
publicly available on request from the data provider, and data that are
not publicly available due to restrictions by the data provider and which
were used under license for the current study. Details on data sources
can be found on the GHDx website, including information about the
data provider and links to where the data can be accessed or requested
(where available) at https://ghdx.healthdata.org/gbd-2019/data-input-
sources?components=4&causes=710&locations=1. Citations for all 2657
input sources are available for download using the “download citations
CSV” button on the linked page and can be viewed in Supplementary
Data. Download source metadata (5,889,558 rows) are likewise available
for download using the “download source metadata CSV” button. All
available information for each input source is available by selecting the

source from the alphabetically ordered list. Input sources can be filtered
by location using the “locations” drop-down menu. Further information
regarding the sources and how to obtain them is available upon request.
We have also provided maps of the data included in our models in
Supplementary Figs. 1-3. Source data are provided with this paper for
Figs. 1-5. Information on whether or not venomous snakes inhabited a
country was extracted from the World Health Organization Snakebite
Information and Data Platform, which is available here: https://www.
who.int/teams/control-of-neglected-tropical-diseases/snakebite-
envenoming/snakebite-information-and-data-platform/overview#tab=
tab_1. Source data are provided with this paper.

Code availability

Our study follows the Guidelines for Accurate and Transparent Health
Estimate Reporting (GATHER; Supplementary Table 7). All code used
for the GBD 2019 analyses is publicly available online at https://ghdx.
healthdata.org/gbd-2019/code and custom code for the snakebite
envenomation analysis is publicly available online at https://github.
com/nlr4002/Snakebite Envenomation.
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