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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Glenn King Access to safe, effective, quality-assured antivenom products that are tailored to endemic venomous snake
species is a crucial component of recent coordinated efforts to reduce the global burden of snakebite envenoming.

Keywords: Multiple access barriers may affect the journey of antivenoms from manufacturers to the bedsides of patients.

Antivenoms Our review describes the antivenom ecosystem at different levels and identifies solutions to overcome these

Snakebite envenoming

Health i ibili L . . . - .
ealth services accessibility At the global level, there is insufficient manufacturing output to meet clinical needs, notably for antivenoms
Neglected tropical diseases

Regulatory capacity intended for use in regions with a scarcity of producers. At national level, variable funding and deficient
Affordability regulation of certain antivenom markets can lead to the procurement of substandard antivenom. This is
particularly true when producers fail to seek registration of their products in the countries where they should be
used, or where weak assessment frameworks allow registration without local clinical evaluation. Out-of-pocket
expenses by snakebite victims are often the main source of financing antivenoms, which results in the underuse
or under-dosing of antivenoms, and a preference for low-cost products regardless of efficacy. In resource-
constrained rural areas, where the majority of victims are bitten, supply of antivenom in peripheral health fa-
cilities is often unreliable. Misconceptions about treatment of snakebite envenoming are common, further
reducing demand for antivenom and exacerbating delays in reaching facilities equipped for antivenom use.
Multifaceted interventions are needed to improve antivenom access in resource-limited settings. Particular
attention should be paid to the comprehensive list of actions proposed within the WHO Strategy for Prevention
and Control of Snakebite Envenoming.

challenges.
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1. Introduction

The goal of achieving “access to safe, effective, quality and afford-
able essential medicines and vaccines for all” is embedded into UN
Sustainable Development Goal (SDG) 3.8, and a central component of
Universal Health Coverage (UHC) (United Nations, 2017). For hundreds
of thousands of snakebite victims around the world, this basic human
right is unattainable. Lack of access to essential medicines in
resource-limited settings is multifaceted. Medicines may be unavailable
(e.g.: due to shortages, stock-outs or discontinued production), unsuit-
able (e.g.: lacking specificity, or suitability to programmatic re-
quirements in a given setting), unaffordable (e.g.: higher in price than
the capacity or willingness to pay), and/or of low quality (e.g.: lacking in
potency or failing to meet appropriate standards) (Pécoul et al., 1999;
Wirtz et al., 2017). Effective strategies to enhance access to medicines in
resource-limited settings need to be tailored to the specific product
characteristics, the clinical context and the target population.

Snakebite envenoming (SBE) can cause life-threatening medical
emergencies. The effects can include severe bleeding, paralysis, kidney
injury, and damage to muscle and other local tissues that can result in
permanent disability, amputation of limbs, or death. It is estimated that
worldwide, SBE may kill up to 137,880 persons annually (Gutiérrez
et al., 2017). Antivenoms have been recognized by the World Health
Organization (WHO) as essential medicines since WHO released its first
list of essential medicines in 1977 (WHO Expert Committee, 1977). The
administration of antivenom has been the foundation of treatment of
SBE for nearly 125 years. Well-designed antivenoms intended to
neutralize the venoms of specific species of snakes (from national or
regional populations) can be highly effective in reducing mortality and
morbidity, in tandem with appropriate ancillary medical care. Current
antivenoms are biological preparations of animal plasma-derived anti-
bodies that differ from one another with regards to many characteristics,
primarily the specific snake species they are intended to be used for [see
Box 1].

Although precise data is scant, there is consensus that only a small
fraction of the estimated 2.7 million people envenomed after a snake
bite each year have access to antivenom therapy. WHO includes SBE in
its Category A list of highest priority neglected tropical diseases (NTDs),
and has launched an ambitious global Strategy for the Prevention and
Control of Snakebite Envenoming, that aims to reduce deaths and dis-
abilities by 50%, and deliver 3 million effective treatments per year by
2030 (Williams et al., 2019; WHO, 2019).

In light of WHO’s plan to increase the accessibility, affordability,
effectiveness and safety of antivenoms, this paper examines some of the
most relevant barriers to these goals in resource-limited settings of Latin
America, sub-Saharan Africa, South Asia and South-East Asia, and dis-
cusses actions to overcome them. We have drawn in part on an adapted
framework on access to insulin (Beran et al., 2021), and how all three

Toxicon: X 12 (2021) 100086

stages (e.g. upstream, midstream, downstream) of the antivenom
journey from the manufacturing site to the patient bedside need to be
taken into account. Specific access challenges are associated to each
stage [See Fig. 1] and we will present these in a multi-disciplinary
manner taking into account a range of perspectives. Our analysis is
restricted to antivenom access but we also recognize the importance of
access to good ancillary care alongside other components of SBE
management.

2. Upstream: R&D and innovation/manufacturing
2.1. Global antivenom manufacturing landscape

Historically SBE has been considered a local issue by the majority of
health authorities in affected countries. This has driven parallel
manufacturing, often by public institutions, of antivenoms that were
specific to local endemic species and requirements. In practice, anti-
venoms were developed to meet needs at national or sub-national levels,
and occasionally at sub-regional level for a group of neighbouring
countries. Some institutions (e.g. France’s Institut Pasteur or Australia’s
Commonwealth Serum Laboratories, now CSL Limited) produced anti-
venoms with wider geographic coverage for political and strategic rea-
sons, but commercial interest in antivenoms has generally been low.

Approximately 50 antivenom manufacturers are currently listed as
active by WHO (WHO Website, a). The scale of antivenom production by
each of these organizations is unclear. Manufacturer surveys about the
number of vials produced annually capture only a proportion of the true
number, due to commercial in-confidence limitations. Translation of this
data into the number of effective treatments available is somewhat
speculative, since few products have undergone well-designed dose--
finding studies, and it is impossible to extrapolate the dose of one
product to the dose that may be needed for another [See Box 2]. A global
survey in 2020 obtained data from 22 manufacturers representing 65
distinct antivenom products currently in use (Global Snakebite Initia-
tive, 2020). Just under 6 million antivenom vials or ampoules intended
for markets in LMICs were produced by these companies. Based on
self-reported, manufacturers’ recommended starting doses, this equates
to approximately 1 million doses, probably an overestimate, since many
producers claim that their antivenom requires low dosing in the absence
of evidence. In any case, this is far below the global need to treat 2.7
million cases of SBE every year. The antivenom supply crisis is however
not uniform. It is particularly serious in sub-Saharan Africa where pre-
vious surveys from 2007 to 2010 found that the availability of effica-
cious antivenom could be as low as 2.5% of the projected need (Brown,
2012).

Another survey in 2011 cautiously noted that annual production of
antivenoms intended for use in India may have reached 2 million vials
(Whitaker and Whitaker, 2012), which, based on current manufacturers’

Box 1
What are antivenoms? How are they made?

with high homology.

from other regions (Pla, 2019).

Antivenoms (or antivenins) are produced from hyperimmune plasma obtained by immunizing donor animals (e.g.: horses, sheep, camels, etc.)
with venoms. Toxins present in snake venom generate an immune response in the donor animals that is largely specific to those toxins and others

One of the key characteristics of an effective antivenom is that it must be manufactured using immunoglobulins raised against venoms from
snakes that occur in the countries and regions where the product will be deployed (WHO, 2017). Antivenoms are bespoke biological products
specific to a limited range of snake species. Antivenoms may also exert varying degrees of paraspecific recognition and neutralization of the
venoms of related species containing similar toxins. However the clinical paraspecific effectiveness of these products needs to be robustly
established before marketing authorizations are issued. Just because one species is related to another does not guarantee that an antivenom can
be redeployed against bites by that species. In addition, for some wide-ranging species (i.e. Daboia russelii), intraspecific venom variation can be
considerable and antivenom raised using venom from one region may differ widely in its ability to neutralize the components in venoms coming
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Fig. 1. Potential access barriers during the three stages of the journey of antivenom from the manufacturing site to the patient bedside.

Box 2
How to evaluate the antivenom effective dose?

Each antivenom, depending on its intrinsic potency and protein content, requires a specific effective dose, and this usually equates to more than
a single vial or ampoule of antivenom to successfully treat a patient. Many manufacturers recommend “initial” or “starting” doses to be repeated
over subsequent hours or days in case of poor clinical response. For most clinicians this is the primary source of antivenom dosing information,
but it should be interpreted with caution. Independent analysis has shown that manufacturers’ dose recommendations are often unrealistic, and
lack of published supporting data reinforces this view (Calvete et al., 2016; Harrison et al., 2017). Antivenoms should not be given registration
or marketing authorization by national regulatory authorities in the absence of independent preclinical neutralization tests and well-designed,
pragmatic clinical dose-finding and safety studies (Williams et al., 2018; Watson, 2020).

For healthcare providers and drug regulatory agencies to be able to determine the effective clinical dose of a given product, the amount of venom
that is completely neutralized by a milliliter of antivenom should be indicated. In addition, it is recommended to indicate the immunoglobulin
concentration of the reconstituted antivenom solution, not just the protein concentration. The amount of venom that individual species can
inject when they bite humans needs to be taken into consideration. Depending on the specific immunoglobulin content and its potency (from one
batch to another or one product to another), the number of vials could vary enormously as shown in the following example [See Fig. 3].

dose recommendations (5-20 vials depending on severity), equates to
100-400 thousand initial treatments. Because the number of vials that
constitutes an effective clinical dose is unclear [See Box 2] this likely
translates into even fewer complete treatments. With between 1.11 and
1.77 million snakebite cases per year in India alone (Suraweera et al.,
2020), and many more cases in the whole region of South Asia where
these antivenoms are used, clearly the supply of antivenoms is woefully
short of current needs.

Antivenom manufacturing represents an exceptionally heteroge-
neous industry. The majority of producers, particularly in Latin America

and South East Asia, are not-for-profit, low volume public sector man-
ufacturers that meet domestic or sub-regional needs. A small number of
public and private sector manufacturers have larger capacity for distri-
bution into both domestic and foreign markets (Gutiérrez, 2019). While
small national public sector manufacturers may be a legacy of the past,
they are also strategic investments, as the lack of national production
capacity leaves endemic countries vulnerable through dependence on
foreign supply [See Fig. 2]. One such example is Nepal, where an acute
shortage of supply occurred in 2012 after an Indian court banned the
export of antivenom due to shortages in India itself (Shrestha et al.,
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Fig. 2. Regional burden of SBE, national abundance of medically important snake species and national antivenom manufacturing capacity.

Sources: Gutiérrez et al. (2017), Gutiérrez, 2012 and WHO (2019).

2017). Similarly, Papua New Guinea’s (PNG) historical reliance on very
expensive Australian antivenoms resulted in chronic shortages (McGain
et al., 2004). Since 2018 the Australian manufacturer has donated 600
vials a year to the PNG government under a partnership with the
Australian government. This approach still leaves PNG vulnerable to loss
of product access, and in part contributed to the abandonment of efforts
to introduce new low-cost products and pathways to local
manufacturing in the future. Until recently, Myanmar had to import
expensive Indian and Thai antivenoms of limited effectiveness against
the medically most important species in Myanmar due to the limited
production capacity of the country’s public manufacturer (Williams
et al., 2011; World Health Organization Regional Office for South-East
Asia, 2002). However, following a collaboration with Australia to up-
grade production, the national antivenom company in Myanmar has
been able to meet the country’s needs since 2017.

The small number of private antivenom manufacturers and the
general lack of interest from large multinational pharmaceutical pro-
ducers are indicative of the commercial realities of manufacturing na-
tionally or regionally-specific products for unpredictable and unreliable
markets. The decision made by Sanofi in 2010 to cease antivenom
production (Chippaux and Habib, 2015) highlights how commercial
imperatives trump corporate social responsibility when it comes to
markets in low-to middle-income countries (LMICs).

One of the key weaknesses in the global market is the lack of
diversified manufacturing of products that meet specific needs. This
fragility can lead to severe consequences when a sole producer leaves
the market, or where geopolitical and other constraints render access to
products difficult. In Yemen, Médecins Sans Frontieres (MSF), which
admits more than 600 snakebite victims to its hospitals every year, has
been unable on several occasions to access the only regionally relevant
polyvalent antivenom, a product manufactured by the National Anti-
venom and Vaccine Production Center (NAVPC), a public sector

laboratory in Saudi Arabia. Logistics and bureaucratic constraints are
largely to blame. Similarly, the sole manufacturer of boomslang (Dis-
pholidus typus) antivenom, South African Antivenom Producers (SAVP)
based in Johannesburg, South Africa, produces only small quantities of
this expensive antivenom, which has relatively small demand. Conse-
quently, production gaps, stock shortages and logistics challenges mean
that the product is unavailable to those who need it in other countries
where the species is endemic (Gutiérrez, 2019). Efforts are needed to
maintain appropriate supply and future-proof markets with multiple
sources of efficacious and safe products for every region (Gutiérrez,
2019).

Within this ecosystem, it is not surprising that chronic shortages of
antivenom are reported in regions with high burdens of SBE and a small
number of producers [see Fig. 2]. After calls were made to address the
antivenom supply crisis in Sub-Saharan Africa at the end of 20th century
(Theakston and Warrell, 2000), greater commercial interest emerged, as
entrepreneurial manufacturers in India, Latin America and elsewhere
responded by broadening their market ambitions. Over the past 20
years, some manufacturers have moved into new markets, mostly with
good intentions and a desire to improve treatment options for affected
communities. Some of these new products have proven to be safe and
effective treatments, while others have not (Visser et al., 2008; Abuba-
kar et al., 2010).

New antivenoms are generally produced in response to specific pri-
orities, resulting in products not being developed for species that cause,
or are perceived to be responsible for, a low burden of snakebite injuries
and deaths. South Asia’s case is striking: all marketed antivenoms in the
sub-region have been raised against the same “Big Four” snake species
(Bungarus caeruleus, Daboia russelii, Echis carinatus and Naja) for more
than 70 years, yet there are many more medically important species for
which specific antivenoms have never been developed. For example, no
specific antivenom for Naja kaouthia is available in the South Asian
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market, although the species accounts for most cobra bites in
Bangladesh. Similarly, specific products to neutralize venoms of hump-
nosed pit vipers (Hypnale hypnale), the commonest cause of snakebite
envenoming in Sri Lanka, do not exist. Available products are usually
ineffective in such instances despite the administration of large doses,
and carry a high concomitant risk of allergic reactions (Ralph et al.,
2019). The development of an investigational product able to neutralize
the venom of Hypnale hypnale is therefore an encouraging prospect
(Petras et al., 2011; Villalta et al., 2016). Finally, there exists no specific
antivenom for Bungarus walli and B. niger, now recognized as medically
important krait species in Bangladesh and Nepal. The antivenoms
currently marketed in these countries are prepared in India and are
raised against B. caeruleus, and no preclinical or clinical evidence of
paraspecific neutralization against B. walli and B. niger exists for these
products (Shrestha et al., 2017). It should however be noted that current
antivenoms are generally considered poorly effective against krait
venoms (Bungarus spp.) (Alirol et al., 2010), so it is unsure if an anti-
venom raised specifically against B. walli and B. niger would be any more
effective than the antivenoms currently available in Nepal and
Bangladesh.

In addition, only one major producer of venom has been licensed to
supply antivenom manufacturers in India, and these venoms, sourced
from snake specimens only from Tamil Nadu in Southern India, have not
historically been produced to standards that apply to pharmaceutical
starting materials. This may be one of the reasons why current anti-
venoms are believed to be significantly less effective in Northern India
(Ralph et al., 2019).

Similar issues are also found outside South Asia. The tri-specific
antivenom made and marketed in Indonesia by a state-owned enter-
prise is another example of mismatch. It neutralizes venoms from
Indonesian populations of Calloselasma rhodostoma, Naja sputatrix and
Bungarus fasciatus, but it excludes coverage against the venom of
B. candidus which is actually responsible for far more bites than
B. fasciatus (Tan et al., 2016; Williams et al., 2011).

In order to improve antivenom access at a global level, the reliability,
stability and security of antivenom supply lines, the elimination of
monopolies and the development of a competitive, dynamic market are
all needed. A sustainable future market requires product standardization
to specific market needs, and consortia or networks of Good
Manufacturing Practice (GMP) compliant manufacturers who share
research and development, quality control and other common costs
while pursuing process optimization and rationalization goals aimed at
sustainable, low-cost, high volume, commercially viable antivenom
output (Williams et al., 2011).

Achieving an optimized antivenom producer ecosystem requires a
mixed approach, depending on technical capacities and political will in
the different endemic regions. Consolidation of production effort would
likely generate economies of scale and facilitate a range of improve-
ments, although there will continue to be single manufacturer business
case models, especially for very low-volume products. Collaboration
between producers can lead to rapid technological improvements,
product diversification and increased production: the well-coordinated
network of public manufacturers in Latin America offers multiple
sources of pan-specific antivenoms adapted to all sub-regions of Latin
America, enables high-volume antivenom production and economies of
scale, and incentivizes sharing of reference venoms from different
geographical origins (Gutiérrez, 2019). Likewise, the international col-
laborations undertaken by public institutions and private companies in
Australia, Brazil, Costa Rica, India and the United Kingdom for pro-
duction and development of antivenoms for use in other regions of the
world have been critical to address unmet antivenom needs (Di Fabio
et al., 2021).

2.2. Antivenom quality

A recent review observed that regulatory affairs-related antivenom
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issues were rarely discussed in peer-reviewed literature (Di Fabio et al.,
2021). To address the gap in regulatory aspects, WHO published
Guidelines for the Production, Control and Regulation of Snake Anti-
venom Immunoglobulins designed to assist both manufacturers and
regulatory authorities in 2010, followed by a revision in 2017 (WHO,
2017). The WHO guidelines attempt to establish a minimum set of
design, production, quality control and regulatory parameters to support
standardization and harmonization efforts. As there are shortcomings, a
third edition is planned in 2022. For example, data on venom potency
and venom yield, which could substantially inform rational design of
products with adequate neutralizing potency, is not included. There is
also a strong case to be made for closer scrutiny of antivenom production
by the WHO Expert Committee on Biological Standardization (ECBS),
and by networks of regulatory authorities. Many regulators lack the
technical capacity and human resources to adequately regulate and
control the safety, effectiveness and quality of the antivenoms that are
imported or exported. Future editions of the guidelines will focus more
on improving these capabilities.

The underlying principle for the production of all medical products is
the adherence to GMP and other international standards (e.g. Good
Laboratory Practice, GLP), and antivenoms are no exception. Manufac-
turers with deficient GMP are vulnerable to serious deficiencies that can
result in release of inferior, defective, ineffective or even potentially
dangerous products. Pyrogenic reactions, hypersensitivity reactions and
other adverse events due to possible presence of endotoxins, protein
aggregates and other impurities are often a consequence of poor GMP,
notably during the plasma fractionation and subsequent manufacturing
processes (Morais and Massaldi, 2009). Lack of standardization meth-
odology for quality control can lead to variable results, even when
compliant with the same specifications, and lack of reference venoms
established and validated by competent authorities continue to hamper
reproducibility and quality assurance improvements (Leon et al., 2018).
Many products are marketed without prior independent preclinical ef-
ficacy testing (Ainsworth et al., 2020), nor data of safety and clinical
effectiveness from well designed, pragmatic clinical trials (Alirol et al.,
2015).

Evidence of poor preclinical efficacy (Calvete et al., 2016; Harrison
et al., 2017) of products with high market penetration (Potet et al.,
2019; Brown, 2012) and the abandonment of other products with
acceptable profiles, such as Sanofi’s FAV-Afrique in 2010, have led to
efforts to reshape the market and improve compliance. WHO launched a
pilot programme to develop a risk-benefit assessment procedure for
antivenoms in 2015, focused on products for Sub-Saharan Africa. The
first product recommendation was issued in August 2018 and four other
products are completing the process in 2021 (WHO Website, b). The
comprehensive nature of the assessment process has uncovered one
unscrupulous antivenom producer having presented fabricated clinical
trial data in documents submitted to WHO (Imani, 2019). Clearly there
remains considerable work to be done to improve quality and safety of
antivenom products, especially in weakly regulated markets such as
sub-Saharan Africa.

WHO’s risk-benefit assessment programme will continue to evaluate
products for sub-Saharan Africa, South-East Asia and the Western Pacific
regions, and WHO has a number of activities aimed at strengthening the
capacity of regulatory agencies to evaluate and improve regulation of
antivenoms. Under the WHO strategy for snakebite envenoming, a
formal prequalification procedure to support procurement of quality-
assured products will be developed within the next 3-4 years (Wil-
liams et al., 2019). These measures are expected to increase the supply
and sustainability of well-designed, safe and effective antivenoms.
Achieving them will require external support and technical assistance
for manufacturers who need to invest in upgrading infrastructure and
manufacturing technologies in order to meet the requirements for
participation in this new environment. Support from governments,
funding agencies, philanthropic foundations and development banks
should be considered within the context of SDGs related to health as well
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as national innovation and infrastructure policy (United Nations, 2017).
2.3. Innovations for improved antivenom access

WHO has prioritized the need for academia and antivenom manu-
facturers to cooperate and align research priorities on practical issues
that need to be overcome to improve the production, quality control and
regulation of antivenoms, as many manufacturers lack the resources and
capacity to undertake R&D activities on their own. Incremental modi-
fication of manufacturing processes can greatly improve the safety,
effectiveness and accessibility of final products (Leon et al., 2018). One
example of this is the emergence of lyophilization as a means of pro-
ducing antivenoms that do not depend on cold-chain, something that is
often absent in remote resource-limited settings. Lyophilization avoids
the need for refrigeration, increasing the range of deployable locations
for antivenoms. Research to improve stability can further extend the
effective life of some antivenoms, reducing wastage and boosting anti-
venom availability.

A wider range of innovations to traditional antivenoms are now
being developed, including new adjuvants, improved immunizing mix-
tures, quality control tools and assays, and the use of toxicovenomic
technology-aided antivenom design, alongside new generation SBE
treatments based on small molecules or cocktails of neutralizing anti-
body cocktails (Gutiérrez et al., 2017). Likewise, the availability of new
rapid tests to identify the offending snake species may have an impact on
antivenom designs in the future (Knudsen et al., 2021). The novel
antivenoms that arise from these innovations will likely have very
different characteristics in terms of geographic coverage, administration
routes and costs, compared to conventional antivenoms. This will bring
new perspectives and challenges regarding access, but ultimately will
lead to increased access to safer, more effective and affordable treat-
ments for many more people around the globe.

3. Midstream: registration and marketing/selection, pricing and
reimbursement/procurement and supply

3.1. Antivenom registration

Effective regulation of medicines is designed to ensure that products
in the marketplace are safe, effective and represent high value care for
specific illnesses or diseases. Registration at country level is essential for
national procurement agencies to have confidence that products are
safe, effective and truly adapted to the medically most important snake
species in the country. Antivenoms are subject to registration by
competent regulatory authorities in virtually all jurisdictions, but the
degree to which the registration process independently and robustly
establishes the validity and reliability of manufacturer’s claims is
extremely variable. The Collaborative Registration Procedure has been
designed by the WHO to aid in precisely this process: to accelerate
registration of prequalified essential medicines in multiple countries
(Ahonkhai et al., 2016). The planned introduction of prequalification
procedures for antivenoms will further facilitate their entry into regional
registration programmes.

Countries that lack local manufacturing capacity are particularly
vulnerable if the antivenoms used are unregistered and lack marketing
authorization. Suppliers generally give priority to markets where
products are registered, leaving other countries without reliable access.
SAIMR-Polyvalent, a polyspecific antivenom produced by SAVP in South
Africa and considered by some as the current “Gold Standard” for
treating envenomings by many African snake species, is only registered
in South Africa. Export of supplies to other countries such as Eswatini
and Tanzania are limited (Harrison et al., 2017; Yates et al., 2010; Habib
et al., 2020; Erickson et al., 2020). Many manufacturers eschew the
financial and administrative implications of registering products in
multiple jurisdictions.

Regional collaboration between regulatory authorities, and shared
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registration programmes that facilitate broader market penetration
across regions are needed to address this issue, following experiences
that have been applied to other essential medicines. Inclusion of anti-
venoms in joint assessment initiatives would change the landscape
considerably, inviting greater participation by manufacturers (Arik
et al., 2020).

3.2. Antivenom prices and financing

The cost of antivenom has a major impact on accessibility and
affordability. Very few countries regulate price, and a lack of adequate
price regulation can result in price-gouging and profiteering by manu-
facturers or intermediaries involved in the supply chain. For example,
the cost of antivenom in the USA can exceed more than US$10,000 per
vial (Theakston and Warrell, 2000; Boyer, 2015). While costs are
generally lower in LMICs, antivenoms are often prohibitively expensive
relative to the incomes of often impoverished snakebite victims. In such
settings even treatment costing as little as US$4 per vial might be un-
affordable to patients in need (Theakston and Warrell, 2000). In Kenya,
when calculating the daily wage of a lowest-paid government worker
(LPGW), a study found just one vial of antivenom was unaffordable,
costing an LPGW 2.3 days in the public sector, 16.9 days in the private
sector and 7.7 days in the mission sector (Ooms et al., 2021), keeping in
mind that to be effective multiple vials are needed.

Indeed, unit price is a completely unreliable indicator of the total
cost of providing an effective clinical dose. The actual price of an
effective treatment needs to be based upon the number of vials/am-
poules that are confirmed in independent studies to be necessary. It varies
from product to product based on potency, immunoglobulin concen-
tration, mass of injected venom (per species) and other factors [see Box
2]. Attempts have been made to estimate costs of an effective dose for
different products. In sub-Saharan Africa this was highly variable,
ranging from US$55 to US$640 (Brown, 2012). A 2020 global survey of
22 antivenom manufacturers found that the average price per starting
dose equated to US$463 (Global Snakebite Initiative, 2020). These
numbers should be taken with caution as the reality is that against some
of the most medically important species, some antivenoms may be
ineffective even at currently recommended doses [See Fig. 3].

Some LMICs provide antivenoms either free or highly subsidized to
patients in public hospitals, but the resources allocated and volumes
supplied are often inadequate. A scheme in Burkina Faso provided only
enough antivenom to treat around 4% of patients (Gampini et al., 2016).
In many resource-limited settings, particularly in sub-Saharan Africa
and South Asia, national insurance schemes do not have high coverage,
are often restricted to employees in the public sector and do not extend
to farming communities. This leads to enormous out-of-pocket expenses
for individuals requiring them to sell assets such as land or livestock
(Vaiyapuri et al., 2013). Few supplies of antivenom are provided by
not-for-profit non-governmental organizations. Recent examples are
scarce and include Rotary International in north-eastern Nigeria, and
Médecins Sans Frontieres in parts of Central African Republic, Ethiopia,
South Sudan and Yemen (den Boer, 2021). Humanitarian organizations
are often best prepared to provide antivenom therapy during humani-
tarian emergencies, particularly natural disasters and other crises
causing population displacement, which carry a high risk of both
snakebite epidemics and disruption of health services and medical
supply chains (Ochoa et al., 2020; Igawe et al., 2020).

Despite the challenge around high costs and affordability, anti-
venoms are among the most cost-effective interventions in developing
countries (Brown and Landon, 2010). Analysis of data from 16 west and
central African countries shows it to be highly cost-effective (Habib
et al., 2015; Hamza et al., 2016). But these data need to be expanded.
Further health economic modelling and sensitivity analyses are required
to better articulate the cost-effectiveness of antivenoms and to ensure
their appropriate usage across multiple geographic regions. These
studies should investigate the potential for gains that could be achieved
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AV Immunoglobulin | Injected venom PotERcy \::l:‘ft:)erre(;::c(:?\jl Treatment Cost
product | concentration by species e (@Us$40/vial)
clinical dose
(mg lg/ml AV) (mg) (mgv/mglg) | (mgv/mlAv)
fa} {b} fc} {d}={a}x{c} | {e}=0.1{b}/{d} | {f}={e}x40
A:12.0 A: 0.025 A: 1.375 1 $40
1 55 B: 160.0 B: 0.045 B: 2.475 7 $280
C:450.0 C: 0.009 C: 0.495 91 $3,640
D:120.0 D:0.012 D: 0.66 19 $760
A:12.0 A:0.028 A:0.28 5 $200
) 10 B: 160.0 B: 0.041 B:0.41 40 $1,600
C: 450.0 C:0.015 €015 300 $12,000
D:120.0 D:0.018 D:0.18 67 $2,680
A:12.0 A: 0.007 A:0.84 2 $80
3 120 B: 160.0 B: 0.035 B:4.2 4 $160
C: 450.0 C:0.015 1.8 25 $1,000
D:120.0 D: 0.01 D: 1.2 10 $400

Fig. 3. Hypothetical immunoglobulin content and potency of three antivenoms (1, 2, 3) against four venoms (A, B, C, D), with estimated impact on dose and cost of
effective treatment. While snakes generally inject less venom in defensive bites than they do when venom is extracted in the laboratory, using average venom yield as
the basis for initial dose estimation ensures that every patient receives a clinically effective dose as soon as possible. Products 1 and 2 would be ineffective against
venom C (product 2 also ineffective against venom D). Product 3 with the highest immunoglobulin content could be effective at volumes of 20-250 ml against all four
species, but at a cost ranging from US$80-1000 per treatment, depending on the species. Acronyms: mg Ig/ml AV = milligrams of immunoglobulin per milliliter of
antivenom; mg v/mg Ig = milligrams of venom neutralized by 1 mg of immunoglobulin; mg v/ml AV = milligrams of venom neutralized by 1 mL of antivenom.

by improving antivenom potency, production costs, economies of scale
and quality of life utilities for different treatment options (including
ancillary treatments when available). Furthermore, these assessments
could also be used to better highlight the downstream medical costs and
socio-economic impacts of untreated snakebite on victims and their
families, as well as the cost-benefits of improved distribution and storage
programs, staff training and improved utilization of antivenom.

While domestic public resources to finance antivenom access are
limited, the launch of the new WHO Roadmap for neglected tropical
diseases in 2021 (WHO, 2020), which reiterates the ambitious objective
to cut snakebite mortality in half by 2030, will hopefully attract addi-
tional financial support for preventing and treating SBE from both donor
and affected country governments, as well as philanthropic foundations.

3.3. Antivenom procurement and supply

Procurement processes can vary substantially depending on whether
supply is provided by a national public sector manufacturer operating as
a monopoly, several national public and private sector manufacturers
competing against each other, or if there is no national manufacturer
and supply is imported from overseas. All countries in sub-Saharan Af-
rica, except South Africa, belong to the latter category. To ensure that
products are fit-for-purpose, procurement agencies need to carefully
define product specifications based on expert consensus. Where prod-
ucts are registered by a national regulatory authority, or where WHO
recommendations exist for particular products, this process may be
somewhat easier, but when there are no products registered, or in the
absence of evidence-based recommendations, procurement of appro-
priate products may be especially challenging. Purchasing and distri-
bution of inappropriate antivenoms that were not specific for the
venomous species endemic in the country has been reported in West
Africa, PNG (Warrell, 2008) and more recently in Ethiopia (den Boer,
2021), suggesting that antivenoms may be particularly amenable to
violations of Good Distribution Practices by wholesale distributors.

The misunderstanding of what represents effective treatment with
antivenom [See Box 2], creates another challenge for national pro-
curement agencies. Procurement models and supply contracts should be
restricted to dealing with quantities in terms of “effective treatments” or
“effective doses”, rather than “single vial/ampoule doses”. Well-

designed clinical dose-finding and safety studies are essential to deter-
mine what volume of a product constitutes an “effective clinical dose”,
and should be a prerequisite to product registration and marketing
authorization.

Within this context, LMICs would benefit from multilateral anti-
venom procurement mechanisms. Examples exist for other products: the
Strategic Fund for the acquisition of Essential Medicines and the
Revolving Fund of Vaccines of the Pan American Health Organization
consolidate procurement on behalf of participating countries in the
Americas, and the International Coordination Group on Vaccine provi-
sion manages stockpiles of vaccines for prompt delivery for outbreak
response (DeRoeck et al., 2006; Yen et al., 2015). Coordinated demand
forecasts and pooled procurement of specific antivenoms at continental
level could increase supply security and optimize pricing. Such a
mechanism would however depend on a continuous and sustainable
provision of antivenoms. Long term contracts could entice manufac-
turers to commit to producing their products, particularly those from the
public sector who depend on a government budget to support a periodic
production program. Along those lines, WHO has begun work to
establish a stockpile of effective antivenoms for sub-Saharan Africa.

4. Downstream: prescribing and dispensing/use
4.1. Local antivenom availability and geographical accessibility

Snakebite envenoming is a time-critical medical emergency. A rapid
response with access to effective treatment is essential in the first hours
after the bite. Delayed treatment is a recognized risk factor for compli-
cations and death (Feitosa et al., 2015a, 2015b; da Silva Souza et al.,
2018; Iliyasu et al., 2015).

Unfortunately, antivenom availability and accessibility remain
distant possibilities for large proportions of at-risk populations around
the world. Variable policies on use, distribution and clinical environ-
ments restrict access by limiting the number and types of health facilities
where antivenom can be held and used. Rather than being available at
primary health centres, antivenoms are often only available in second-
ary or tertiary referral centres under medical prescription (Habib et al.,
2020). Surveys in Kenya (Okumu et al., 2019; Ooms et al., 2021),
Uganda and Zambia (Ooms et al., 2020) paint a depressing picture. In
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Kenya antivenom was available at one-third of the healthcare facilities,
and stock-outs were reported even in large urban referral hospitals such
as Kisumu. Only 4.2% and 7.6% of healthcare workers in Uganda and
Zambia respectively reported available antivenom stock when surveyed.
The situation is equally bleak in parts of South-East Asia. A
community-based survey on snakebite incidence from Lao PDR high-
lighted the lack of antivenom in district and provincial hospitals
(Vongphoumy et al., 2015). Similarly, in Vietnam, antivenom products
can only be accessed from certain prominent tertiary hospitals in the
Mekong Delta and are largely unavailable in district and provincial
hospitals in some provinces of central Vietnam (Blessmann et al., 2018).

In many countries access to antivenom is restricted to facilities
staffed by doctors, where resources for effective management of com-
plications such as adverse drug reactions, airway and breathing emer-
gencies, kidney injury and local tissue injury are available. This high bar
for initial treatment can be a barrier to access especially in rural settings.
In India, there have been calls to decentralize access to antivenom in
every primary health center in order to drastically improve geographical
accessibility; however, strengthening of the health workforce in these
facilities will be required, so that an officer can be available during night
hours and that all workers be properly trained on SBE management
(Bawaskar et al., 2020). In Ecuador and Tanzania, successful manage-
ment of SBE was achieved in a severely resource-constrained area by
improving access to treatment in nurse-led clinics (Gaus et al., 2013;
Yates et al., 2010). In Nigeria decentralization of antivenom supply
through a “hub-and-spoke” distribution and utilization network model,
wherein rural facilities serve as satellites or spokes and are linked to
major hospitals in urban hubs for referrals, linkages, support, training
and antivenom supplies has been proposed (Habib, 2013). Lack of
communication also can lead to tragedy. During a snakebite outbreak in
2016 in Donga, Nigeria, most victims and their relatives were unfortu-
nately not aware of the free antivenom provided at the referral hospital
in the city and did not seek care accordingly (Igawe et al., 2020).

Many victims of snakebite must travel long distances to access even
primary health care, and the distance to facilities where antivenom is
available can be even greater (Feitosa et al., 2015a, 2015b; da Silva
Souza et al., 2018; Schioldann et al., 2018). Shortages of qualified health
workers able to administer antivenoms and provide ancillary treatments
compound the situation in many settings. In the Brazilian Amazon,
transport to health facilities may involve several different means of
travel, significant time delays and sometimes exposure to dangerous
conditions on land, water and in the air (Cristino et al., 2021). Even
when antivenom is available locally, some patients may perceive that
quality of care will be better at more distant facilities, and travel hun-
dreds of kilometres further away (to Manaus for example), often
suffering poorer outcomes as a result (Guimaraes et al., 2018; Cristino
et al., 2021). Unfortunately, patient waiting times, ineffective triage and
workforce shortages can lead to delays in access to treatment even when
a patient arrives at a health facility (Bajpai, 2014; Sharma, 2015;
Simpson, 2007; Islam and Biswas, 2014).

In India, distances to antivenom treatment centres are generally
shorter, but snakebite victims in rural areas sometimes travel over 100
km to access basic healthcare (Singh and Badaya, 2014). Free ambu-
lance services established through public-private partnerships some-
times provide antivenom for critically ill patients during transport but
the impact of these initiatives is hindered by a shortage of services in
most rural areas, suboptimal response times or non-attendance, inade-
quately trained paramedics in standardized resuscitation protocols
(Bharti and Singh, 2015; Ralph et al., 2019). In Nepal community edu-
cation and motorcycles have been used to shorten the delay between bite
and access to antivenom treatment, successfully reducing case fatality
rates from 10.5% to 0.5% (Sharma et al., 2013).

Solving the challenges posed by physical geography requires the use
of tools that improve our understanding of factors influencing anti-
venom accessibility. Geographic Information Systems (GIS) in particular
have emerged as powerful technological advances for the measurement
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of geographic access to healthcare over the past 3 decades (Neutens,
2015; Delamater et al., 2012). One particularly well-suited approach for
modeling timely physical accessibility to health services uses a least-cost
path approach informed by local travelling constraints (e.g., terrain,
road network, barriers to movement, modes and speeds of transport)
(Ray and Ebener, 2008). It is currently being used to evaluate access to
snakebite treating facilities in Cameroon and Nepal (Alcoba et al.,
2021). When SBE risk is not uniformly distributed in a region of interest,
modeling the vulnerability of the population to SBE can be instrumental
in helping to plan antivenom distribution and referral networks (Long-
bottom et al., 2018). In Costa Rica high resolution geospatial data,
snakebite incidence data, locations of health facilities and ambulance
stations, and data on the geographical extent of habitat suitable for
Bothrops asper enabled identification of areas in need of improved access
to antivenom (Hansson et al., 2013). Prioritizing collection of geospatial
data on snake ecology and distribution (Pintor, 2021) and developing
innovative methods to collect field data may help to enable improved
prediction of snakebite hotspots (Genevieve et al., 2018; Goldstein et al.,
2021). Central to all these issues is the need to improve health systems
and infrastructure, particularly in rural areas, and ensure that UHC is
accessible and affordable for all.

4.2. Rational use of antivenom

According to the WHO, rational use of medicines requires that “pa-
tients receive medications appropriate to their clinical needs, in doses that
meet their own individual requirements, for an adequate period of time, and
at the lowest cost to them and their community” (WHO Website, c). In this
context a snakebite patient’s real need for antivenom must first be
considered, especially since not all snakebites lead to envenoming, and
not all cases of envenoming are serious enough to warrant antivenom.
Snakebites that do not require antivenom treatment, such as dry bites, in
which no venom is injected, and bites caused by snakes of no medical
importance, may represent up to 60% of all snakebites (WHO, 2019). In
these cases, the mistaken administration of antivenom has no clinical
benefit to the patient, but may still potentially lead to early or late
adverse reactions. Inappropriate clinical judgements for antivenom
treatment have been documented in several countries, leading to un-
necessary antivenom usage (Fung et al., 2009; da Silva et al., 2019b). At
the same time, more rational use has also been reported after imple-
mentation of new treatment protocols, notably in Bangladesh and India
(Harris et al., 2010; Ghosh et al., 2008). Furthermore, we can never
forget that SBEs are time-critical medical emergencies. The risk of
possible overuse of antivenoms needs to be balanced with the imperative
that safe, effective and affordable antivenoms are available as close to
the patient as possible, in adequate doses that can be administered early.

Conversely, inadequate treatment with antivenom results in incom-
plete neutralization of toxins and poor clinical outcomes. The cost of
antivenoms was blamed for under-dosing of patients in Cameroon, while
in Myanmar rationing due to shortages of products meant that less se-
vere cases were administered lower doses (Einterz and Bates, 2003;
Alfred et al., 2019). In the Amazon 52% of patients with severe enve-
noming caused by Bothrops spp., and 82% of those with severe Lachesis
spp. envenoming were under-dosed (Feitosa et al., 2015a, 2015b). In
this region, increased lethality was significantly associated to lack of
antivenom administration (53.5% of the fatal cases) and antivenom
underuse (63.3% of fatal cases using antivenom) (da Silva Souza et al.,
2018). Antivenom under-dosing was more common in indigenous pop-
ulations compared to urban and countryside populations, although an-
tivenom is available free-of-charge across the country (Fan and
Monteiro, 2018; Monteiro et al., 2020). Several factors can lead to
under-dosing, especially inferior potency and low immunoglobulin
content in poorly designed or low quality products. The variability of
products, even from one batch to another, can result in considerable
uncertainty when it comes to estimating dose at the bedside [See Box 2].

In countries where substandard antivenoms have dominated the
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market for decades, the confidence of health care workers is eroded,
which may lead to antivenom underuse. Health workers in remote set-
tings may be apprehensive about treating snakebites, for fear of not
being able to manage antivenom-associated adverse reactions should
they occur (Ralph et al., 2019). Knowledge about snakebite manage-
ment, antivenom use and management of antivenom-associated adverse
reactions is often poor (Michael et al., 2018; Taieb et al., 2018; Bala
et al., 2020; Sapkota et al., 2020; Ameade et al., 2021). Developing new
or improved treatment guidelines, supporting training programs for
public and private health workers and improving the quality, safety and
effectiveness of antivenoms are key steps towards optimising use of
antivenom and achieving consistent, improved outcomes.

4.3. Community perceptions of antivenom

The first pillar of the WHO snakebite envenoming strategy is
engagement with, and the empowerment of, affected communities. In
LMIC settings there are a multitude of cultural, social and economic
barriers that contribute to delayed access and it is important to consider
these contextual factors in relation to the patient. Large proportions of
patients choose traditional or faith healers ahead of allopathic medicine
with a range of associated outcomes (Sloan et al., 2007; Lam et al., 2016;
Alcoba et al., 2020). Plants, animals and mineral-based therapies,
blessings and prayers, as well as self-medication with orthodox medi-
cations, are commonly used by patients before making the decision to
search for the health service (Pierini et al., 1996; da Silva et al., 2019a).
Use of these self-care practices are recorded across the world as the cause
of late medical assistance and poor outcomes in SBE (da Silva et al.,
2019a; Schioldann et al., 2018; Mahmood et al., 2019; Longkumer et al.,

AVs are complex bespoke
biotherapeutics
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2017; Alirol et al., 2010).

The fact that snakebite victims resort to traditional medicine does
not necessarily mean that they mistrust modern medicine. In Kenya,
60% of community members that were interviewed believed that anti-
venom works for the treatment of snakebite and 91% believed in the
effectiveness of medicines in general (Ooms et al., 2021). But inadequate
knowledge about appropriate first aid methods is widespread (da Silva
et al., 2019a; Silva et al., 2020; Michael et al., 2011) and high costs of
treatment also influence decision-making.

In Bangladesh envenomed victims of snakebite requiring antivenom
spent more time with traditional healers than victims of non-venomous
snakebite (Harris et al., 2010). The perception of the seriousness of SBE
often varies, some victims seeking help only after more severe symptoms
(e.g. onset of unbearable pain, disfiguring oedema, bleeding or
decreasing functional mobility) develop (Cristino et al., 2021). On some
occasions, utilization of healthcare services by snakebite victims was a
reflection of the resistance of the snakebite victim to seek medical
assistance, which was only overcome by pressure from family members.
For some traditional populations, the displacement of an indigenous
patient to a hospital setting to receive antivenom after a snakebite is a
radical event (Guimaraes, 2015). Engagement with traditional healers at
community level is needed to reduce the occurrence of harmful care
practices and encourage prompter referrals to a healthcare facility
equipped with antivenom.

5. Conclusion

SBE is a neglected disease that is most endemic in rural areas of
LMICs, where health infrastructure is often deficient, and antivenoms
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are complex, bespoke biotherapeutics supplied through inconsistent and
fragmented markets challenged by variable regulatory compliance.
There are multiple barriers to antivenom access, but they can be over-
come with appropriate measures [See Fig. 4]. We hereafter propose a list
of concrete recommendations requiring a fully-financed, coordinated
response [See Box 3]. WHO has estimated that programme costs for SBE
will be US$136.76 million between 2019 and 2030. This does not
include the cost of commodities such as antivenoms, other treatments,
medical consumables, or investments by countries themselves. Incor-
poration of SBE into the national health plans of affected countries,
along with appropriate resource allocation and investment across a
broad range of activities is essential. Modernized infrastructure, incor-
porating new technology and pragmatic collaboration between
academia, manufacturers and government could reduce costs per capita
of antivenom production and drastically improve quality, production
capacity, sustainability and clinical effectiveness. North-South and
South-South models of technology transfer should be pursued. With
almost 140,000 deaths and hundreds of thousands of disabilities caused
each year, SBE is a threat to the health and economic growth of LMIC
communities in all parts of the world. Concerted action, led by WHO and
strongly supported by governments, NGOs, donors and the pharma-
ceutical community is imperative.

Credit author statement

Julien Potet: design of the study, collection of information, prepa-
ration of the first draft, editing of the first draft, revision of the final

Toxicon: X 12 (2021) 100086

draft, validation of the final draft. David Beran: design of the study,
collection of information, editing of the first draft, revision of the final
draft, validation of the final draft. Nicolas Ray: collection of informa-
tion, preparation of the first draft, editing of the first draft, validation of
the final draft. Gabriel Alcoba: collection of information, editing of the
first draft, validation of the final draft. Abdulrazaq Garba Habib:
collection of information, preparation of the first draft, editing of the
first draft, validation of the final draft. Garba Iliyasu: collection of in-
formation, editing of the first draft, validation of the final draft.
Benjamin Waldmann: collection of information, editing of the first
draft, validation of the final draft. Ravikar Ralph: collection of infor-
mation, preparation of the first draft, editing of the first draft, validation
of the final draft. Mohammad Abul Faiz: collection of information,
preparation of the first draft, editing of the first draft, validation of the
final draft. Wuelton Marcelo Monteiro: collection of information,
preparation of the first draft, editing of the first draft, validation of the
final draft. Jacqueline de Almeida Goncalves Sachett: collection of
information, editing of the first draft, validation of the final draft. Jose
Luis di Fabio: collection of information, preparation of the first draft,
editing of the first draft, validation of the final draft. Maria de los
Angeles Cortés: collection of information, preparation of the first draft,
editing of the first draft, validation of the final draft. Nicholas I. Brown:
collection of information, preparation of the first draft, editing of the
first draft, revision of the final draft, validation of the final draft. David
J. Williams: design of the study, collection of information, preparation
of the first draft, editing of the first draft, revision of the final draft,
validation of the final draft.

Box 3
Recommendations.

e Build global and national capacities to better regulate antivenoms:

antivenom production, quality control and regulation;
e Improve procurement of antivenoms:

o Support independent monitoring by civil society organizations;

stockpiles, particularly in sub-Saharan Africa.
e Strengthen the antivenom supplier base:

e Increase community demand for antivenom:

medical care and use of effective antivenoms;

engagement;

e Improve in country antivenom distribution:

o Develop the technical capacity of national authorities to evaluate safety, effectiveness, and quality of antivenom products;

o Encourage regional regulatory collaborations, particularly for countries that are not producing antivenoms;

o Develop WHO prequalification of antivenoms and collaborative registration of antivenoms;

o Establish a WHO-led network of regulators, national control laboratories and reference laboratories to develop reference standards for

o Determine the effective clinical dose of antivenoms through robust independent pre-clinical testing and dose-finding clinical trials;
o Make antivenoms part of existing national pharmacovigilance programs for assured drug safety.

o Encourage transparent and consistent antivenom procurement procedures;

o Share good practices of antivenom procurement, using number of effective treatments, not number of vials;
o Conduct evidence-based needs assessment of antivenom procurement requirements in regions with poor access to effective antivenoms,
based on incorporation of improved snakebite epidemiological data (through mandatory reporting), and establish regional antivenom

o List GMP-compliant antivenom manufacturers, evaluate their manufacturing capacity;

o Mandate the use of geographically-representative venom pools for antivenom production to address problem of intra-species variations,
particularly for medically important snake species of South Asia and sub-Saharan Africa;

o Incentivize collaborations between networks of manufacturers to mutualize costs, achieve economies of scale, and increase production of
effective antivenom at affordable cost, particularly in and for sub-Saharan Africa, where effective products are in short supplies.

o Engage with traditional healers for prompt referral of SBE patients to a facility equipped with antivenom;
o Educate communities about local species that are dangerous, appropriate situationally relevant first aid measures, and the benefits of early

o Provide accessible information about the availability of treatment in affected communities using a range of tools, media and community

o Provide free access to emergency SBE treatment (including antivenoms) to affected communities, incorporate coverage for out-of-pockets
into national health care subsidies or insurance schemes, and include SBE in national efforts to achieve UHC.

o Use GIS mapping tools to model populations at risk of SBE and antivenom needs, and optimize antivenom procurement and distribution;

o Strengthen first responder health services such as village first aid providers, primary health care centres and decentralized rural ambulance
services;

o Improve the training and education of rural health workers in the diagnosis, treatment and care of snakebite emergencies, including rational
antivenom use and appropriate early management of adverse drug events.
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