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Preface to ”Cholera Control in 2021: Bioecology,

Immunology, Current and Future Vaccines and

Treatment Options”

In 2017, the Global Task Force on Cholera Control launched an initiative to reduce cholera deaths

by 90% in at least 20 countries by 2030 [1]. This Special Issue focuses on the search for strategies to

control cholera and non-cholera dehydrating diarrheas, including vaccinology and therapeutics, and

provides the opportunity to release these ten original papers in book form as an overview of the

current control options for cholera and related diseases. The papers include 7 original reports, 2

reviews and 1 perspective article.

Moiz Usmani and colleagues[1] discuss climate variables’ influence on epidemics and the role

of trigger and transmission components in relation to pathogens’ environmental distribution. The

extra-human bioecologic cycle of V. cholerae (and related organisms) shifts the focus from eradication,

which is not possible, to control. Instead, effective control is likely to require improved environmental

risk modeling and the identification of trigger components and their role in transmission and

transition from endemic to epidemic form.

In this context, the study of Amanda Debes and colleagues on cholera “hot-spots” and contextual

factors in Burundi [2] can provide a useful approach to the improved control developing from

oral vaccination and comprehensive community-based WASH and treatment modules to eliminate

ongoing high case-fatality rates in affected African Nations.

Thomas Bollyky [3] discusses the challenges posed by shifting demographics and urbanization

regarding the impact of planning and control programs on both vaccine-based and treatment-based

components. Effective control measures will require careful attention to gaps in the urban health

agenda.

Jan Holmgren [4] discusses the expanded research on cholera immunity leading to oral cholera

vaccines (OCV), which have improved prospects for a reduction in clinical disease burden and deaths,

as well as cross-protection against severe ETEC disease in both endemic and epidemic situations.

Although contaminated water (imbibed or contaminating food) is key to cholera transmission, a

surprising added benefit of OCV, noted in several trials in endemic areas, is the protection of

unvaccinated family or community members when vaccine coverage exceeds 50%.

Novel deployment strategies for inactivated oral cholera vaccines are discussed by Jacqueline

Dean and John Clemens[5] in a review of follow-up data from single-dose, targeted deployment ring

vaccination trials and other new delivery strategies, as well as indirect effects such as herd immunity.

The limitations of current vaccines require solutions based on continued research on human

local and humoral responses to V. cholera antigens. The provision of adequately protective vaccines

for immune-naı̈ve individuals (young children and natives of non-endemic regions) remains a future

goal. Achieving long-term protection with (preferably) single-dose vaccines and the role of memory

immune responses and questions regarding correlates of protection are discussed in detail in the

article by Edward Ryan and co-workers [6].

Focusing on the treatment arm of control measures, the history of progress (and regress) in

transitional medicine regarding intravenous and oral therapy for cholera and related diseases is

comprehensively reviewed in the article by David Nalin [7] on the “Bench to Bedside” vs. “Bedside

to Bench” perspectives.

The essentials when delivering oral rehydration therapy (ORT) at the community level are

ix



reviewed by Richard Cash [8] based on his experience in the programs conducted by BRAC in

Bangladesh villages.

Current controversies in ORT are discussed in David Nalin’s review [9] of ongoing modifications

to oral solution composition in relation to electrolyte balance, efficacy during rehydration and

maintenance phases, and potential safety issues, with a special focus on safety concerns and the

differences between cholera and non-cholera dehydrating diarrheas.

Farzana Afroze and co-workers [10] report on the confirmation of a role for Vasoactive Intestinal

Polypeptide (VIP) in human cholera pathogenesis, potentially pointing the way to new therapies

aiming to quickly stop cholera diarrhea.
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Abstract: Climate variables influence the occurrence, growth, and distribution of Vibrio cholerae in the
aquatic environment. Together with socio-economic factors, these variables affect the incidence and
intensity of cholera outbreaks. The current pandemic of cholera began in the 1960s, and millions of
cholera cases are reported each year globally. Hence, cholera remains a significant health challenge,
notably where human vulnerability intersects with changes in hydrological and environmental
processes. Cholera outbreaks may be epidemic or endemic, the mode of which is governed by
trigger and transmission components that control the outbreak and spread of the disease, respectively.
Traditional cholera risk assessment models, namely compartmental susceptible-exposed-infected-
recovered (SEIR) type models, have been used to determine the predictive spread of cholera through
the fecal–oral route in human populations. However, these models often fail to capture modes of
infection via indirect routes, such as pathogen movement in the environment and heterogeneities
relevant to disease transmission. Conversely, other models that rely solely on variability of selected
environmental factors (i.e., examine only triggers) have accomplished real-time outbreak prediction
but fail to capture the transmission of cholera within impacted populations. Since the mode of cholera
outbreaks can transition from epidemic to endemic, a comprehensive transmission model is needed
to achieve timely and reliable prediction with respect to quantitative environmental risk. Here, we
discuss progression of the trigger module associated with both epidemic and endemic cholera, in the
context of the autochthonous aquatic nature of the causative agent of cholera, V. cholerae, as well as
disease prediction.

Keywords: environmental parameters; cholera; Vibrio cholerae; trigger; transmission; prediction

1. Introduction

Cholera is transmitted primarily by ingestion of contaminated water containing the
bacterium Vibrio cholerae and has plagued the world for centuries. The ongoing cholera pan-
demic, the seventh, which started in the 1960s, continues to claim millions of victims every
year and is considered the world’s longest-running pandemic [1–3].This acute diarrheal
disease remains one of the most significant public health burdens in many regions globally,
notably in Latin America, sub-Saharan Africa, and Southern Asia [4,5], where an estimated
one million cases are reported every year [6]. The World Health Organization estimates
that up to four million reported cholera cases occur across the world annually [4]. However,
the actual number of cholera cases is likely much higher as many cases go unreported,
especially in developing countries.

In recent years, cholera outbreaks have originated primarily in coastal areas [7,8].
The disease is prevalent in parts of the world where human vulnerability (i.e., lack of
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access to clean water and appropriate sanitation) intersects with changes in hydrological
and environmental processes, which provide conditions favorable for the occurrence and
growth of V. cholerae in the aquatic environment. Furthermore, massive cholera outbreaks
are often associated with natural and anthropogenic disasters. A recent example is one of
the largest cholera outbreaks in 2016 during the months following Hurricane Matthew [9],
which lashed rains over the southwestern coast of Haiti. Damage to water, sanitation, and
hygiene (WASH) infrastructure coupled with elevated air temperatures and above-average
rainfall promoted exposure of the population to contaminated water. An outbreak of
cholera was reported subsequently.

Throughout history, during periods of active conflict and raging wars, infectious
diseases have claimed more lives than actual war-induced injuries [10]. Since March 2015,
Yemen, a coastal Middle Eastern country, has experienced surges of violent civil unrest.
In October 2016, Yemen reported the first of a series of sporadic cholera outbreaks. After
the initial reports, the number of cases declined briefly for a few months until the WASH
infrastructure failed, resulting in a severe spike in the number of reported cholera cases.
The resurgence of the disease and continued environmental exposure of the population
proved disastrous to public health. By the end of 2017, Yemen was experiencing the largest
cholera outbreak in recorded history [11], which ultimately accounted for an estimated
80% of the globally reported cholera cases that had been recorded since 2015 [12]. While
natural disasters can be catalytic for cholera, the Yemen cholera outbreak demonstrates the
enormous potential for an anthropogenic catastrophe to affect public health similarly and
perhaps even more devastatingly.

Cholera occurs predominantly in two forms: epidemic, characterized either by the
sporadic or rampant occurrence of cases in an outbreak; and endemic, defined as cases
occurring annually at a continuous level, often with distinct seasonal peaks in the number
of cases. Data from epidemiological surveillance suggest that the Yemen cholera outbreak
began in the epidemic mode [13]. The dominant hypothesis for epidemic cholera is
related to conditions when the air temperature is suddenly anomalously high and excess
rainfall occurs with insufficient and/or damaged WASH infrastructure in the region.
Human populations will then be at higher risk of exposure to cholera bacteria, hence the
disease [14,15]. Per contra, endemic cholera has been shown to occur in a region where
V. cholerae is constant, even at low abundance, and circulating in the aquatic environment
(e.g., rivers, estuaries, and coastal aquatic ecosystems providing conditions favorable for
the bacterium). Often, environmental factors influencing endemic cholera will result in
cyclical or seasonal recurrence of the disease [16,17]. A sustained epidemic mode of cholera
can evolve to become endemic in regions, with the potential for enhanced and continued
exposure to, and transmission of, V. cholerae [18]. From our previous research [2,19–23],
it is understood that V. cholerae ecology must be viewed in the context of its natural
aquatic environment and a changing climate driving cholera as a potential re-emerging
infectious disease.

The dominant forms of cholera (epidemic and endemic) are guided by two components
that are key to a disease outbreak, namely trigger and transmission. The trigger module
(TM) comprises those mechanisms that support the growth, multiplication, persistence,
and distribution of V. cholerae in the environment. That is, when TM indicates conditions
are favorable for the high abundance of the bacterium and is coincident with insufficient
WASH infrastructure, there will be increased interaction between V. cholerae and the human
population. Following a prevailing TM, the transmission component (TrM) comprises
pathways by which an outbreak of cholera will occur and engages complex interactions
between humans and contaminated water. The foundational theory of TrM is that humans
can accelerate the spread of cholera via intestinal colonization and shedding of cholera
bacteria into the environment, thereby contaminating drinking water systems [18]. Given
favorable environmental conditions, the bacterium multiplies and can infect a population
through the fecal–environmental–oral transmission route. Here, we discuss progression
of the TM underlying epidemic cholera, and the TrM associated with both epidemic and
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endemic cholera, in the context of V. cholerae as a bacterium autochthonous to the aquatic
habitat and prediction of cholera in the human population.

2. Vibrio cholerae and Its Natural Habitat

Vibrio cholerae, the causative agent of the acute diarrheal disease cholera, is a Gram-
negative bacterium native to the aquatic environment. Historically, detection of V. cholerae
was achieved by determining its presence clinically during cholera outbreaks [24]. How-
ever, before the advent of epifluorescent microscopy [25,26] and molecular markers [27–31],
detection of the presence of V. cholerae in the environment was accomplished by employing
culture-based techniques [32]. Such investigations significantly underestimated V. cholerae
populations in the environment, namely because the bacterium can enter a viable but
non-culturable (VBNC) state [33]. In the environment and between outbreaks, when envi-
ronmental conditions are unfavorable for growth and reproduction, the VBNC state allows
the bacterium to become metabolically dormant [34,35]. When environmental conditions
again become favorable, VBNC cells regain cultivability, having retained virulence poten-
tial [36,37]. Furthermore, V. cholerae attaches to zooplankton by switching from motile to
biofilm lifestyles, which enhances long-term survivability of the bacterium in the envi-
ronment [38]. Zooplankton, namely copepods, feed on components of the phytoplankton
population. Hence, an association between the occurrence of copepods and phytoplankton
blooms has been observed [19]. In nutrient-rich water, the increase in the phytoplankton
population followed by a zooplankton bloom results in an abundance of V. cholerae in
coastal waters [16,22]. Because a single copepod can carry up to 104 V. cholerae cells [19,39],
ingestion of untreated drinking water containing a small number of copepods can increase
the risk of infection significantly [40–42]. Thus, copepods are a major host and vector of dis-
ease. V. cholerae has also been observed at high densities attached to abiotic substrates, such
as sediment, and associated with various aquatic organisms (e.g., crustaceans, arthropods,
fishes, waterfowl, and aquatic plants) [20]. Conversely, in the environment, V. cholerae,
in association with phages and protozoa, can form antagonistic relationships that reduce
microbial populations and shape evolution [20,43].

V. cholerae shares many genotypic and phenotypic characteristics with other bacterial
taxa, namely Enterobacteriaceae, and toxigenic strains of V. cholerae have acquired the
ability to produce cholera toxin, a primary virulence factor, via horizontal gene transfer
mediated by a lysogenic bacteriophage [44]. The presence and broad distribution of its
virulence genes in the environment have been well documented, and such genes that play
a role in the pathogenicity of V. cholerae for humans may, at the same time, have environ-
mental relevance (e.g., allowing for metabolic processes, establishing symbiosis, and/or
modulating predator/prey relationships in the natural aquatic environment) [45–47]. In the
environment, novel phylogenetic lineages of V. cholerae have emerged, carrying mutations
potentially involved in adapting to aquatic ecosystems [48–50]. Environmental factors,
such as the presence of chitin and/or nutrient limitation, can influence horizontal gene
transfer [51]. Because many environmental V. cholerae isolates have been shown to encode
various virulence factors [52] and genetic mutations, some of which have the potential
to alter virulence factor production [53], horizontally acquire additional pathogenicity
genes [54,55], and even undergo serogroup conversion [55], it is important to determine
the total number of V. cholerae present in given samples.

Changes in the aquatic environment can have an impact on the intensity of a cholera
outbreak [2,23,56–58], and seasonal outbreaks occur annually in regions where the disease
is endemic [16,17,59–61]. During outbreaks, the reported number of cholera cases generally
peaks during warmer months of the year, notably in Latin America and Africa, but bi-modal
peaks are typical in the Bengal Delta region, related to the hydroclimatic influence on the
environment in which the bacterium occurs [62]. In Northern Europe and the Atlantic coast
of the United States, heatwaves and warming sea temperatures (up to ~1.5 ◦C over the
past half-century) have been associated with long-term increases in abundance of certain
pathogenic Vibrio spp., namely V. cholerae, V. parahaemolyticus, and V. vulnificus [21]. While it
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is worth noting that other Vibrio spp., such as Vibrio splendidus, express virulence factors at
low temperatures [63], observed increases in Vibrio spp. abundance in Northern Europe and
the US were associated with an unprecedented occurrence of environmentally acquired
Vibrio infections in the human population [21]. Moreover, a changing climate, namely
increased sea temperature, could lead to prolonged seasonal abundance of V. cholerae, with
profound public health implications [64].

Since V. cholerae is autochthonous to the aquatic environment, playing an essential
role in nutrient cycling [65,66], cholera cannot be eradicated. Therefore, the ecology of
V. cholerae must be understood in terms of those environmental parameters that drive
cholera, especially as a re-emerging infectious disease and in constructing risk prediction
models. Furthermore, early warning systems will be needed to safeguard public health in
geographical regions vulnerable to natural disasters such as hurricanes and earthquakes or
active conflict, namely social strife or civil war, with resultant damage to safe water and
sanitation infrastructure.

3. Trigger and Transmission Components for Prediction of Cholera

Traditionally, the spread of cholera has been associated with human activity, notably
travel [24] and not hydroclimatic processes. Hydroclimatic processes control the distribu-
tion, growth, and incidence of V. cholerae in aquatic ecosystems [2] and contribute to genetic
diversity and epidemic potential [48]. Therefore, the spread of cholera is a complex function
of global travel coupled with climatic processes and the subsequent potential exposure
of populations to new spatial and temporal disease outbreaks. Thus, epidemiological
research can improve public health interventions aimed at controlling cholera by employ-
ing environmental predictive modeling. In 1996, Colwell [2] reported that environmental
variables were linked to cholera epidemics and could be evaluated using remote sensing
and utilized to develop predictive cholera models. Subsequently, several investigators
have confirmed the association of V. cholerae with environmental parameters, including sea
surface temperature [67–69], sea surface height [67–69], chlorophyll [23,68,70], precipita-
tion [14,71,72], water storage [73], and salinity [74,75], and suggested their use in cholera
risk prediction. Accordingly, a mechanistic understanding of environmental factors in
the trigger and transmission of cholera has been developed [9,15,76]. While both TM and
TrM are important in understanding the global persistence of cholera, high mortality rates
observed in epidemic regions (>3%) compared to the endemic areas (<1%) [15] have caused
intervention efforts to focus essentially on the TM of predictive cholera modeling systems.

In 2013, Jutla et al. [15] proposed the hypothesis for an epidemic cholera trigger
risk prediction system whereby anomalously high (defined as more than one standard
positive deviation above the long-term average (>30 years)) temperatures followed by
anomalously high precipitation, over a period of four weeks, in a region of damaged or
compromised WASH infrastructure, facilitated interaction between contaminated water
and the human population and comprised an environment favorable for triggering an
epidemic cholera outbreak. With this hypothesis, if one or more of the respective conditions
are not satisfied, the region has a lower risk of experiencing an outbreak. Initial support of
this hypothesis was obtained from analysis of an earthquake that struck Nepal in 2015 [76],
and the hypothesis was validated spatially and temporally for several geographic regions,
including South Sudan, Cameroon, Zimbabwe, Haiti, Mozambique, Rwanda, Central
African Republic, Nepal, and Bangladesh [9,14,15,70,76] Subsequently, the hypothesis was
extended to predict the impact of a disaster (natural or anthropogenic) in triggering a
cholera outbreak [9,76]. Results showed that natural and anthropogenic disasters that
damaged WASH facilities in a region were generally accompanied by high precipitation,
collectively making the environment strongly favorable for the growth of V. cholerae and
increasing human interaction with contaminated water sources. Thus, policy makers and
health professionals are now able to use predictive environmental TMs as a tool to prevent,
control, and eliminate cholera. It is worth noting, however, that once an outbreak occurs, the
TM should be employed in conjunction with TrM to fully capture the progression of cholera
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in a given region. The transmission component is more broadly useful compared to the TM
since TrM largely relates to the mechanism governing the disease dynamics in a human
population and is often employed for forecasting the spread of cholera and public health
decision-making [77,78]. Many modeling efforts have been made to reduce the disparity
between the actual number of cases in a region and the number predicted by the model (i.e.,
the forecasted number of cases) [72,79,80]. The compartmental model is the most common
type of TrM, mainly because it is simple and easy to use [81]. Compartmental models
generally divide a given population into three compartments: Susceptible (S), Exposed
(E)/Infected (I), and Recovered (R). The four compartments collectively comprise the basic
SEIR transmission model [18], a frequently used approach in the epidemiological research
domain. Typically, disease dynamics are captured by the rates at which individuals of
a population transition between each state (i.e., S, E, I, and R). In Figure 1, we extend
the presentation of a basic SIR model to S-E-I-R, accounting for the pathway between the
susceptible and exposed populations that have the potential to become infected.

 
Figure 1. Fundamental cholera susceptible-exposed-infected-recovered (SEIR) transmission model. Susceptible (S) individ-
uals of a population who have been exposed to Vibrio cholerae have the potential to acquire the disease from infected (I)
individuals. At that point, they also have the potential to become infected (i.e., enter the infectious state), until eventual
recovery from the disease (R) or death. Grey shading depicts the SEIR model, which also highlights the potential use of
vaccines in curtailing the disease. Water, sanitation, and hygiene (WASH) infrastructure is a critical factor influencing
cholera transmission at every stage of the model, from infected to susceptible individuals. Blue represents environmental
factors, namely temperature and precipitation, that promote the growth and distribution of Vibrio cholerae, the causative
agent of cholera, in aquatic reservoirs. Pink shows the potential transmission route from the environment to humans via
contaminated food or water containing the V. cholerae. Arrow: positive effect; block: negative effect.

The fundamental theory of the SEIR model is presented as the simultaneous presence
of four entities (i.e., S, E, I, and R) required for a cholera outbreak. That is, there must be a
sufficient quantity of V. cholerae circulating within a population, including a large enough
number of susceptible individuals. If any of the four entities is missing, the number of
cases in an outbreak is reduced, thereby preventing a sporadic outbreak from becoming
epidemic in scale. With respect to the dynamics of cholera, there are cyclic interactions
between the human population and the pathogen. The robustness of an SEIR-based TrM
relies heavily on the extent to which the module is capable of capturing the interactions.
Accordingly, a number of studies have employed various mathematical and biological
concepts to modify the basic SEIR model in order to incorporate complex interactions
associated with modeling cholera outbreaks [82–85]. Table 1 summarizes a few key studies
utilizing the SEIR model in cholera outbreaks.
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More sophisticated SEIR modeling concepts have been proposed with varying con-
straints of population structure [86], socio-economic factors [86,87], and other critical factors
relevant to the transmission dynamics of cholera. Primarily, mathematical sophistication
introduced into a SEIR model aims to address the environmental, biological, and behavioral
stochasticity inherent in the mechanism of cholera transmission [56]

However, in some cases, rigorous mathematical complexity may impart problems
in evaluating the success of intervention strategies and in assessing the effectiveness of
behavioral changes in the human population [80]. In contrast, assumptions made to reduce
complexity bring major drawbacks also introduce uncertainty, with respect to overall
predictive power. Infection with V. cholerae O1, the primary pandemic serogroup, results
in protective immunity (i.e., vibriocidal antibodies) that decrease the risk of future in-
fection [88]. Modeling cholera vaccines usually require an assumption that vaccinated
individuals share the same protective rate as those naturally infected, and therefore the
vaccinated susceptible individuals are treated as ‘resistant’ [89]. Age has been shown to be
important, as children under the age of 5 and the elderly have the highest disease burden of
cholera [90,91], but models typically assume that the population age is constant. Attempts
to integrate human behavior into the SEIR model typically include the assumption that
humans will behave rationally in response to the disease [83]. In practice, this assumption
requires the susceptible population to be adequately informed regarding the severity of
the cholera outbreak, take necessary measures to reduce contact with contaminated wa-
ter/food, such as boiling or filtering water, cleaning food preparation areas, and cooking
food (especially seafood) properly, and exercise appropriate sanitation practices, including
the appropriate disposal of excreta. The assumption of rationality is associated with SEIR
models, but it is challenging to quantify the inherent characteristics of human behavior
to achieve a realistic representation of the human component in the model. While this
assumption eases the model sophistication, it fails to capture the heterogeneities of cholera
transmission, increasing the difference between reality and model prediction [80]. More-
over, elucidation of the human factor in cholera modeling is aggravated by the assumption
that the mixing of susceptible and infectious individuals will be homogeneous. However,
in reality, it has been observed that individuals move within a strong influence of socio-
economic factors [92–94]. Hence, various methods have been used to avoid the problematic
assumption of homogenous mixing, which includes dividing the susceptible population
into low- and high-risk groups or into various categories, based on age, neighborhood, and
behavioral risk [86,95]. In addition to these factors, education is considered to be the most
cost-effective intervention strategy to prevent the transmission of cholera within at-risk
populations [96].

While these methods help to improve the prediction of cholera transmission within
well-mixed populations, they fail to capture cholera modes of infection via indirect routes,
such as pathogen movement via the environment, or heterogeneities relevant to disease
transmission. Interaction between environment and humans is of paramount importance
for predictive modeling of cholera [87]. Traditional SEIR models are less successful in
dealing with indirect modes of cholera transmission, most likely explaining why they are
successful in predicting highly infectious human pathogen spread via direct human-to-
human contact (e.g., for viruses causing influenza and coronavirus disease 2019, COVID-19)
compared to cholera, where indirect transmission plays a more important role [80]. The
importance of indirect transmission routes has encouraged the incorporation of water
quality models, seasonality, and climate-driven concepts into SEIR models [58,97–100]. Sea-
sonality is more often analyzed in regions prone to flooding after heavy precipitation, such
as Bangladesh [57] and Yemen [101], where monsoons promote a bimodal peak of reported
cholera cases [13,17]. The integration of environmental variables into SEIR models will
therefore be expected to yield better performance. Given the complex nature of V. cholerae
in the aquatic environment, an individual environmental variable is insufficient to capture
the indirect mode of cholera transmission. That is, to understand the complete dynamics
of a cholera outbreak, predictive models need to capture both the direct, namely pathogen
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movement via humans, and indirect transmission routes. In contrast to SEIR models, mod-
els relying solely on the variability of environmental factors have shown remarkable success
in real-time cholera prediction [102], suggesting that indirect transmission routes also must
be monitored. Furthermore, sensitivity analysis has shown parameter uncertainty in SEIR
models, implying small uncertainties in the model parameters (e.g., infection rate) may
result in large variations in overall performance [80,103]. Due to parameter uncertainties
with respect to cholera and an inability to incorporate indirect transmission routes, SEIR
models have been less successful in modeling cholera than other infectious diseases.

Table 1. Cholera prediction using variants of susceptible-infectious-recovered models.

Author(s) Study Descriptions/Methodology Important Findings and Outcomes

Codeço 2001 [18]

Proposed mathematical model to explain the
dynamics of epidemic and endemic cholera.
This study is one of the first applications of
the SIR model for cholera transmission.

• Cholera epidemiology depends on social and
environmental factors.

• Complex interaction between host and
pathogen is difficult to model.

Wang et al., 2015 [83]

Separated ordinary differential equation
(ODE) and reaction-convection-diffusion
partial differential equation (PDE) models to
examine the homogeneous and
heterogeneous environments associated with
cholera transmission.

• Basic reproduction number (R0) remains a
sharp threshold for disease dynamics even
when human behavior is considered.

• Proposed mathematical justification of several
consequences associated with human behavior.

Meszaros et al., 2020 [84]
Proposed a mathematical model for cholera
incorporating transmission within and
between households.

• Vaccine interventions appeared more effective
than water treatment or antibiotic
administration to control household cholera.

Abrams et al., 2013 [85]
Developed three cholera surveillance models
to forecast the expected number of cases in
Haiti during the 2010–2011 cholera epidemic.

• Models increased in complexity as more
information became available: first projection
estimated 105,000 cholera cases the first year;
subsequent projections using different methods
estimated up to 652,000 cases.

• Timely and realistic projections are crucial in
areas with limited resources: real-time
projections allowed public health officials to
plan and implement response measures better.

Torres et al., 2018 [82]
Proposed and analyzed a SITRV (susceptible-
infectious-treated-recovered-vaccinated) type
model for cholera.

• The SITRV type model fits well for the cholera
outbreak in Yemen April 2017–2018.

• The model provides important conclusions
concerning vaccination campaigns during a
cholera outbreak.

Che et al., 2020 [86]

Used a “fitted” demographic equation (i.e.,
disease-free equation) to capture total
population and a fitted low-high risk
structured cholera differential equation
model to study reported cholera cases in
Cameroon 1987–2004.

• Dual strategies of either vaccination and
treatment or vaccination and improved
sanitation or combined strategy of vaccination,
treatment, and improved sanitation reduce the
basic reproductive number of cholera cases.

• Rates of scaled contact and the vaccination of
susceptible populations are important
parameters for cholera prediction.
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Table 1. Cont.

Author(s) Study Descriptions/Methodology Important Findings and Outcomes

Dangbé et al., 2018 [87]
Proposed a model considering climatic
factors and human behavior on the spread of
cholera

• The transmission and spread of cholera can be
affected by climatic factors, the proportion of
malnourished individuals, and the number of
individuals practicing proper hygiene.

• Disease-free equilibrium stability depends on
the basic reproduction number (R0).

Baracchini et al., 2017 [56]
Proposed a stochastic, rainfall–temperature
driven model to examine the seasonality of
cholera in Bangladesh.

• Rainfall buffers disease transmission in wet
regions while enhancing cholera resurgence in
dry regions.

• Local variation of temperature and rainfall can
be used to explain seasonal patterns.

Koepke et al., 2016 [97]

Proposed a predictive
‘susceptible-infected-recovered-susceptible’
(SIRS) type model in the form of
continuous-time hidden Markov states to
estimate the contribution of water depth and
water temperature on the spread of cholera.

• Hidden states can be used to predict an
increase in infected individuals weeks before
the observed number of cholera cases increases,
thereby providing early notification of
the epidemic.

• Added support to the hypothesis that
environmental forces influence the trigger of a
cholera outbreak.

Perez-Saez et al., 2017 [58]
Proposed a probabilistic spatial model to
investigate the role human mobility plays in
cholera transmission.

• With respect to cholera risk, highly populated
urban centers are more sensitive to El
Niño/Southern Oscillation than
rural periphery.

• Cholera risk is largely transmitted from a
climate-sensitive core to the periphery.

• Included human mobility as a model parameter
to improve outbreak prediction performance.

4. Discussion

Climate variability has had a dramatic impact on marine animal and plant commu-
nities, as well as marine prokaryotes, all of which play fundamental roles in maintaining
life on Earth. Over the past half-century, changes in precipitation and temperature [104]
have promoted the emergence and re-emergence of infectious diseases globally [105]. The
Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)
suggested that the world will experience enhanced climate variability, including long-
term increases in precipitation, temperature, and the number of extreme events, including
droughts, floods, hurricanes, and tornadoes [106]. The complex interactions between and
among various environmental conditions influence the ecological niche of disease agents.
For example, a number of studies have documented a pattern of poleward spreading of
V. cholerae, demonstrating geographic expansion [21,107–109]. Historically, only V. cholerae
serogroup O1 was associated with pandemic cholera. However, non-O1 V. cholerae are
causative agents of sporadic, yet significant, infections ranging in severity from mild to
life-threatening. It has recently been reported that V. cholerae non-O1 infections are on the
rise and represent one of the most striking examples of emerging human diseases linked to
climate change [109].

On both local and global scales, climate variability has the potential to significantly
affect the emergence, distribution, and prevalence of infectious disease agents and thereby
impose a significant burden on public health [110]. One such observation was the massive
cholera outbreak in Haiti during the months following Hurricane Matthew [9]. More
recently, a cholera outbreak occurred in Yemen following civil unrest in 2016. Cholera
appears to be transitioning towards endemicity in that country. In both Haiti and Yemen,
cholera occurred during anomalously high temperatures and precipitation, lending support
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to the trigger hypothesis. Despite the advances made to date, an effective cholera predictive
modeling system capable of effectively capturing the transmission of disease through
compartmental models has yet to be developed. The transition of cholera from epidemic to
endemic in Haiti and Yemen underscores the urgent need for environmental quantitative
risk models. On a global scale, it will be necessary for future models to incorporate
comparative data baselines with real-time data to improve model output and prediction.

Since it is now well established that V. cholerae is ubiquitous in the aquatic environment
and plays a critical role in nutrient cycling and in environmental homeostasis, cholera
cannot be eradicated, but it can be successfully controlled. Predictive models for cholera
risk assessment will be critical in the future to safeguard public health. There is much
greater interest in predictive modeling, and the transmission components of such models
are receiving greater attention. However, emphasis on trigger components is needed to
improve our understanding of the dynamics and progression of cholera. Trigger com-
ponents have been described that improve quantitative risk modeling as well as disease
intervention measures. Yet, most studies of cholera transmission are mechanistic and em-
ploy compartmental models, namely the susceptible-exposed-infectious-recovered model.
The limitation of mechanistically driven compartmental models is their inability to quantify
the uncertainty associated with the spread of cholera. The evolution of the quantitative
risk modeling associated with the trigger module is highly promising, but greater success
is expected with improved transmission modeling for quantitative risk prediction. With
new information from satellite remote sensing, a comprehensive transmission component
for the reliable and timely prediction of cholera will surely be available in the near future.
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Abstract: The Republic of Burundi first reported cholera cases in 1978 and outbreaks have been
occurring nearly every year since then. From 2008–2020, 6949 cases and 43 deaths were officially
reported. To evaluate Burundi’s potential to eliminate cholera, we identified hotspots using cholera
incidence and disease persistence as suggested by the Global Task Force for Cholera Control. The
mean annual incidence for each district that reported cholera ranged from 0.29 to 563.14 cases per
100,000 population per year from 2014–2020. Ten of 12 Health Districts which recorded cholera cases
reported a mean annual incidence ≥5 per 100,000 for this time period. Cholera cases occur during the
second half of the year in the areas near Lake Tanganyika and along the Ruzizi River, with the highest
risk district being Bujumbura Centre. Additional research is needed to understand the role of Lake
Tanganyika; risks associated with fishing; migration patterns; and other factors that may explain
cholera’s seasonality. Due to the consistent epidemiological pattern and the relatively small area
affected by cholera, control and elimination are feasible with an integrated program of campaigns
using oral cholera vaccine over the short term and community-based interventions including WASH
activities for sustained control.

Keywords: cholera; diarrhea; Burundi; hot spot; oral cholera vaccine

1. Introduction

1.1. Background Information Regarding Burundi

The Republic of Burundi is a landlocked country in the Great Lakes region of Africa
which has outbreaks of cholera regularly every year. It lies between Rwanda to the
north, Tanzania to the south and east, the Democratic Republic of the Congo (DRC) to the
northwest, and Lake Tanganyika to the southwest. The Ruzizi River (also spelled Rusizi
River), which flows into Lake Tanganyika from Lake Kivu, serves as the border between
the DRC and Burundi. The capital of the country, Bujumbura, is located near the northern
part of Lake Tanganyika. The total land area is 27,830 sq km, and the country is divided into
18 provinces which are further divided into 47 districts and 119 communes. The smallest
subdivision is the colline, of which there are 2638.

Some of the factors in Burundi that relate to cholera patterns include seasonality,
population density, insufficient water-sanitation infrastructure, considerable internal and
external migration, poverty, and the relationship of people to Lake Tanganyika.

Burundi has two rainy seasons, a major one from February to May and a lesser
one between September and November. The dry seasons are from June to August and
December to January. Minimum monthly temperatures appear to be constant throughout
the year, but higher maximal temperatures occur from July to October [1].
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While the country is geographically small, it is among the top five most densely
populated countries in Africa with 463 inhabitants per square kilometers [2]. It has a high
fertility rate (about 5.4 children per woman), an infant mortality ratio estimated to be 42
per 1000 live births and a maternal mortality ratio estimated to be 548 per 100,000 live
births [2]. Over 90% are employed in agriculture and about 85% of the people are rural
subsistence farmers [1], and 65% of the population are living in poverty, or less than USD
1.90 per day per person [3,4].

Indicators of water and sanitation for Burundi demonstrate the need for major im-
provements. According to the Joint Monitoring Project of the WHO and UNICEF [5], 20%
of the population use unimproved or surface water for drinking, and another 20% use
water sources that are too far away from their homes. Less than half of the population
(46%) has access to basic sanitation, and 40% use unimproved latrines. Handwashing with
soap appears to be practiced regularly by only 6% of the population. Thus, many house-
holds still rely on unsafe sources for drinking water and lack basic sanitation and hygiene
facilities. This is especially true for the lowest quintile and for the rural populations, where
the percentages are more worrisome.

Burundi has a long history of both natural disasters and civil conflict, both of which
have contributed to its high degree of migration. Within Burundi, people are often displaced
because of natural disasters such as landslides, flooding and high winds [6]. When persons
are displaced, they are less likely to have access to basic water and hygiene infrastructure.
According to a report by the International Organization of Migration (IOM)(7), 90% of
15,000 Internally Displaced People (IDPs) in one area (Bubanza and Kirundo) did not have
access to a latrine [7]. Nationally, approximately 42% of collines report that IDP households
do not have access to latrines. Further, handwashing systems with soap are not present in
81% of collines, and concerns about the drinking water were reported in 37% of collines.
When natural disasters destroy infrastructure such as water sources, roads, etc., people
who are not displaced are still affected by the natural disasters and are also at higher risk
for cholera. Many displaced persons settle in the provinces along Lake Tanganyika and the
Ruzizi River, which our analysis identifies as cholera hotspots.

Migration to and from neighboring countries arise due to violent conflicts, but some-
times are related to the search for employment. As of 31 January 2021, 306,000 people have
fled Burundi (almost 3% of the population), with over half of the refugees traveling to
Tanzania (148,000) and many others traveling to Rwanda (62,000), the DRC (47,000), and
Uganda (50,000) [8]. Since 2017, 125,063 individuals have been repatriated to Burundi as of
31 January 2021, with nearly all of those individuals returning from Tanzania. Returning
migrants often have difficulty reintegrating because of the population density, lack of
employment and loss of land that they formerly owned. The UNHCR does support their
right to return if the decision to return is voluntary, but its stated policy is to not actively
promote returning.

Lake Tanganyika plays a critical role in the life and economy of Burundi. The lake
is an extremely large, deep, freshwater lake with an alkaline pH (pH 8.5–9); the surface
temperature ranges between 25 and 28 ◦C [9,10] without major differences in characteristics
in the water’s physical or chemical properties during the seasons. There have been few
publications describing epidemic cholera in Burundi; however, in the late 1990s, V. cholerae
was isolated from the water of Lake Tanganyika and cholera cases were associated with
exposure to or drinking lake water in case control studies [11].

1.2. Study Background Information

In East and Central Africa, Burundi is one of the countries where cholera is endemic.
Burundi first reported cholera cases to the World Health Organization (WHO) in 1978 and
cases have been reported in Burundi every year, except during 1986–1989 [12]. Compared
to neighboring countries such as the DRC or Tanzania with much larger populations,
Burundi reports fewer annual numbers of cholera cases and deaths; still, these outbreaks
have a major impact on the country. The reported cases are typically concentrated along
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Lake Tanganyika, near the border with the DRC. The provinces with cholera cases, un-
officially called the “cholera belt”, are usually along the “plain d’Imbo”, which includes
the northeast bordering the DRC (Cibitoke, Bubanza) and the provinces along Lake Tan-
ganyika (Rumonge, Makamba, and Bujumbura Mairie/Rural). Interestingly, this pattern
has persisted for several decades [11]. In addition to the outbreaks within Burundi, in 2015
a large cholera outbreak occurred in a Burundian refugee settlement in Kigoma, Tanzania,
with over 3000 cases and 30 deaths. It is not clear if the refugees from Burundi introduced
cholera into the camps or were susceptible because of the conditions in the camps [13].

Cholera cases that were reported to the World Health Organization (WHO) from 2008
through 2018 are shown in Table 1. It should be noted that many countries, especially in
Asia, known to have large number of cholera cases do not report or severely under-report
cases to the WHO.

Table 1. Number of cholera cases reported to the World Health Organization annually between 2008 and 2018. The totals
for the “World” include all cases reported to WHO.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Burundi 234 355 333 1072 214 1557 582 442 434 300 92

Tanzania 2911 7700 4469 942 286 270 0 11,563 11,360 4895 4777

Uganda 3726 1095 2341 0 6326 748 309 1461 516 292 4440

DRC 30,150 22,899 13,884 21,700 33,661 26,944 22,203 19,182 28,093 56,190 30,768

Rwanda 23 0 0 0 9 0 0 0 355 0 0

All
Africa 179,323 217,333 115,106 188,678 117,570 0 105,287 71,176 71,058 179,385 120,652

World 190,130 221,226 317,106 589,854 245,393 129,064 190,549 172,454 132,121 1,227,391 499,447

Cases of cholera, both suspected and confirmed, are recorded using Burundi’s Inte-
grated Disease Surveillance and Response (IDSR) system [14]. According to the Burundian
National Cholera Plan, a “suspected” case, outside of an outbreak, is a patient with acute
watery diarrhea, five years or older with severe dehydration, or one who dies from the
diarrhea. If a cholera outbreak is ongoing, a suspected cholera patient is one aged five years
or older with acute watery diarrhea. During an outbreak, this definition includes diarrhea
patients two years or older. A case is “confirmed” when a microbiological culture from
the fecal specimen of a suspected case is positive for Vibrio cholerae O1 or O139 (Serotype
O139 has never been isolated in Burundi). Generally, the National Reference Laboratory in
Bujumbura is the laboratory that confirms the case. One case of suspected cholera signifies
the alert threshold, while a case must be confirmed before declaring an outbreak, signifying
the “action threshold.” The first ten suspected cases are to be cultured, but after one or
more are culture-confirmed, it is not necessary to confirm each case.

This epidemiological analysis is intended to provide an overview of the burden of
cholera. A principal objective of this analysis was to identify cholera hotspots in Burundi
since these are the areas where interventions should focus. A secondary objective was
the identification of other factors that may assist in informing intervention and cholera
control decisions. Per the GTFCC guidance on developing a national cholera control plan,
countries should conduct a situational analysis to include an assessment of the country’s
cholera epidemiological situation. This includes the review of historical cholera burden
data to identify cholera hotspots and to review contextual factors of hotspots, including
population mobility, vulnerability, weather patterns, access to WaSH, among potential
other contextual factors [15]. Burundi last updated their National Cholera Control Plan
(NCP) in 2012; thus, this analysis may provide information relevant to the National Plan.
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2. Materials and Methods

2.1. Cholera Case Data

Weekly reported suspected cholera case data from Burundi for the years 2014–2020
were obtained from the IDSR surveillance system conducted by the Ministry of Public
Health of Burundi (MOPH). Cholera cases are reported at the Health District level. Burundi
is divided into 47 Health Districts, and each Health District consists of 2–4 communes. The
names of these Health Districts were matched with the names in the reference mapping
file. The duration of each outbreak was calculated by comparing the start and end week of
reported cases in each Health District. Outbreaks that might have continued across Health
District borders were considered as two separate outbreaks.

2.2. Population Data

The population data were obtained at the commune level from the most recent census,
in 2008. Although the population has increased since then, we assumed this growth was
occurring at a similar rate in the different commune [16]. The Health District populations
were calculated by adding together the populations of the communes in the Health District.

2.3. Geographic Information Systems (GIS) Data

The Health District boundary map of Burundi was obtained from the United Na-
tions Office for the coordination of Human Affairs. The maps were projected in WGS84
UTM coordinates system Zone 37S (http://geokov.com/education/utm.aspx, accessed on
16 February 2021). Data for cholera hotspots were analyzed using the second administra-
tive boundary level as the geographic unit of analysis.

2.4. Identification of Hotspots

Hotspots are defined by the GTFCC as a geographically limited area where environ-
mental, cultural and/or socioeconomic conditions facilitate the transmission of the disease
in that cholera persists or reappears regularly [15]. We then applied the GTFCC definition
which utilizes mean annual incidence and persistence to differentiate low, medium and
high-risk districts to identify priority areas/hotspots [17].

This analysis used the method for hotspot analysis recommended by the Global Task
Force on Cholera Control (GTFCC), which is based on the mean annual incidence of cholera
cases and the persistence of the disease [18]. Ideally, this analysis is based on a minimum
of five years of weekly or monthly district or administrative level-2 data. As data for more
than seven years were available for this analysis, we conducted the analysis to determine
if the hotspots are consistent over time, depicting the hotspots for the first 5-year period
and compared to the latter 5-year period. Districts were excluded from the analysis if
they reported a very low mean annual incidence (less than 5 cases per 100,000 population
per year) since these very low rates likely represented falsely reported cases or, if they
represented true cases, the low rates suggest the absence of onward transmission.

2.5. Definitions in Data Management

The end of a discrete outbreak is defined, per the GTFCC, as the point when two
weeks have passed with no further suspected cases [18]. Persistence is measured by the
proportion (or percentage) of weeks with cholera being reported in the district. Annual
incidence is determined by the total number of cases reported per year divided by the
population, the sum of which is multiplied by 100,000 persons. The mean annual incidence
is subsequently determined as the average of the time period considered for the analysis
(in this case, 5 years). This calculation is further defined in the GTFCC tool [17].

Ethical Considerations: As this study only uses secondary, aggregated, de-identified
data, the Ministry of Public Health of Burundi determined that ethical approval was
unnecessary. Additionally, the IRB at the Johns Hopkins Bloomberg School of Public
Health Institutional Review Board determined that this activity was exempt.

18



TMID 2021, 6, 76

3. Results

3.1. Weekly Number of Cases

Cholera cases were reported every year between 2008 and 2020. Over this 13-year
span, 6949 cases and 43 deaths were reported. A more detailed analysis was conducted
for two five-year periods for which we had data at district level to facilitate the use of the
GTFCC tool. The 7 years of total data were divided into two 5-year periods of analysis,
overlapping in years 2016–2018, but facilitating the assessment of whether the hotspots
were consistent over time. From 2014 to 2018, 575, 423, 434, 344, and 92 cases were reported
for these years, respectively, for a total of 1868 cases and 14 deaths. The second analysis
was from 2016–2020, during which 1195 cases and 3 deaths, and 139 cases and 1 death,
were reported in 2019 and 2020, respectively. These cases were reported from 12 Health
Districts, all on the western side of the country near Lake Tanganyika, or along the Ruzizi
River near the border with the DRC.

Cases occurred during discrete outbreaks within individual districts experiencing
from one to eleven such outbreaks during the 7 years (median of 4.5 outbreaks). The
outbreaks lasted from 1 to 24 weeks, with most lasting fewer than 3 weeks. The distribution
of the number of outbreaks per district is shown in Figure 1.

Figure 1. Duration of cholera outbreaks (weeks) in districts of Burundi (2014–2020).

The weekly number of cases during the surveillance period showed a seasonal pattern,
with most cases occurring during the second half of the year (Figure 2). The pattern in 2018
was unusual in that the outbreak started very late in the year, during the last week of 2018,
and this outbreak continued into 2019. This was followed by a more typical wave starting
in June 2019. Outbreaks tended to start at the end of the dry season but continued into the
rainy season.

Figure 2. Weekly cases of cholera, 2014–2020.
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3.2. Hotspot Classification–Mean Annual Incidence and Persistence

Cholera occurred annually in Burundi during the timeframe of this analysis (Figure 3).
The mean annual incidence for each district that reported cholera ranged from 0.29 to
563.14 cases per 100,000 population per year.

Figure 3. Annual number of cholera cases.

Of 12 Health Districts that reported cholera, ten reported a mean annual incidence
≥5 per 100,000 during the time period of 2014–2020. The cutoff values for determining the
magnitude of the cholera risk include applying the median annual incidence (23/100,000)
and the median proportion (percentage) of weeks with cholera, defined as persistence (8%),
among the nine districts included in the analysis for 2014–2018. For the time period of
2016–2020, the median annual incidence was 13/100,000 and persistence was 5% among the
nine districts included in the analysis for this time period. The districts reporting cholera
were subsequently grouped into high, medium, and lower risk among the identified
hotspots according to the criteria in Table 2.

Table 2. Thresholds of mean annual incidence and stability of cases applied per hotspot type.

Type of
Hotspots

Mean Annual Incidence Per 100,000
Population (70th percentile value)

Proportion of Weeks with Cholera
Reported (60th Percentile Value)

2014–2018 2016–2020 2014–2018 2016–2020

High >23 >13 >8% >5%

Medium >23 >13 ≤8% ≤5%

Medium ≤23 ≤13 >8% >5%

Lower ≤23 ≤13 ≤8% ≤5%

When applying the combination of the two cutoffs in Table 2 for the 2014–2018 time
period, there were four high-risk districts, one medium-risk district and four low-risk
districts. Applying the same cutoffs to the most recent time period of 2016–2020, three
health districts were considered as high risk, three were considered medium risk and
three were low risk. When applying the cut-offs, other districts in the country were below
the threshold for the analysis. The populations of these districts according to the 2008
census are shown in Table 3, and the hotspot districts for the 2014–2018 and 2016–2020 time
periods are mapped and shown graphically in Figure 4.
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Table 3. Health Districts categorized by the type of hotspots, based on thresholds of the mean annual incidence and
persistence of cholera, defined as the proportion of total weeks during two overlapping time periods.

Type of
Hotspot District

2014–2018 2016–2020 Population
(Refers to

Groups
2016–2020)

Mean Annual
Incidence/100,000

Proportion of Weeks
with Cholera
Reported (%)

Mean Annual
Incidence/100,000

Proportion of Weeks
with Cholera
Reported (%)

High Bujumbura centre 57.37 16.92 142.12 21.92 123,415

Cibitoke 30.89 14.23 42.20 16.15 229,867

Kabezi 37.05 10.38 31.22 6.54 171,665

Total high 524,947

Medium Mpanda 15.57 8.08 8.02 5.38 172,138

Bujumbura nord * - - 12.70 3.92 248,915

Rumonge Φ 29.55 10 18.85 4.62 203,744

Total Medium 624,797

Lower Bubanza 6.1 3.1 5.55 1.92 165,885

Bujumbura sud 5.3 4.2 5.93 4.23 124,836

Nyanza-Lac Ψ 5.77 4.51 4.51 2.31 203,811

Mabayi δ 6.2 0.4 - - 230568

Total Lower 494,532

Total
Hotspots 1,644,276

* Did not appear in earlier analysis but was medium in later analysis. Φ High in earlier analysis, medium in later analysis. Ψ Medium in
earlier, low in later analysis. δ Low in earlier analysis, did not appear in later analysis.

Figure 4. 2014–2018 Hotspot classification map as compared to 2016–2020 Hotspot classification map.

4. Discussion

4.1. Hotspots and Contextual Factor Findings

This analysis demonstrates that cholera occurred every year in Burundi from 2014
through 2020 and the hotspot pattern proved to be consistent during the period 2014
to 2020. Although there was some variability between the districts in their rank order,
the same areas along Lake Tanganyika and along the Ruzizi River, bordering the DRC,
were the districts which reported cholera. Other parts of Burundi away from the Lake
or the River rarely reported cholera. The designation of high, medium and lower risk
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hotspots are designations suggested by the GTFCC, and national policy makers will use
this information, along with other factors, as they develop plans for cholera control.

Since cholera was first reported in Burundi in 1978, it has remained consistent with
very few exceptions. The regular pattern of yearly outbreaks is highlighted further by the
striking seasonal pattern in which cholera outbreaks start in the second half of the calendar
year and by the consistent locations where the outbreaks occur. The outbreaks occur along
the edge of Lake Tanganyika or north of the Lake along the Ruzizi River, which forms the
border with the DRC.

During these outbreaks, several hundred cases are reported. These numbers are
smaller than the numbers of cases in neighboring countries with much larger populations,
such as the DRC or Tanzania, but they do constitute a great threat to the people of Burundi.
Cholera outbreaks require many resources and require the need for very rapid and vigorous
response limited health workers to avoid cholera deaths.

The two time periods of hotspot analysis identified three of the same Health Districts
with consistent high priority risk, with a fourth identified in the 2014–2018 time period
which remained medium risk in the most recent time period. Both analyses identified
additional Health Districts with heightened risk but at a somewhat lower level. The
identification of these districts and the predictable nature of the time and place of the
outbreaks provide valuable information with which to focus prevention efforts. Such
preventive efforts should, of course, include improving water and sanitation infrastructure.
For the short term, campaigns to provide oral cholera vaccine to the people living in the
highest risk health districts might quickly eliminate these seasonal outbreaks. As the
cholera pattern is so consistent, the effectiveness of the OCV campaigns could quickly be
evaluated. Being a relatively small country, this would require vaccinating about 1.6 million
people living in the districts at risk, or if one were to be more selective, 728,000 living in the
highest risk districts identified in either time period. While the maps identify the districts at
highest risk, additional local knowledge should be added to provide a more comprehensive
understanding of the actual areas at risk. For example, if cases from Bujumbura Centre
are actually from the urban area, specific evaluations may be needed to address municipal
water and sanitation needs and also consider the specific neighborhoods from which
cases arise.

4.2. Planning for Elimination

Vaccination campaigns in Burundi would be logistically feasible because the high-risk
districts are geographically close to the capital, Bujumbura, where the vaccine could be
stored and teams mobilized. The national laboratory is also located in Bujumbura, which
simplifies the confirmation of cases following the vaccine campaign; this is important to
document the vaccine’s effectiveness.

With financial support from GAVI (Geneva, Switzerland), OCV campaigns have
been carried out in several African countries including Malawi [19–21], Uganda [22,23],
Zambia [24] and South Sudan [25], among others. African countries that have used the
largest number of doses include the DRC, Nigeria, Zambia, South Sudan, and Malawi, but
16 African countries have now used OCV [26].

OCV is recommended as a two-dose vaccine with an interval of about 2 to 4 weeks
between vaccine rounds. Campaigns using a two-week immunization strategy are possible
in Burundi; however, cholera’s unique epidemiology in Burundi suggests consideration
of other vaccination strategies. Specifically, the first round should be given prior to the
expected cholera season (e.g., the month of May). The second round could be given two
weeks later, but another option is to wait until the following May to give the second
round. The consideration of a delayed second round relates to the protection provided
by a single dose [27,28] and the potential that two rounds of vaccine over two years may
extend protection because the campaign provided during the second round will immunize
additional people who have moved into the area in the intervening year, thus increasing
vaccine coverage over a longer period.
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In addition to using OCV to prevent cholera, enhanced surveillance would improve
the understanding of cholera’s epidemiology in Burundi and would be needed to monitor
and evaluate the effectiveness of interventions such as vaccine campaigns and WASH
improvements. Rapid diagnostic tests (RDTs) are now available that allow the detection
of a case within 15 min. If these were made available in the health facilities in the hotspot
districts, outbreaks could be detected rapidly, and samples could be sent to the National
Laboratory to declare the outbreak even more quickly. The RDTs can then be used to
monitor the course of the outbreak while determining the proportion of cases which are
true cases and determine when the outbreak is over. Isolates that are detected at the
National Lab should be saved so that molecular testing can confirm their relation to isolates
from neighboring countries, especially the DRC and Tanzania.

Reasons for the consistent cholera season in Burundi were not identified. The associa-
tion of the hotspots being adjacent to Lake Tanganyika and to the border with the DRC
suggests the infection may be transmitted from the DRC where cholera is known to be
endemic [29]. During the years 2014–2018, over 150,000 cases were reported to the WHO
from the DRC, and most of these cases occurred in Eastern DRC. Molecular studies of the
strains in the DRC and Burundi would need to be conducted to validate this assumption.
Transmission pattern studies and hotspot analyses have been completed in the neighboring
country of Uganda [22,30]. Cross-border spread was demonstrated in a study comparing
the borders of neighboring countries of Uganda–DRC as well as Malawi–Mozambique,
describing how to work to control this risk area [31]. The identification of cholera hotspots
near the African Great Lakes is similar to findings from previous studies in the DRC,
Uganda, and Malawi [8,21–23].

Some suggest that a high-risk group are the fishermen who often travel back and
forth across the lake. Certainly, fishing villages have been identified as having a higher
cholera risk in Uganda [32] and Malawi [33]. The chemistry of lake water is favorable to
the maintenance of V. cholerae, having an alkaline pH, and V. cholerae has been recovered
from lake water in the past during an outbreak. If so, it is possible that the domestic use of
lake water may be a vehicle of transmission, but this does not explain cholera’s seasonality
in Burundi.

The strong seasonality suggests that climate changes may also be related to the timing
of outbreaks. During most years, the outbreaks start during the hotter drier months, but
then accelerate during the rainy season. It may be that certain climate factors help to initiate
an outbreak, but then the rainy season leads to more environmental contamination leading
to increased transmission. In endemic areas of Bangladesh and West Bengal, cholera rates
have a strong seasonality [34].

Safe water and improved sanitation will be critical for cholera control, and certainly the
national indicators for water and sanitation demonstrate the need for much improvement.
We did not, however, identify specific WASH indicators that would explain the higher
risk observed in the hotspot districts. Nevertheless, if RDT and OCV are used in these
districts, increased emphasis for improving safe water and sanitation should focus on
these districts. The lack of correlation between WASH indicators and cholera risk suggests
that data on these risk factors need to be collected from specific subgroups who have had
cholera rather than a representative sample of households in the district, most of whom
have not had cholera.

4.3. Limitations

This analysis had certain limitations. Since this analysis assumes that each district
is distinct, the spread of outbreaks between Health Districts is not easily shown and
likely under-estimates the true duration of the outbreaks. In fact, many outbreaks did
occur simultaneously in different districts and their duration would have extended if the
spread between districts was considered. Secondly, only some of the cases were confirmed;
however, this method of confirming initial cases and then counting clinically determined
cases is consistent with WHO recommendations. Thirdly, we did not have migration
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histories of the cases to understand where the infection may have been acquired, nor was
DNA from Burundian strains available to determine their relation to strains from the DRC
or Tanzania. Fourthly, the analysis of hotspots would have benefited if precise GIS points
of the actual cases were available. This would have been especially helpful to differentiate
urban and rural cases. Fifthly, declaring an outbreak depends on sending samples to the
lab in Bujumbura to confirm V. cholerae. If rapid tests were used in the field, these might
detect outbreaks more quickly. Finally, we used population data from the 2008 census, and
we assumed that the increase in numbers would be similar in the different Health Areas.
Plans for interventions will need to use updated population numbers when determining
the requirements for vaccines and for WASH interventions in these Health Districts.

5. Conclusions

Several factors suggest that cholera could be quickly eliminated as a public health
problem in Burundi using an integrated program with OCV for the short term and WASH
interventions for the longer term. (1) The country and specifically the hotspot districts are of
sufficient size to vaccinate in an organized campaign; (2) the hotspot districts demonstrate
consistent cholera persistence over an extended time period; and (3) they are geographically
close to the capital of Bujumbura, simplifying logistical requirements for OCV campaigns
and follow-up evaluations.

The GTFCC has set a goal of eliminating cholera from at least 20 countries by 2030,
and Burundi should be included on this list. Due to the consistency of cholera patterns,
Burundi is unique in that the impact of such an integrated intervention will be apparent
very quickly. This epidemiological analysis of Burundi includes the assessment of hotspots
and an overview of contextual/risk factors, based on the data available, which may be
used in concert with the GTFCC’s framework to update Burundi’s national cholera control
plan and plan for elimination [31].
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Cholera has played an outstanding role in the history of how cities, to quote the
great urbanist Jane Jacobs, stopped being “helpless and devastated victims of disease,”
and “became great disease conquerors”. Yet, the current burden of cholera and diarrheal
diseases in the fast-urbanizing areas of low-income nations shows the many ways in which
the urban health agenda remains unfinished and must continue to evolve.

A Simple Solution

Cholera and other diarrheal diseases have long been terrible killers of children in poor
countries. During the 1970s, World Health Organization (WHO) officials estimated that
there were about 500 million cases of diarrhea in children under the age of five each year,
resulting in at least five million deaths annually [1].

In 1968, two young researchers, Richard Cash and David Nalin, were working on
cholera treatments at the Pakistan Cholera Research Lab in Dhaka, Bangladesh [2]. There,
Nalin and Cash successfully tested an oral solution of glucose and salt with 29 patients,
building upon earlier scientific findings that sugar helps the gut to absorb new fluid. They
would later conduct further tests to show that the same is true for children [3]. A few
years later, an Indian physician named Dilip Mahalanabis demonstrated, in a West Bengal
refugee camp, that oral rehydration was effective in responding to a cholera outbreak
even outside a hospital or clinical setting, preventing the need for intravenous liquids in
emergency relief circumstances [3–5].

Those results set in motion the development of an oral rehydration solution, which
now costs a few cents per packet. This therapy may be administered at home, without
the help of a nurse or physician, and has replaced the indiscriminate and unnecessary
administration of antibiotics to treat diarrhea. Starting in 1979, employees at the Bangladesh
Rural Advancement Committee (BRAC), a nongovernmental organization, went door-to-
door in rural Bangladesh and taught 12 million mothers how to make and use the life-saving
salt solution [6]. This effort took ten years and, in more recent years, the BRAC has extended
the program to other poor nations [7]. WHO, UNICEF, and the U.S. Centers for Disease
Control and Prevention have included oral rehydration solution in their protocols as an
essential medicine to treat diarrhea [5].

As a result of these collective efforts, oral rehydration solution has saved the lives
of an estimated 50 million people worldwide, the vast majority of them children in poor
nations [8]. The treatment has helped reduce annual diarrheal deaths from five million
to an estimated 500,000 in 2017, despite a significant percentage increase in the world’s
population. Much of this decline is attributable to decades-old interventions, such as
oral rehydration solution, the promotion of exclusive breastfeeding, and the more recent
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recommendation to use zinc for diarrhea treatment. A new oral cholera vaccine, which
requires clean water and two doses given two weeks apart, has helped reduce massive
outbreaks in Somalia and Yemen and the high burden of disease in the Democratic Republic
of Congo (DRC) and South Sudan. In 2018, Bangladesh and India reported not a single
death from the disease [9].

More than 50 years after its development, oral rehydration solution (ORS) is recognized
as an important treatment for other forms of dehydration as well, including dehydration-
induced kidney injury and Ebola virus disease. Much more remains to be done, however.
The global adoption of ORS slowed after 1995, and more than half of the world’s children in
low- and middle-income countries still do not receive cost-effective and easy-to-administer
treatment [10,11]. Still, it is hard to disagree with the prestigious British medical journal
Lancet, which in 1978, called oral rehydration treatment “potentially the most important
medical advance of the twentieth century” [12].

The oral rehydration solution first pioneered by Nalin and Cash and distributed by
Bangladesh’s innovative nongovernmental organizations has not only prevented millions
of unnecessary deaths, but they—along with antibiotics and childhood vaccines—have
also been one of a handful of cheap, lifesaving interventions that have enabled cities in
developing countries to grow beyond the limits of their poverty and infrastructure [13].
This progress has occurred despite many poor countries being unable to make the same
heavy investment in clean water and sanitation that accompanied earlier urbanization in
wealthier nations. In doing so, these humble salts have contributed to the rise of a new
phenomenon in human history: large, low-income country cities.

Large Cities Were Once a Rich Country Phenomenon

For most of human history, the only large cities were either wealthy industrial centers,
such as Liverpool or London, or the capitals of empires, such as Rome, which could draw
enough migrants from the countryside to compensate for the loss of city dwellers due to the
unrelenting assault of viruses, bacteria, and parasites that accompanied crowds of people.
Great epidemics like the Plague of Athens are famous for ravaging the urban centers of
antiquity, but it was the everyday killers—tuberculosis, dysentery, and other intestinal and
diarrheal diseases—that kept large cities deadly for millennia. As recently as 1800, only
3 percent of humanity lived in cities.

Scientific advancements, such as germ theory, and industrial and consumer demands
for clean water and fire protection, all contributed to the public health revolution that
followed [14,15], but it was the repeated pandemics of cholera in the 19th century that
demonstrated that selective sanitation only for the wealthy was insufficient to prevent the
heavy toll of water-borne disease [16]. The first municipal and national boards of health in
Britain and the United States were established after repeated outbreaks of cholera [17–19].
Access to municipal waterworks increased exponentially, from low levels to widespread
coverage over a few decades [20]. The percentage of urban American households supplied
with filtered water grew from 0.3 percent in 1880 to 93 percent in 1940 [21]. In 1857, no
U.S. city had a sanitary sewer system; by 1900, 80 percent of U.S. city residents were
served by one [22]. Life expectancy at birth for males in New York City rose from 29 years
in 1880 to 45 years in 1910 [23]. Improved access to filtered and chlorinated water alone
accounted for nearly half of the decline in mortality in U.S. cities between 1900 and 1936 [24].
Similar advances were seen elsewhere in the cities of Europe and other industrializing
nations [25,26].

As the relentless toll of everyday plagues and parasites lessened, more big cities
emerged, but only in wealthy, industrialized nations. When the United Kingdom became
one-third urbanized in 1861, the average income of its citizens was around USD 5000
(measured in 2005 dollars) [27]. The United States became a majority urban country in 1920
with a per capita income, in contemporary terms, of about USD 7500 [28].

It was not until 1960 that growth in cities started to shift to poorer nations. No low-
income country with a per capita income below USD 1250 (measured again in 2005 dollars)
was more than one-third urbanized in 1960; six nations with per capita incomes between
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USD 1500 and USD 2500 reached that threshold, almost all in Latin America [27]. Over time,
the level of the wealth of nations urbanizing progressively declined, and urban population
growth shifted to South Asia and sub-Saharan Africa [29]. In some cases, this urbanization
has occurred ahead of the industrialization that prompted migration to cities in wealthier
nations [30]. With the decline in endemic infectious diseases and child mortality, the natural
growth rate has contributed a larger share to the overall increase in urbanization in low-
and middle-income nations [31]. The population of city dwellers globally is projected
to grow by 2.5 billion by 2050, with nearly 90 percent in lower-income nations in Africa
and Asia.

The Global Geography of Cities and the Unfinished Urban Health Agenda

Urbanization in lower-income nations could offer billions of people better access to
jobs and healthcare services and a gateway to the world economy. No country has ever
become wealthy without urbanizing first. To reap those benefits, those nations will have to
confront the looming health and environmental challenges of urban life [32].

Population growth is outpacing city infrastructure and the expansion of public services
in the fastest-urbanizing nations, especially in sub-Saharan Africa. The availability of piped
water in cities in the region fell by 10 percent between 1990 and 2015, and only four out of
ten new city residents had access to improved sanitation, as defined by the World Health
Organization [33]. The construction of adequate housing and paved roads is likewise not
keeping up with urbanization in many poor cities in the region. Nigeria, the most populous
nation in sub-Saharan Africa, is projected to have a shortfall of 20 million urban housing
units by 2030 [34].

The results of urban population growth outpacing city infrastructure are slums, in-
formal settlements where 880 million people live worldwide [35]. Poor, crowded cities
with limited health systems have also been the ideal incubators for outbreaks of emerging
infections, like the Ebola epidemics in West Africa in 2014 and the Democratic Republic
of Congo in 2018. Both SARS-CoV-1 and SARS-CoV-2 might have originated from un-
controlled urban wet markets. Modern cities are often larger and denser than Athens
and the other urban centers of antiquity; outbreaks that occur in today’s cities can spread
internationally faster and with greater ease via global trade and air travel. Higher levels
of air pollution are also a threat, responsible for killing an estimated 6.1 million people
prematurely in 2016 [36].

The slums in lower-income nations today are considerably healthier than slums in the
19th century cities of the United States and Europe, where between 200 and 300 out of every
1000 children under the age of five died. There is limited health data on modern slums,
however, and much progress is reported in averages that may mask disparities. There is
some indication that the health benefits of urban life may not be equally distributed among
the poor residents of cities like Cairo, Dhaka, or Nairobi [37,38].

A recent study found that cities offer greater access to piped water and sanitation,
but that reported rates of diarrhea increase with greater urban density in lower-income
nations [30]. Municipal water systems in dense urban areas are older, poorly maintained,
and suffer from low or intermittent water pressure, which reduces the effectiveness of
chlorination [39,40]. Many cities in low-income countries supply water on a rotating
basis for a limited number of hours at a time [41]. Moreover, urban water systems are
only effective in fighting water-borne disease when paired with street cleaning and well-
functioning sewer systems, which many lower-income country cities still lack [42,43].
Waste treatment plants are rare in Africa and Asia, and treat only 15 percent of municipal
wastewater in Latin America [44]. Deaths from cholera and other diarrheal illnesses in
lower-income countries are generally decreasing much faster than the incidence of these
diseases, suggesting that treatment is playing a large role than effective prevention [45].
Other rising health concerns also increase with urban density in lower-income nations,
such as obesity, high blood pressure, and diabetes [30].

It may be time to think about the urban health agenda more as being more about
economic geography than cityscapes per se [46]. This insight rings true to the lived
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experience of this COVID-19 pandemic. The most devastated areas in wealthy and poor
nations alike have often been those with crowded living conditions, poor and socially
marginalized residents, workplaces with few provisions for worker safety, and inadequate
access to public services such as effective sanitation and safe water [47]. This is a particular
concern in the fast-urbanizing regions where ORS is lowest in central sub-Saharan Africa,
parts of western and eastern sub-Saharan Africa, the Middle East, and South America [5].

Societal and medical responses to cholera have helped shaped the history of cities, but
it is cities that will define the future burden of cholera, diarrheal disease, and global health
more broadly.
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Abstract: Individual resistance to cholera infection and disease depends on both innate host fac-
tors and adaptive immunity acquired by a previous infection or vaccination. Locally produced,
intestinal-mucosal secretory IgA (SIgA) antibodies against bacterial surface lipopolysaccharide (LPS)
O antigens and/or secreted cholera toxins are responsible for the protective adaptive immunity,
in conjunction with an effective mucosal immunologic memory that can elicit a rapid anamnestic
SIgA antibody response upon re-exposure to the antigen/pathogen even many years later. Oral
cholera vaccines (OCVs), based on inactivated Vibrio cholerae whole-cell components, either together
with the cholera toxin B subunit (Dukoral™) or administered alone (Shanchol™/Euvichol-Plus™)
were shown to be consistently safe and effective in large field trials in all settings. These OCVs are
recommended by the World Health Organisation (WHO) for the control of both endemic cholera
and epidemic cholera outbreaks. OCVs are now a cornerstone in WHO’s global strategy found in
“Ending Cholera: A Global Roadmap to 2030.” However, the forecasted global demands for OCV,
estimated by the Global Alliance for Vaccines and Immunization (GAVI) to 1.5 billion doses for the
period 2020–2029, markedly exceed the existing manufacturing capacity. This calls for an increased
production capacity of existing OCVs, as well as the rapid introduction of additional and improved
vaccines under development.

Keywords: cholera; oral cholera vaccine; mucosal immunity; cholera control

1. Introduction

Large placebo-controlled field trials in different parts of the world in the 1960s revealed
that the parenteral inactivated whole-cell cholera vaccines, which have been used widely
since the early 1900s, gave little protection. This led the World Health Organisation (WHO)
to remove its recommendations and most countries to abandon cholera vaccination in the
1970s [1].

It then took until 2010 before WHO was again recommending countries to use cholera
vaccination in the public health control of both endemic and epidemic cholera, which was
now based on oral cholera vaccines (OCVs) with much greater protective effectiveness and
acceptability than the abandoned parenteral vaccines [2]. OCVs are now a cornerstone in
the action plan “Ending Cholera: A Global Roadmap to 2030,” which was launched in 2017
by WHO’s Global Task Force on Cholera Control (GTFCC), together with 50 additional
organizations. The goals are to reduce cholera deaths by at least 90% and eliminate cholera
transmission in most of the currently afflicted countries by 2030 [3].

The development of the first effective OCV, namely, Dukoral™ was a result of an
exceptionally successful era of international cholera research in response to the seventh
cholera pandemic that began in the 1960s. Before that, most cholera research had been
restricted to India. However, the rapid spread of cholera throughout Southeast Asia in the
1960s and into and across Africa in the 1970s attracted a wide range of scientists internation-
ally. Geopolitical and military considerations of the time also mobilized increased funding
to cholera research, especially in the USA and Japan. As summarized in a Nobel Sympo-
sium on cholera and related diarrheas in 1978 [4], in a “golden” research decade in the
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1960s and 1970s, the pathophysiology, pathogenesis, and immune mechanisms of cholera
had become better defined than any other infectious disease (see Figures 1 and 2, [5,6]).
Cholera was recognized as the archetype and the “tip of the iceberg” of a whole new entity
of “enterotoxic enteropathies,” with enterotoxigenic E. coli (ETEC) as the most important
additional pathogen. Practically, as had been discussed previously, the discovery and clini-
cal introduction of life-saving oral rehydration therapy (ORT) had dramatically improved
the clinical management of cholera and other diarrheal diseases, and as described below,
the new knowledge about cholera pathogenesis and immunity had paved the way for the
development of new, effective OCVs.

Figure 1. Pathogenesis of cholera and mode of action of the cholera toxin. (A) In the 1970s, the
pathogenesis of cholera rapidly became better understood than any other infectious disease, as
summarized in this figure from a Nobel Symposium on cholera in 1978 (A-M. Svennerholm, p.162
in [4]). After ingesting contaminated food or water, V. cholerae bacteria colonize the small intestine and
secrete the cholera toxin, a doughnut-like protein with a central enzymatic toxic-active A (A1 + A2)
subunit that is associated with a cell-binding pentamer of B subunits (B5). After binding to cell
surface receptors identified as the GM1 ganglioside (the first-ever structurally defined mammalian
cell receptors), the A subunit dissociates from the B subunits and its A1 entity binds to and ADP-
ribosylates the GTP-binding Gs adenyl cyclase protein. This leads to the production of cyclic AMP
(cAMP), which in turn induces the secretion of chloride, bicarbonate, and water from intestinal crypt
cells and blocks sodium chloride and water uptake from villus cells, resulting in the watery diarrhea,
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dehydration, and acidosis that is typical of severe cholera. (B) Subsequent crystallographic studies
have confirmed the A:B5 dough-nut structure of the cholera toxin and further detailed knowledge
has been gained about the way the cholera toxin induces fluid secretion. After binding to GM1
ganglioside receptors, which are mainly localized in lipid rafts on the cell surface, the toxin is
endocytosed and, via a retrograde pathway, travels to the endoplasmic reticulum (ER). In the ER,
the A subunit dissociates from the B subunits and, through translocation via the ER degradosome
pathway, A1 is released into the cytosol. After refolding, A1 ADP-ribosylates Gs, stimulating the
adenyl cyclase (AC) complex to produce increased levels of cAMP, leading to the activation of
protein kinase A (PKA), phosphorylation of the major chloride channel CFTR (the cystic fibrosis
transmembrane conductance regulator), and the secretion of chloride (Cl−), among other effects,
resulting in the often lethal cholera diarrhea and fluid loss.

Figure 2. Protective immunity in cholera. Immune protection after infection or oral immunization is
mediated mainly, if not exclusively, by locally produced SIgA antibodies that are directed against the
cell surface LPS O antigen (predominantly against the A epitope defining the O1 serogroup, but also
against the serotype-specific epitopes B (Ogawa) and C (Inaba) and the cholera toxin (mainly against
the B subunit pentamer), and which inhibit bacterial colonization and toxin binding, respectively.

2. History of Vaccine Development

The development of cholera vaccines began almost immediately after the rediscovery
and culture of Vibrio comma (cholerae) as the causative agent of cholera by Robert Koch in
1884 (the original discovery by Filipo Pacini in Italy in 1854 was essentially long forgotten
until the international committee on nomenclature in 1965 adopted Vibrio cholerae Pacini
1854 as the correct name of the cholera-causing organism). As reviewed by Lopez et al. [1],
Ferran in Spain in the same year produced a killed bacterial vaccine, which he gave
parenterally to thousands of people in an area experiencing a cholera epidemic at the time.
Of those vaccinated, 1.3% got cholera compared with 7.7% of those not vaccinated. Shortly
thereafter, in India, Haffkine gave a similar parenteral killed cholera vaccine to people in
cholera-afflicted slums in Delhi and Calcutta (Kolkata) and noted a marked protective effect
against cholera deaths. In the 1920s, Russell reported an approximately 80% protective
efficacy during a 3-month follow-up period after large-scale vaccination trials in India. As
a result, the parenteral cholera vaccine became widely used in Southeast Asia, especially in
expatriates. In fear of cholera epidemics and with recommendations from the WHO, many
countries also required cholera vaccination certificates for the entry of travelers.

However, as mentioned, several controlled studies from East Pakistan (now Bangladesh),
India, the Philippines, and Indonesia during the 1960s showed that cholera vaccination
gave only modest protection (approximately 50% for only a few months) and was limited
to adults. Some vaccine preparations had apparent higher efficacy but were also associated
with higher rates of adverse reactions, such as fever and local pain and swelling. Based on

35



TMID 2021, 6, 64

these results, in the 1970s, the WHO withdrew its previous recommendations for killed
parenteral cholera vaccines.

The interest instead progressively turned to the development of orally administered
cholera vaccines. The oral vaccination concept was not new. In the 1920s, a killed whole-
cell OCV given together with ox bile (which had been found by Besredka to increase
the immunogenicity of his killed oral Shigella dysenterie vaccine) was tested in India and
conferred similar (≈80%) protection as that provided by the injectable vaccine. However,
possibly because of the bile, the vaccine also occasionally caused diarrhea; this and the
“difficulty and costliness of preparing oral vaccines” led the then world experts Pollitzer
and Burrows in the 1950s to conclude that “the method of cholera vaccination per os has
been given up entirely” [7].

The renewed interest in oral cholera vaccination was based on new knowledge about
both the mucosal immune system and the mechanisms of immune protection in cholera. In
the 1960s and early 1970s, the existence of a mucosal immune system, with secretory IgA
(SIgA) as its major immunoglobulin, and being preferentially activated by mucosal rather
than parenteral immunization became established. In cholera, as will be discussed further
below, experimental studies demonstrated that specific antibodies to either the cell wall
lipopolysaccharide (LPS) O antigen or cholera toxin, when present locally in the intestine,
could effectively protect against cholera infection and disease. In both animals and human
volunteers, oral immunization with cholera toxin (or in humans the cholera toxin B subunit)
and killed cholera bacteria could, in contrast to parenteral immunization, effectively induce
protective intestinal-mucosal SIgA antitoxin and anti-LPS antibody responses. Finally, both
experimental and epidemiologic studies indicated that, in contrast to the very limited and
transient immune protection conferred by parenteral cholera vaccination, convalescents
from cholera disease were protected against reinfection and disease for several years. These
findings provided the basis for the development of the first effective OCV, the combined
killed V. cholerae whole-cell/cholera toxin B-subunit vaccine (Dukoral™), as well as for the
subsequent OCVs that are currently available.

3. Innate and Adaptive Cholera Immunity

Individual resistance to cholera infection and disease depends on a combination of
innate host factors and adaptive immunity acquired by a previous infection or vaccination.
The short description below focuses on those aspects that directly guided the development
and/or explains the effects of current and predicted future OCVs. A comprehensive review
was recently published, which is referred to for further details and supportive references [8].

Stomach acidity and ABO blood groups are the most studied innate host factors of
importance for susceptibility to cholera. A low gastric acid level is associated with an
increased incidence and severity of cholera disease [9]. Likewise, individuals of blood
group O are at increased risk of severe cholera due to both V. cholerae O1 El Tor and V.
cholerae O139 [10,11]. It was proposed that cholera might have selected for the genetically
low prevalence of blood group O in the Bengal population [10].

The innate immune response is upregulated in cholera. Numerous innate immune
response mediators, e.g., nitric oxide, TNF-α, and IL-1β cytokines, and several defensins
and other bactericidal proteins are elevated in both blood and stool during the early stage of
cholera infection [12–15]. In fact, whole-genome microarray analysis of duodenal biopsies
from acutely infected cholera patients indicates that the majority of upregulated genes en-
code for innate response proteins [13]. Notably, the two most important protective antigens
in the subsequent adaptive immune response, namely, V. cholerae LPS and cholera toxin,
are also the predominant stimulators of innate immunity in cholera infection, including
the activation of the NF-κB and IL-1 systems, which are critical for promoting mucosal IgA
immune responses [13,15].

The adaptive immune response in cholera-infected or orally immunized individuals is
complex. It comprises intestinal-mucosal SIgA, as well as serum IgA, IgG, and vibriocidal
antibodies, and at the cellular level, e.g., antibody-secreting cells, T cells, and of special
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importance for long-term protection, memory B and T cells, are involved [8]. Immune pro-
tection, both in convalescents recovering from cholera disease and after oral immunization,
is mediated by locally produced intestinal-mucosal SIgA antibodies [6,16]. The primary
target antigens for immune protection are the LPS O antigen and cholera toxin [6,17]. The
most studied correlate of adaptive immunity to V. cholerae is the serum vibriocidal antibody
titer. Vibriocidal antibodies, which are mainly IgM directed against the LPS O antigen,
increase with age in cholera endemic areas and are then associated with a reduced risk
of getting cholera disease. However, these antibodies are only a surrogate marker for the
intestinal-mucosal immune status and do not directly mediate or contribute to protective
immunity. For instance, parenteral vaccines confer only limited and short-lived protection,
even though they induce extremely high vibriocidal antibody titers.

3.1. Protective Antibodies and Mechanisms

The protective antibacterial antibodies are mainly, if not exclusively, directed against
the O1 LPS [6]. The O1 LPS has a major group-specific epitope(s) “A” shared between
the Inaba and Ogawa serotypes and an additional serotype-specific “B” (Ogawa) or “C”
(Inaba) epitope; only a methyl group on the B epitope distinguishes Ogawa from the
epitope C of Inaba [18]. Both cross-reactive and serotype-specific anti-LPS antibodies
contribute to protection [6]. However, most anti-LPS antibodies after cholera infection or
vaccination are directed against the shared A epitope(s) leading to predominantly serotype
cross-reactive immune protection. In particular, infection with V. cholerae Inaba induces
strong protection against subsequent cholera episodes irrespective of serotype, whereas
infection with Ogawa gives rise to more serotype-specific protection [19]. Similar to the
situation for V. cholerae O1, antibacterial protective immunity induced by V. cholerae O139
infection or oral immunization is mediated predominantly by antibodies to (O139) LPS, and
there appears to be no cross-protection between the 01 and 0139 serogroups. The protective
significance, if any, of other antibacterial antibodies, including the antibodies against the
toxin-coregulated pilus (TCP) and mucinase antigens that are known to contribute to
intestinal colonization by V. cholerae, remains to be defined. The specific mechanism(s)
whereby antibodies protect against V. cholerae LPS are also not fully understood. Their
binding to LPS extending onto the flagellar sheath is known to inhibit bacterial motility
in vitro, but other effects may also contribute in vivo, such as interference with bacterial
biofilm formation or epithelial attachment.

There is also a clear protective role for mucosal antibodies against cholera toxin. The
antitoxic antibody response is mainly directed against the B subunit pentamer and protects
by blocking toxin binding to target cells. Antibodies against the A subunit induced after
infection may have some, but a relatively marginal, protective effect. An important obser-
vation guiding the design of the whole-cell/B subunit OCV is the synergistic protective
effect of mucosal antibacterial and antitoxic antibodies [17]. While antibodies against LPS
and B subunit antigens can independently protect against disease by inhibiting bacterial
colonization and toxin binding, respectively, the combined protective effect is strongly
synergistic (the multiple of their individual effects).

3.2. The Intestinal-Mucosal Cholera Immune Response and Immunologic Memory

In contrast to the at best short-lasting protection that is seen after parenteral cholera
vaccination, the protection found after cholera disease or oral vaccination has a duration
of several years. American volunteers that were experimentally infected with virulent
V. cholerae were protected when rechallenged 3 years after the first infection [20]. Likewise,
epidemiologic studies in Bangladesh indicated that convalescents from a first episode
of clinical cholera had a 90% reduced risk compared to controls to attract a new clinical
reinfection during a 3-year follow-up period [21]. Similarly, immunization with an OCV
conferred protection lasting for at least a 3-year period.

Even so, the gut mucosal SIgA anti-LPS and antitoxin responses after a cholera
infection or oral vaccination are of much shorter duration; they peak after 1–2 weeks and
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then wane over a 4–9-month period (see Figure 3A,B [16,22]). Different from the generalized
immune system, which meets only a few foreign antigens at a time and can then afford
to respond vigorously to these antigens, the gut mucosal immune system is exposed to
thousands of ingested antigens every day and has to economize on its response. By way
of compensation, explaining the several-year-long protection that is seen after cholera
disease or oral immunization, the mucosal response is associated with the development of
a very long-lasting immunologic memory, which can mount a rapid anamnestic mucosal
response upon renewed encounter with the antigen/pathogen even many years later. Thus,
in Swedish volunteers who had received a standard two-dose initial immunization via an
OCV, a rapid efficient recall intestinal SIgA response was elicited by a renewed single dose
antigen exposure more than 10 years later (Figure 3C [23]).

Figure 3. Cont.
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Figure 3. Intestinal IgA antibody responses and immunologic memory in cholera after oral immu-
nization or infection. (A) IgA antibody responses to cholera toxin (B subunit) and LPS O antigen in
intestinal lavage from adult Bangladeshi volunteers after cholera disease and/or immunizations with
a B-subunit/whole-cell cholera vaccine that was administered orally (PO) or intramuscularly (IM) at
an interval of 28 days. Two oral vaccine doses (in which the B subunit amounts were either 2.5 or
0.5 mg) induced antitoxin and anti-LPS intestinal IgA responses that were fully comparable to those
measured after disease; in contrast, the IM route was ineffective. Adjusted from [16]. (B) Intestinal
immune response kinetics in Swedish healthy adults after a first and second primary immunization
with oral B subunit/whole-cell cholera vaccine (Dukoral) and after a single booster dose 5.5 months
later; immune responses were examined as specific anti-B subunit antibody-secreting cells (ASC)
in mononuclear cells (MNC) that were isolated from duodenal mucosal biopsies at various time
points. Adapted from [22]. (C) Long-lasting immunologic memory to cholera B subunit found in
Swedish adult volunteers for at least 9–14 years after an initial two-dose immunization regimen with
the Dukoral OCV; this was demonstrated by giving a single booster dose at different times after the
primary immunizations and finding intestine-derived IgA responses that were superior to those
seen after a first dose in concomitantly first-time immunized volunteers and fully comparable in
magnitude and kinetics to the second-dose responses in the latter individuals. Adapted from [23].

However, it is noteworthy that immunization by the parenteral route can also elicit a
SIgA response in people whose intestinal immune system is already “primed” via previous
natural exposure or oral vaccination [24]. This can explain the moderate immune protection
that is observed among adults but not young children in cholera-endemic areas using the
old parenteral whole-cell cholera vaccines.

4. Currently Available WHO Prequalified OCVs

The scientific findings identifying (i) intestinal-mucosal SIgA antibodies against either
or both of V. cholerae O1 LPS and cholera toxin mediating the immune protection against
cholera [25] and (ii) oral immunization as superior to parenteral immunization for eliciting
this immunity [16] directly paved the way for the development of currently used OCVs.
As mentioned, the first effective OCV that was developed was the inactivated whole-
cell/cholera toxin B subunit vaccine Dukoral™, which was licensed in the early 1990s [26].
This has been followed by the licensure of additional inactivated and live attenuated
OCVs. The inactivated OCVs have had the greatest success in achieving licensure and
international acceptance.

Three such vaccines are recommended and prequalified by WHO (meaning that they
can be purchased by United Nations agencies). These are Dukoral™, ShancholTM, and
EuvicholTM/Euvichol-Plus™, where the latter two have similar and between them identical
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whole-cell composition as in Dukoral but lacking the B subunit component (see Table 1).
Several additional OCVs, both inactivated and live-attenuated ones, have been licensed
nationally but have not received WHO prequalification. The available, licensed OCVs
vaccines are briefly described below; for further details and supportive references beyond
what is provided in this treatise, the reader is referred to several recent comprehensive
reviews [27–29].

Table 1. Composition of WHO prequalified inactivated OCVs.

Dukoral™ Shanchol™, Euvichol™ Quantity per Dose

V. cholerae O1 Inaba classical
strain Cairo 48

Heat inactivated
Same as in Dukoral 300 EU* LPS

(~2.5 × 1010 bacteria)

V. cholerae O1 Ogawa classical
strain Cairo 50

Heat inactivated
Same as in Dukoral 300 EU of LPS

(~2.5 × 1010 bacteria)

V. cholerae O1 Ogawa classical
strain Cairo 50

Formalin inactivated
Same as in Dukoral 300 EU of LPS

(~2.5 × 1010 bacteria)

V. cholerae O1 Inaba E1 Tor
strain Phil 6973

Formalin inactivated
Same as in Dukoral 600 EU of LPS

(~5 × 1010 bacteria)

— V. cholerae O139 strain 4260B
Formalin inactivated

600 EU of LPS
(~5 × 1010 bacteria)

Cholera toxin B subunit
(rCTB) — 1 mg

*EU stands for ELISA units, referring to the capacity of the vaccine to bind specific anti-LPS antibody in an
internationally used Inhibition-ELISA method for quantification of LPS antigen.

Dukoral™ (Valneva, Sweden): Dukoral™ contains a mixture of formalin- and heat-
killed V. cholerae O1 bacteria, representing both the Ogawa and Inaba serotypes and the
classical and El Tor biotypes, and a recombinantly produced cholera toxin B subunit. It was
internationally licensed in the early 1990s after having been shown as safe and effective
in two pivotal phase III studies. The first of these trials, undertaken in 90,000 children
and women in Bangladesh, showed an 85% protective efficacy against cholera during
the first 4–6 months and 50–60% efficacy over a 3-year follow-up period after two or
three vaccinations [30,31]. A second trial in Peruvian soldiers, all with blood group O
and without any previous exposure to V. cholerae when given two oral doses at a 2-week
interval of either Dukoral or a placebo, demonstrated 86% vaccine efficacy against a
cholera epidemic 6–8 months later [32]. Several large phase IV effectiveness trials in,
e.g., Mozambique and Zanzibar, later confirmed the excellent safety of this vaccine and
demonstrated an 80–90% protective effectiveness of a two-dose regimen of Dukoral against
cholera outbreaks occurring one or two years after vaccination. The large field trial in
Bangladesh also showed that because of the extensive immunological cross-reactivity
between the cholera toxin B subunit and the heat-labile toxin (LT) of E. coli, the whole-
cell/B-subunit OCV tested there provided significant protection for 3–9 months against
diarrhea caused by LT-producing ETEC bacteria; the overall protective efficacy was 67%
against hospitalization due to LT ETEC and 85% against severe dehydrating disease [33].
These findings, together with observations in placebo-controlled randomized studies of
50–70% protection against LT-associated ETEC diarrhea after two doses of Dukoral in
European travelers to North Africa [34] and U.S. travelers to Latin America [35], have made
Dukoral widely used as a travelers’ vaccine for both cholera and ETEC diarrhea.

Shanchol™ (Sanofi-Shantha Biotechnics, India): In the late 1980s, the technology for
OCV manufacturing was transferred from Sweden to Vietnam for the local production of an
oral killed whole-cell OCV. This vaccine contained the same V. cholerae O1 components as in
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Dukoral but lacked the cholera toxin B subunit in order to reduce the cost and complexity
of production. A two-dose vaccination was found to give 66% protection against cholera in
adults and children from one year of age. In 1992, following the emergence of O139 in India
and Bangladesh, the vaccine was modified to also include killed V. cholerae O139 cells and it
was licensed nationally, first as OrcVax™ and later after modification as mOrcvax™. More
than 15 million doses of OrcVax™/mOrcVax™ OCVs were used from 1998 in Vietnam’s
national cholera control program, mainly in the Mekong delta 1998–2006, where cholera
was prevalent at that time.

A problem preventing WHO prequalification and thereby international use of the
Vietnamese OCV was that the National Regulatory Agency (NRA) of Vietnam at that time
was not WHO approved. To ensure that the reformulated vaccine could be made available
internationally, the International Vaccine Institute (IVI) arranged a technology transfer
from Vietnam to Shantha Biotechnics in India since India had a WHO-approved NRA. A
large, cluster-randomized, placebo-controlled efficacy trial was undertaken in Kolkata and
demonstrated that the two-dose oral immunization had an overall 65% protective efficacy
over a 3–5 year follow-up period, although efficacy in children 1–5 years of age was seen
for only 2 years [36,37]. In 2009, the vaccine was licensed in India as Shanchol™ and was
WHO prequalified in 2011.

Euvichol™/Euvichol-Plus™ (Eubiologics, S. Korea): To address the increasing de-
mand for OCVs, IVI also transferred the reformulated OCV technology to Eubiologics,
Seoul, Republic of Korea. This has led to the successful production of Euvichol™ OCVs,
which has an identical composition as Shanchol™. Based on studies in different countries
demonstrating the “non-inferiority” of Euvichol™ in comparison with Shanchol with re-
gard to both safety and vibriocidal antibody responses, Euvichol™ received both licensure
and WHO prequalification in 2016. A new plastic tube presentation, Euvichol-Plus®Plus,
providing easier storage, transportation, and administration, was WHO prequalified in
2017 and is currently the dominating OCV that is used in the global cholera vaccine
stockpile [38].

5. Nationally Licensed but Not WHO-Prequalified OCVs

The Vietnamese mOraVax™ OCV has also been the model for a third identical OCV,
Cholvax™, produced by Incepta (Dhaka, Bangladesh) and licensed in Bangladesh for use in
the national cholera control program [28,29]. There are also a few other, nationally licensed
OCVs on the market:

OraVacs™ (Shanghai United cell Biotechnology, China): This is a dry formulation
enteric-coated capsule vaccine, which contains inactivated whole-cell (WC) V. cholerae O1
classical biotype or El Tor biotype and recombinant cholera B subunit, and thus has a
similar composition as Dukoral™. OraVacs™ is licensed in China and the Philippines for
protection against cholera and traveler’s diarrhea caused by ETEC. For initial immunization,
three capsules are taken on days 0, 7, and 28 [28,29].

Vaxchora (PaxVax, United States): Different from the other licensed OCVs, this is a live-
attenuated, single-dose vaccine developed by Levine et al. [39]. It consists of lyophilized
V. cholerae “CVD 103-HgR” O1 bacteria that are derived from a classical Inaba strain
(569B) via the deletion of the cholera toxin A subunit gene, and with its long development
process since the 1980s, it has acted as a “role model” to guide essentially all the subsequent
live OCVs that are currently under development (see next section). Previous efforts to
generate live-attenuated cholera vaccines via random chemical mutagenesis had resulted in
unacceptably reactogenic vaccine candidates. Even after modern genetic technologies were
used to specifically delete the cholera toxin A subunit gene, the resulting vaccine strains
continued to cause diarrhea in vaccinated volunteers, although with a much-reduced
severity compared to the parent wild-type strains. It was only when this technology was
applied to a V. cholerae strain 569B with known poor colonizing ability that an acceptably
safe and yet immunogenic vaccine strain, CVD 103 HgR, could be generated. This vaccine
was initially manufactured under the trade names Orochol™ and Mutacol™ (Swiss Serum
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and Vaccine Institute Berne), but the production was stopped for market reasons after a
large field trial in Indonesia had failed to show significant efficacy [40]. Recently, the US
FDA approved CVD 103-Hg under the name of Vaxchora™ for use in U.S. travelers based
on human volunteer studies showing that the vaccine is well tolerated and gives up to
90% protection against a cholera challenge with either the Inaba or Ogawa V. cholerae O1
serotype for 3–6 months after a single dose immunization [28,29]. As of 2021, Vaxchora is
also approved for use in European travelers from age 2 years.

6. Generation of Herd Protection Can Markedly Increase the Protective Impact of OCVs

A very important finding when analyzing the protective effectiveness of OCVs is
that in addition to their specific vaccine efficacy, they can provide strong herd protection
(previously often called herd immunity). Such herd protection is due to the ability of
an OCV, which is linked to its vaccine-specific efficacy, to reduce the within-community
transmission of V. cholerae, thus also protecting non-vaccinees who reside in vaccinated
neighborhoods, as well as increased protection in vaccinees. The magnitude is proportional
to the vaccination coverage of the target population. The generation of herd protection can
markedly increase the overall protective impact of OCVs in vaccinated communities. This
no doubt had a pivotal role in changing the public health perception of the value of OCVs
in the global fight against cholera.

The herd protective effect of OCVs was first shown by Ali et al. [41] when re-examining
the results from the large field trial of the whole-cell/B-subunit and whole-cell only OCVs
that were undertaken in Bangladesh in 1985–1988. They found that the vaccines, in addition
to their specific efficacy in vaccinated individuals, also conferred indirect “herd protection”
to the unvaccinated individuals of the community. They found that the magnitude of herd
protection was directly proportional to the vaccine coverage in the community and could
be as high as 77% in the communities with the highest (>55%) vaccination coverage. Since
in many settings, cholera cases occur with a marked clustering in space and time due to
a frequent fecal–oral spread of cholera from an index case to other members of the same
household and secondarily to neighboring households, with an up to 36-fold higher risk of
secondary cholera observed among individuals living within 50 m of a confirmed cholera
case in the first 3 days compared to the risk among individuals living elsewhere in the
community, the herd protection effect is highest in a “ring” around a confirmed cholera
case [42–45].

The ability of killed OCVs to confer herd protection has been repeatedly confirmed,
e.g., in studies of Dukoral™ in Zanzibar and of Shanchol™ in India and Bangladesh. The
combination of direct and indirect protection induced by OCVs significantly increases
the overall protective impact of vaccination. The combined effect can be substantial even
with relatively modest vaccination coverage. Thus, the findings from several large studies
in different settings in Asia, Africa, and Hispaniola indicate that the available WHO
prequalified OCVs with their 60–70% direct vaccine efficacy can confer almost complete
elimination of cholera at vaccination coverages exceeding 50% [46,47]. This makes OCVs
highly cost-effective by WHO measures, both in terms of numbers of lives saved and
disease cases averted in relation to expense.

It is also important to note that the herd-protection effect of killed OCVs has been con-
sistently found using various study designs. These have included individually randomized
controlled clinical trials, cluster-randomized clinical trials, observational cohort studies,
and observational case–control studies. Using all of these study designs, significant herd
protection has been observed in unvaccinated persons, as well as in the community as a
whole [45].

7. From Dismissal to Universal Acceptance of OCVs as an Important Public Health
Tool for Cholera Control

As mentioned, an effective, WHO-prequalified OCV (Dukoral) has been available
since the early 1990s, and was accompanied in the 1990s and 2000s with more affordable,
locally produced OCVs, first from Vietnam and then from India (Shanchol). It is therefore
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remarkable that despite the consistent, positive results showing safety, protective efficacy,
and feasibility, as well as herd protection that could further increase the overall impact,
it took so long for (parts of) the WHO and the international public health community to
change their negative attitude to using OCVs in cholera control programs. The positive
experience from Vietnam of using an OCV in its national cholera control program since
1998 did not change the global policy.

Why Did It Take So Long before OCVs Were Accepted for Global Control of Cholera?

For many years, there were concerns among parts of the WHO that the introduction
of OCVs might have a negative impact on the national implementation of oral rehydration
therapy (ORT) and water, sanitation, and hygiene (WASH) activities. One concern was
that people might feel safe by being protected by the vaccine and, thus, would be less
compliant with WASH practices; another concern was that access to OCVs would take
away the pressure on communities and governments to make needed investments toward
sustainable access to clean water and adequate sanitation. These concerns are now seen as
unfounded. Instead, WASH interventions and cholera vaccination should work well and
probably even synergistically together, with OCVs improving the effectiveness of WASH
and vice versa. Immunization will decrease the proportion of susceptible individuals in the
community and reduce environmental contamination, thus helping to stop transmission of
the disease and improving the effectiveness of WASH interventions. Conversely, WASH
could make cholera vaccination more effective by reducing the risk of ingestion of a very
high dose of V. cholerae.

The event that was pivotal for a rapid change in attitude to public health use of OCV
was the cholera epidemic in Haiti in 2010. In the wake of a big earthquake, Haiti was hit
by a devastating cholera epidemic, which in the first year caused >8000 cholera deaths.
It soon became obvious how ineffective the traditional cholera control methods were for
interrupting the spread of the epidemic. This and strong evidence that cholera had been
brought to Haiti by UN peacekeeping staff from Nepal, and probably also the geographic
proximity to the USA, created a rapidly increasing pressure on the WHO to use OCVs in
the fight against cholera in Haiti. This rapidly led to strengthened recommendations from
the WHO in 2010 to use OCVs both for the prevention of endemic cholera and interrupting
and preventing the spread of cholera in outbreaks. It also led to the important decision to
establish, with support from the GAVI, a global OCV stockpile for use primarily in settings
afflicted by or at imminent risk for a cholera outbreak.

OCVs have been used in several settings in Haiti since 2012. It has shown excellent
effectiveness, even when applied in the midst of the ongoing epidemic [46] and has also
conferred long-lasting protection. A recently published study found the average 4-year
effectiveness of two OCV doses to be 76% [47].

8. Challenges Ahead for the Elimination of Cholera

There is now great hope that the new global commitment expressed in the “Ending
Cholera: A Global Road Map to 2030” program by the WHO and many partners will be
revolutionary in the global war against cholera. However, there are still many challenges
before its goals to reduce cholera deaths by 90% and eliminate cholera transmission in most
of the currently afflicted countries will become a reality. Success will require a sustained
political will at all levels, adequate sustained financing for the whole period, a motivated
global health community, and an effective research and development program.

A political challenge, which is seen by many as critical for achieving the Global
Roadmap’s goals, will be to convince India to use OCVs in the public health control of
cholera, especially in West Bengal. Cholera is still prevalent in the West Bengal region and
global genomic studies have convincingly documented that each of the major waves of
the global spread of cholera during the seventh pandemic did originate from the Bay of
Bengal region, i.e., the West Bengal of India and Bangladesh [48]. The same is true for
each of the 10–15 introductions and reintroductions of cholera into African countries in
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recent years [49]. It remains unknown which environmental or human conditions fueled
the Bengal incubator for the seventh pandemic V. cholerae lineages (and probably previous
ones). However, it seems clear that the implementation of all available control methods,
including the extensive use of OCVs in the populations of the Bay of Bengal, should be a
priority in the global elimination efforts. The government of Bangladesh has stated it will
use OCVs broadly in its national cholera control program; hopefully, India will soon do
the same.

Another urgent challenge is to increase the availability of OCVs to the levels required
for the implementation of the Global Roadmap. The OCV global stockpile, which was
started in 2013 at a level of only 2 million doses, has now increased to 20–25 million doses
annually with financial support from the GAVI. More than 50 million doses have been
used in more than 100 mass vaccination campaigns in 22 countries. However, this is still
significantly below the OCV requests from countries, which already exceed 50 million doses
annually, mainly for outbreak control use. With the projected further use of OCVs by the
Global Roadmap to be focused on prevention of endemic cholera (or cholera reintroduction)
in “hotspots” the annual OCV needs will exceed 100 million doses for the coming 5–10 year
period. The GAVI has recently estimated that more than 1.5 billion doses will be required
globally for combatting endemic cholera in 2020–2029 [50]. Even if restricted only to the
GAVI-supported countries (therefore, excluding India), the OCV needs are expected to
increase to approximately 64 million doses by 2021, reaching 74 million doses in 2022, and
then stabilizing at about 65–70 million doses per year from 2025 onwards. The travelers
and military markets are also expected to increase from about 1.3 to 2 million doses/year
over the next ten years.

Besides funding, these projected needs will require a major expansion of the global
OCV production capacity, including the attraction of additional manufacturers. The latter
may, in itself, be a challenge given the limited commercial market for OCV. It will be
important that the GAVI, UNICEF, and other purchasers can balance the lowest-possible-
cost ambition against the risk of deterring manufacturers when negotiating with existing
and potential new manufacturers.

Outside the OCV supply problem, operational research is needed to define and
evaluate the best ways of using OCVs together with other interventions in different settings.
When a broad range of cholera experts and stakeholders recently identified the most
important knowledge gaps and established a priority list of key research questions for
achieving the goals of the Global Roadmap [51], the top five priorities were all focused on
the best use of OCVs (Table 2).

Table 2. Top Five Priorities of the Cholera Roadmap Research Agenda of January 2021 (from [51]).

1
What are the optimal oral cholera vaccine schedules (number of doses and dosing

intervals) to enhance immune response and clinical effectiveness in children that are 1 to
5 years of age?

2
What are potential delivery strategies that can be used to optimize oral cholera vaccine

coverage in hard-to-reach populations (including during humanitarian emergencies and
areas of insecurity)?

3 Is there additional benefit to adding WASH packages, for example, household WASH kits,
to an oral cholera vaccine campaign?

4 What is the optimal number of doses of oral cholera vaccine to be used for follow-up
campaigns in communities previously that were vaccinated with a two-dose schedule?

5
Can the impact of an oral cholera vaccine on disease transmission, morbidity, and

mortality be maximized by targeting specific populations and/or targeted
delivery strategies?

One important question is whether (or when) the prescribed two-dose regimen of an
OCV can be modified to a single-dose administration, which would be easier to deliver
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and, if working, would allow limited doses of OCVs to vaccinate twice as many people.
The answer to this question is highly context dependent.

8.1. Prevention of Endemic Cholera

Large studies in Bangladesh and high-endemicity regions have shown that, while
significant protection can be achieved among adults and children above 5 years of age after
a single dose of an OCV, children below 5 years of age remain largely unprotected unless
they receive an initial two-dose regimen. These findings are consistent with immunological
studies showing that a single-dose OCV could effectively elicit (“boost”) a protective
immune response in individuals who were already immunologically “primed” by previous
natural exposure to V. cholerae, whereas it takes two doses to induce an effective intestinal-
mucosal immune response in immunologically “naïve” individuals, such as the whole
population in previously unexposed communities and young children in endemic settings.

8.2. Use for Outbreak Control

When OCVs are used for the control of an outbreak in a known high-endemicity
hotspot and/or late in an outbreak, it may be practical and cost-effective to use a single-
dose OCV in order to maximize the number of individuals that can be reached with a first
dose. This should also maximize the indirect herd protection among those not receiving
a vaccine in the community, which will also benefit children below 5 years of age, even
though this group may not get much direct protection from the vaccine. The aim should
then be to give a second dose to as many young children as is practical after 1–2 weeks or
later. In contrast, for an early OCV intervention in a cholera outbreak occurring in a setting
that has previously not been exposed to cholera, only a two-dose regimen with an interval
of at least one week between doses is likely to work, irrespective of age.

8.3. Booster Doses

Even though the available OCVs are licensed for two-dose administration with an
interval of two (one to six) weeks between the doses, which is to be followed by a rec-
ommended renewed two-dose immunization at three-year intervals, it is most likely that
single-dose OCV boosting at 3-year intervals would work equally well, thereby simplifying
the boosting process and saving on vaccines. There is good immunological support for
this recommendation. Intestinal immunologic memory was found to be effective and
long-lasting, and Swedish volunteers who had received an initial two-dose immunization
with Dukoral™ and then were given a single OCV boost more than 10 years later elicited a
rapid, strong anamnestic mucosal IgA antibody response, which was fully comparable to
that achieved by a two-dose regimen [23] (Figure 3C).

9. Future Cholera Vaccines

While the currently used OCVs are effective, they have a complex multicomponent
composition, which adds to production costs. They also have a less-than-ideal formulation,
which adds to transport and usage costs. Several new or improved OCVs are under
development, as listed in Table 3 and briefly described below.
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Table 3. Not yet licensed oral cholera vaccines under development.

Type of Vaccine Name/Description/Stage of Development

Simplified compositions of current OCVs

• Formalin-killed Cairo 50 (Classi-
cal/Ogawa) and Phil6973 (El Tor/Inaba),
which is in preclinical development in
South Korea.

• Hillchol™, which contains formalin-killed
Hikojima El Tor strain MS1568 and is de-
veloped in India and Sweden. This OCV
is in planned phase 3 testing in India.

• Formalin-killed co-cultured isogenic El
Tor Ogawa and Inaba, which is in preclini-
cal development in Sweden.

Thermostable dry formulation capsule OCV

• DuoChol™, which contains lyophilized
formalin-killed isogenic El Tor Ogawa and
Inaba strains and recombinant cholera
toxin B subunit in an enteroprotected cap-
sule. This OCV is in preclinical develop-
ment in Sweden.

Live attenuated OCVs

Genetically engineered V. cholerae O1 strains
with deletions of ctx and other mutations:• Peru 15, which is derived from an O1 El

Tor Inaba clinical isolate from 1991 in Peru,
and is developed in the USA. This OCV
has displayed phase 1 (also including chal-
lenge) and phase 2 immunogenicity.

• El Tor Ogawa strain 638, which is devel-
oped in Cuba. This OCV has displayed
phase 1 (also including challenge) and
phase 2 immunogenicity.

• VA 1.4 El Tor Inaba strain, which is devel-
oped in India. This OCV has displayed
phase 1 immunogenicity.

• IEM 108 El Tor Ogawa strain, which is de-
veloped in China. This OCV has displayed
phase 1 immunogenicity.

• HaitiV, which is derived from a variant El
Tor O1 Ogawa isolated in Haiti, and is in
preclinical development in the USA.

9.1. Simplified Compositions of Current Types of OCVs

The three WHO prequalified OCVs are as mentioned based on (the same) three
V. cholerae O1 strains and using both formalin and heat inactivation methods; in addition,
the Shanchol and Euvichol vaccines contain a formalin-killed V. cholerae O139 whole-cell
component. The only established protective V. cholerae O1 bacterial antigens are the Ogawa
and Inaba LPS antigens. These antigens are exposed and preserved equally well after heat
or formalin inactivation, indicating that one inactivation method is enough, with formalin
being the most practical for large-scale manufacturing. V. cholerae O139 has almost com-
pletely disappeared as a cause of cholera since the late 1990s; therefore, the V. cholerae O139
component in two of the current vaccines has since been an immunologically meaningless,
yet cost-adding “decoration.” Based on this, it is recommended that the current whole-cell
OCVs contain only formalin-killed Ogawa and Inaba bacteria from two of the current
strains, preferably Cairo 50 (Classical/Ogawa) and Phil6973 (El Tor/Inaba). Efforts are
underway by Eubiologics and IVI to produce and evaluate this cost-saving vaccine.

A more fundamental simplification was developed by us and further pursued in
collaboration with the MSD-Wellcome Trust Hilleman Laboratories in India. A Hikojima
serotype vaccine strain (El Tor biotype) stably co-expressing the Ogawa and Inaba O1
LPS antigens was generated for use as a formalin-killed single strain OCV [52,53]. The
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strain was constructed by introducing a partially inactivating mutation in the wbeT gene
that is responsible for the LPS methylation differentiating the Ogawa and Inaba serotypes.
This vaccine, namely, Hillchol™, was as safe and immunogenic as the comparator vaccine
Shanchol when tested side-by-side in a noninferiority phase 1/phase 2 study in adults and
children in Bangladesh. Bharat Biotech in India has licensed the rights to the commercial-
ization of this easy-to-produce, low-cost Hillchol OCV, which will hopefully soon add to
the global OCV supply market.

A third, recently invented, approach to simplifying and reducing the cost of vaccine
production is to grow two isogenic V. cholerae O1 vaccine strains, one Ogawa and the other
Inaba, in a mixture in the same fermentation process and then formalin-inactivating the
cell mixture. Normally, one of the strains in a bacterial co-culture rapidly outgrows the
companion strain, but this problem is overcome by generating and using isogenic variants
with identical growth properties that only differ in that one strain expresses the wbeT gene
resulting in serotype Ogawa and the other, by lacking this gene, has the Inaba serotype [54].

9.2. Thermostable, Dry Formulation Capsule OCV

The WHO Global Task Force on Cholera Control (GTFCC) has identified a ther-
mostable dry formulation vaccine, ideally a tablet or capsule, as a priority for further OCV
development. Such a vaccine would have significant logistical advantages over current
OCVs with regard to transport, storage, and deployment. We recently described such a
thermostable, low-cost OCV consisting of a lyophilized mixture of formalin-inactivated
V. cholerae O1 bacteria and rCTB formulated in an enteroprotected capsule. We initially
used the previously described Hikojima/Hillchol™ strain co-expressing the Ogawa and
Inaba LPS antigens as the whole-cell vaccine component for such an experimental vaccine,
namely, Hillchol-B [55]. However, we have instead now changed to use the described (co-
cultured and then formalin-inactivated) mixture of isogenic Ogawa and Inaba strains [54]
as the preferred whole-cell component in a dry formulation whole-cell/B-subunit capsule
OCV called DuoChol™. The affordable cost, practical formulation, and increased efficacy
obtained by including the B subunit and also increasing the whole-cell amount/LPS O
antigen content should make DuoChol™ an attractive OCV overall and an ideal vaccine for
stockpiling and use in cholera outbreaks, where rapid deployment and maximal short-term
efficacy are essential.

9.3. Live Attenuated OCVs

Several live oral attenuated OCVs are also under development. The oldest is Peru 15
(CholeraGarde), which was derived from an O1 El Tor Inaba strain isolated in Peru in 1991.
Its multiple attenuating mutations include the deletion of the entire CT operon and flanking
recombination sites; deletion of flagellar genes, making the strain non-motile; inactivating
the recA gene by inserting the coding region for CTB under the control of a heat-shock
promoter. The vaccine was safe and highly efficacious in a cholera challenge study of U.S.
volunteers. A single-dose regimen was also found to be safe and immunogenic when tested
in Bangladeshi adults, children, and infants [56,57].

Another live OCV is the Cuban El Tor Ogawa strain 638, which is attenuated by the
deletion of the CTXPhi prophage and inactivation of the hemagglutinin/protease coding
sequences (hapA). This vaccine was well tolerated and conferred complete protection in
Cuban volunteers against a challenge with a virulent strain of El Tor V. cholerae 01 [58,59].

A third live OCV candidate is the VA 1.4 El Tor Inaba strain generated by Indian
investigators from a clinical nontoxigenic strain that naturally lacked the CTX prophage
and into which the ctxB gene has been inserted. The vaccine was found to be safe and
immunogenic when given as a single 109 CFU dose to adult volunteers in India [60].

A fourth live OCV candidate strain as yet in preclinical development is IEM 108
developed in China. It is an El Tor Ogawa strain that is naturally deficient in CTXPhi and
equipped with an inserted ctxB gene and an rstR gene, which blocks the reacquisition of
CTXPhi [61].
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Recently, yet another live attenuated vaccine strain, HaitiV, which was derived from
a variant El Tor O1 Ogawa V. cholerae clinical isolate from the 2010 Haiti outbreak, has
attracted interest by demonstrating a rapid probiotic-like protective activity, as well as
more traditional longer-lasting protective immunogenicity against experimental cholera
in animals [62,63]. HaitiV harbors several genetic alterations that render it avirulent and
resistant to reversion. In an infant rabbit model of cholera, oral administration of HaitiV
conferred protection against challenge with a lethal dose of wild-type V. cholerae within
24 h of vaccination, which is suggestive of a “probiotic”-like protection mechanism. In
germ-free female mice, oral immunization with HaitiV elicited serum vibriocidal antibodies
and protected their pups from lethal challenge with virulent V. cholerae. It remains to be
studied whether these properties of HaitiV (or a Hikojima variant of this strain) will apply
in humans after immunization and subsequent challenge with wild-type V. cholerae O1 and
whether the rapid “probiotic” effect is specific for HaitiV or may be seen with other and
possibly all live attenuated OCVs.

Despite their significant and often impressive protective efficacy against V. cholerae
O1 infection and disease, even after a single dose immunization when tested in the human
challenge model, live attenuated OCVs have to date met problems that have so far pre-
vented their acceptance for use in developing countries. This is true for both the Vaxchora
OCV (which, as mentioned above, has been approved for use in travelers) and for the
live attenuated vaccines under development. Apart from the initial problem of residual
unacceptable reactogenicity of strains even after the cholera toxin gene had been deleted,
which has been overcome by developing colonization-deficient and/or multiply mutated
vaccine strains, a remaining problem has been the difficulty in balancing safety against
immunogenicity of the vaccine dosage in different settings. Thus, what has been both a
safe and immunogenic dosage in industrialized country volunteers has often been too low
dosage for inducing an adequate intestinal-mucosal immune response in developing coun-
try populations, including those living in cholera-endemic areas. For instance, a 5 × 108

CFU dose of CVD103 HgR (the predecessor of Vaxchora), which was highly immunogenic
in subjects in industrialized countries, resulting in greater than 90% seroconversion of a
vibriocidal antibody, elicited seroconversions in only 16% of Indonesian subjects; how-
ever, a 10-fold-higher vaccine dose resulted in seroconversion in 75–87% of vaccinated
Indonesians [64].

10. Need for Novel Pathways for Licensing New Generation OCVs

Traditionally, the licensure of a new vaccine usually requires proof of clinical protection
against the targeted disease in one or more pivotal, individually randomized, placebo-
controlled double-blinded clinical trials (RCTs). For current OCVs, this was the path
leading to the licensure of Dukoral™ and Shanchol™.

However, when an effective and safe vaccine already exists, such RCTs may be ethically
problematic, which is now the case for the new and improved OCVs under development
(as well as for vaccines under development for some other diseases). This problem was
discussed at a recent “Expert meeting on evaluating new generation vaccines against
infectious diseases for which there are licensed vaccines that are recommended for routine
use” organized by the Wellcome Trust. The comments below reflect the (as yet unpublished)
main observations and recommendations from this meeting.

When there is a validated immunological correlate of protection (ICP), this can be used
as the primary measure of vaccine efficacy for similar or new-generation vaccines. When
an established ICP is lacking, as is the case for cholera, a “surrogate” immune response may
be used for comparing the new and existing vaccines. However, this approach requires
that the protective antigen(s) of the compared vaccines are defined and identical, the routes
of administration of the vaccines are the same, and the vaccines are identical or similar in
composition. The Euvichol™ OCV, having the same composition as the already-licensed
and WHO-prequalified OCV Shanchol™, and later Euvichol-Plus™, were licensed based
on human studies demonstrating the noninferior safety and the same serum vibriocidal
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antibody responses as for Shanchol based on the vibriocidal antibodies being specific for
the targeted key protective antigen, namely, the O1 LPS.

In some instances, vaccines can be licensed based on protective efficacy demonstrated
in human volunteer challenge studies. This pathway was used to license the Vaxchora live
OCV as a travelers’ vaccine in U.S. adults, but it has not allowed for licensure in LMICs
or children.

For vaccines against diseases for which there is a significant unmet medical need,
the EMA pathway termed “conditional marketing authorization” may also be applied.
This pathway typically requires the demonstration of an immunological endpoint after
vaccination that is reasonably predictive of clinical benefit, substantial data on vaccine
safety, and an overall favorable risk/benefit assessment for authorization.

Thus, for future cholera vaccines, both those described above and others yet to be
developed, there are alternative ways to receive either full or conditional licensure based
mainly on demonstrated safety and relevant noninferior “surrogate” immunogenicity to
existing OCVs. However, in these cases, there will probably be requirements for vaccine
effectiveness studies post-licensure to demonstrate vaccine protection. The operational cri-
teria for the design, conduct, analysis, and reporting of such post-licensure studies should
be defined in a dialogue between the cholera scientific community and vaccine regulators.

11. Concluding Remarks

For those of us who have been “OCV musketeers” since the 1990s, it is of course
gratifying that the WHO now describes the use of OCVs as “a game-changer in the fight
against cholera” in its strategy for the global control of cholera “Ending Cholera: A Global
Roadmap to 2030.” It underlines that by providing effective protection and being avail-
able now, OCVs can effectively bridge the time and resource gap until adequate WASH
infrastructure may be universally available as a means for permanent prevention.

The development of OCVs is a good example of how basic research can be translated
into a life-saving medical product. At the same time, the OCV story also illustrates how
long and tedious the process even from an available product to public health use can be,
especially for vaccines and drugs that are targeted against diseases for which there is no
or minimal commercial market in higher-income countries. Cholera is a typical “disease
of poverty” that mainly affects the poorest populations in low- or at best middle-income
countries. Had it not been for the fact that Dukoral™, the first effective OCV, in addition
to protecting against cholera, also protects against diarrhea caused by ETEC through its
B subunit component and, thus, offered a commercial market for Dukoral as a traveler’s
vaccine, the licensure of an effective cholera vaccine would almost certainly have been
delayed by many years.

Several challenges, both financial and political, remain to accomplish the set goals
of the Global Roadmap to have decreased cholera deaths by at least 90% and largely
eliminated cholera transmission by 2030. Yet, it is gratifying that the earlier question
regarding whether to use OCVs has now changed to ”When, how and where should OCV
be used most effectively to control endemic cholera and interrupt cholera outbreaks?”
and “How can we increase manufacturing of existing and new OCVs to meet current and
future needs?”
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Abstract: Cholera is a disease of poverty and occurs where there is a lack of access to clean water
and adequate sanitation. Since improved water supply and sanitation infrastructure cannot be
implemented immediately in many high-risk areas, vaccination against cholera is an important addi-
tional tool for prevention and control. We describe the development of licensed and recommended
inactivated oral cholera vaccines (OCVs), including the results of safety, efficacy and effectiveness
studies and the creation of the global OCV stockpile. Over the years, the public health strategy for
oral cholera vaccination has broadened—from purely pre-emptive use to reactive deployment to help
control outbreaks. Limited supplies of OCV doses continues to be an important problem. We discuss
various innovative dosing and delivery approaches that have been assessed and implemented and
evidence of herd protection conferred by OCVs. We expect that the demand for OCVs will continue
to increase in the coming years across many countries.

Keywords: cholera; oral cholera vaccine; efficacy; effectiveness

1. Introduction

Cholera remains a threat to many impoverished populations around the world. The
long-term public health strategies against cholera and other enteric diseases are the estab-
lishment of safe water sources and the improvement of sanitation and hygiene (WASH).
However, these measures are years away in many areas where cholera strikes, especially
when war, political upheaval or natural disasters such as earthquakes and floods occur.
The oral cholera vaccine (OCV) is an important complementary tool for cholera prevention
and control.

In this article we describe the history of the development of licensed oral cholera
vaccines (OCVs). We discuss the accumulation of evidence on OCV safety, efficacy and
effectiveness leading up to the recommendation by the World Health Organization (WHO)
on mass oral cholera vaccination as both pre-emptive and reactive strategies. We discuss
the initiation and expansion of the global OCV stockpile and its support by the Global
Alliance for Vaccines and Immunizations (Gavi Alliance). We review various dose-sparing
approaches (single-dose mass campaigns, targeting of specific high-risk groups and ring
vaccination), evidence of herd protection conferred by OCVs and new delivery strategies.
This article focuses on internationally licensed and recommended inactivated OCVs used
during cholera outbreaks and in cholera-endemic sites.

2. Search Strategy

For this narrative review, we searched PubMed using the terms “oral cholera vaccine”,
“cholera outbreak response” and “cholera vaccination campaign”, restricted to publications
in English. We reviewed and included (a) relevant articles on the history of the development
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of inactivated OCVs, (b) publications during the last ten years on various innovative dosing
and delivery strategies and (c) evidence of herd protection conferred by inactivated OCVs.

3. Development of Oral Cholera Vaccines and the Recommendation for Use

Injectable killed whole cell Vibrio cholerae O1 vaccines were widely available for many
years [1]. These vaccines had poor efficacy and high reactogenicity and have not been
recommended since the 1970s [2]. In the 1980s, a killed OCV consisting of inactivated
whole cells of V cholerae O1 and the B-subunit of the cholera toxin (WC/rBS) was developed
in Sweden [3]. Large scale trials of the vaccine in Bangladesh and Peru showed that the
WC/rBS and the killed whole cell formulation alone were safe and conferred significant
protection for up to 3 years [4,5]. An initial efficacy of 85–90% was obtained with the
WC/rBS, declining to about 50% after 6 months. The oral vaccine without the B-subunit
gave a somewhat lower initial level of protection but after 6 months the protection afforded
by the two vaccines was similar. The WC/rBS vaccine is marketed as Dukoral (Valneva,
Lyon, France) and is administered to those two years of age and older, as a two-dose regi-
men with a buffer (Table 1). Dukoral was the first OCV to obtain international licensure (in
1991) and WHO prequalification (in 2001). At that time, the WHO recommended inclusion
of the WC/rBS vaccine among the tools to prevent cholera in populations believed to be at
risk of cholera epidemic within 6 months and not experiencing a current outbreak [6].

The manufacturing technology of the Swedish vaccine was transferred to Vietnamese
scientists at the National Institute of Hygiene and Epidemiology in Hanoi. A two-dose
regimen of the first generation monovalent (anti-O1) OCV, containing only killed cholera
whole cells and produced at USD 0.10 per dose in Vietnam, showed that it conferred 66%
protection in a trial in Hue [7]. In 1997, killed V. cholerae O139 whole cells were added to
the Vietnamese OCV due to the emergence of the new form of epidemic cholera caused by
this serogroup. A bridging study found the bivalent (O1 and O139) OCV to be safe and
immunogenic in adults and children one year and older [8]. The bivalent OCV was locally
licensed as ORC-Vax (Vabiotech, Ha Noi, Viet Nam). The Vietnamese OCV has been used
extensively in the Viet Nam public health system through mass immunization of high-risk
populations. The burden of cholera in Vietnam has declined significantly in recent years,
associated with widespread deployment of OCV and improvements in socioeconomic
and WASH conditions [9]. The Vietnamese OCV has several distinct advantages over the
original Swedish vaccine. Without a B-subunit component, the 2-dose Vietnamese OCV is
easier and less expensive to manufacture, has less stringent cold chain requirements and is
administered without a buffer.

The International Vaccine Institute (IVI) worked with VaBiotech to modify the strain
composition of the bivalent OCV and improve the manufacturing process to conform with
WHO standards [2]. The modified bivalent OCV was found to be safe and immunogenic
in trials in Vietnam and India [10,11]. In 2009, the reformulated vaccine was licensed
as mORC-Vax (Vabiotech, Viet Nam) but is not pre-qualified by WHO. To facilitate the
international availability of mORC-Vax, manufacture of the reformulated vaccine was
transferred to Shantha Biotechnics in India [12]. This led to the development of Shanchol
(Shantha Biotechnics, Andhra Pradesh, India). A randomized, placebo-controlled trial in
Kolkata, India showed that Shanchol is safe and confers 67% protective efficacy against
cholera within two years of vaccination [12], 66% at three years [13] and 65% at five
years [14] of follow-up. Shanchol, given as a 2-dose regimen to those one year of age and
older, was licensed in India in 2009 and received WHO pre-qualification in 2011 (Table 1).

By then, the majority of countries reporting cholera to the WHO were in Sub-Saharan
Africa [15]. A large and protracted cholera outbreak spread all over Zimbabwe from 2008
to 2009 and resulted in 98,585 cases and more than 4000 deaths [16], as well as increasing
pressure by the global public health community to deploy OCVs reactively [17,18]. With
amassing evidence on OCV safety and efficacy and data on field effectiveness and feasibility
of OCV mass vaccination in an African setting [19–21], in October 2009, the WHO Strategic
Advisory Group of Experts (SAGE) on immunization recommended that oral cholera
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vaccination should be considered as a reactive strategy during outbreaks, in addition to the
already recommended preventive use of OCV in endemic areas [22].

The recommendation on reactive use is very important since where and when a cholera
outbreak will occur is difficult or impossible to predict. Reactive mass oral cholera vaccina-
tion was documented to be feasible and effective as an outbreak response in Guinea [23,24].
Following an initial hesitation to deploy OCV in Haiti shortly after the catastrophic 2010
earthquake [25], a large reactive mass oral cholera vaccination campaign in Haiti was
shown to be successful despite logistic challenges [26,27]. An increasing number of reactive
mass oral cholera vaccinations has been successfully conducted in different areas around
the world under diverse circumstances [28].

With the broadening of the recommendation for oral cholera vaccination, the most
important concern is ensuring a sufficient and sustainable supply of OCV doses. In
September 2011, the WHO convened a meeting of experts at which an OCV stockpile was
affirmed as necessary and feasible [29] and an OCV stockpile was created in 2012 [30], with
pivotal support from Gavi starting in 2014 [31]. From 2013 to 2017, over 25 million doses
were requested from the cholera vaccine stockpile, of which only 51% could be allocated
and shipped to countries for 46 deployments [32]. Due to the limited number of OCV
doses available, supplies were prioritized for cholera outbreaks, making preventive OCV
campaigns difficult to plan and carry-out. To expand the global OCV production capacity,
Euvichol (Eubiologics, Gangwon-do, South Korea), was developed based on the same
formulation as Shanchol through a technology transfer from IVI. After a Phase I trial in
Korea [33] and a bridging non-inferiority immunogenicity study in the Philippines [34],
Euvichol was licensed and WHO-prequalified in December 2015 [35] (Table 1). Availability
of Euvichol increases the number of affordable OCV doses that can be distributed through
the stockpile to affected populations [35].

Table 1. Internationally Licensed and Recommended Inactivated Oral Cholera Vaccines [28,35].

Vaccine Dukoral Shanchol Euvichol

Manufacturer Valneva, Lyon, France Shantha Biotechnics, Andhra
Pradesh, India

Eubiologics, Gangwon-do,
South Korea

Description Monovalent inactivated vaccine Bivalent inactivated vaccine Bivalent inactivated vaccine

Components

Killed whole-cells of V. cholerae O1
(Classical and El Tor biotypes) and
recombinant B-subunit of cholera

toxin

Killed whole cells of V. cholerae
O1 (Classical and El Tor

biotypes) and V. cholerae O139

Killed whole cells of V. cholerae
O1 (Classical and El Tor

biotypes) and V. cholerae O139

Recommended age 2 years and older 1 year and older 1 year and older
Delivery Oral Oral Oral

Doses 2 doses given 1–6 weeks apart
3 doses for children aged 2–5 years 2 doses given 14 days apart 2 doses given 14 days apart

Buffer solution Buffer dissolved in 75 mL (2–6 years
old) or 150 mL (>6 years old) water Not required Not required

In 2018, Gavi’s Board approved an additional investment for pre-emptive OCV use
in high-risk areas, which will become available in 2021, while continuing its support for
OCV emergency use [31]. The current objectives of the GAVI investment include ongoing
prevention of an OCV low demand–low supply cycle, reduction in cholera outbreaks in
Gavi-supported countries and strengthening of the evidence base for periodic, pre-emptive
campaigns [31]. Currently, the International Coordinating Group (comprising representa-
tives from Médecins Sans Frontières, the International Federation of Red Cross/Crescent,
Unicef, and the WHO) manage the allocation of OCV doses for outbreak response during
emergency situations or humanitarian crisis. The Global Task Force on Cholera Con-
trol, a WHO coordinated network of partners, manages the allocation of OCV doses for
vaccination in cholera endemic hotspots [36].
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4. Dose-Sparing Approaches

Most of the OCV doses produced since 2013 enter the stockpile, which has increased
from about two million doses per year in 2013–2014 to more than 17 million doses in
2018 [31]. Despite this increase, the availability of OCV doses remains limited compared
with the population in need. Innovative OCV dose-sparing approaches have been evaluated.

4.1. Single-Dose Strategy

A single dose regimen could mitigate against insufficient supplies and would also
address the difficulties associated with delivery of two doses particularly during humani-
tarian emergencies, including accessing the same population twice, maintaining vaccine
storage and retaining vaccination staff during the inter-dose period. A modeling study
showed that reactive vaccination campaigns using a single dose of OCV may prevent more
cases and deaths than a two-dose campaign when vaccine supplies are limited, while at
the same time reducing logistical complexity [37]. Field evidence on OCV single-dose
protection is available from one randomized controlled trial in Bangladesh [38,39] and
several observational studies [24,27,40–44]. The protection conferred by a single dose was
shown to be 89% at 7 weeks [43], waning to 39% at 2 years of follow-up [39] (Figure 1).
Estimates of single-dose protection were generally lower in the randomized controlled
trial than in the observational studies. Importantly, a subgroup analysis of the Bangladesh
single-dose randomized trial found no significant protection in children younger than five
years of age [38,39], which has been attributed to the lower pre-existing natural immunity
in this age group.

Although the level of protection from a single OCV dose two years following vaccina-
tion is lower than the two-dose efficacy of 67% during the Kolkata trial [12], this may be
sufficient to reduce the immediate short-term risk during outbreaks or in high-risk settings.
A one-dose campaign, where more people receive a dose may be better in some circum-
stances than a two-dose strategy, where half as many people are vaccinated. In emergency
situations, short-term protection is most critical and most of the public health benefit of
reactive vaccination campaigns likely comes from the first dose, regardless of whether
or not the second dose is administered [37]. However, the finding from the Bangladesh
trial of no protective efficacy in young children suggests that the single-dose strategy may
be beneficial only in populations with pre-existing natural immunity. Ideally, a second
dose should be given as soon as circumstances allow to ensure longer and more robust
protection, but this may not be possible due to inadequate OCV supplies or field logistics.

In 2016, during a resurgence of cholera cases after Hurricane Matthew, Haiti launched
a large emergency campaign when more than 700,000 people received a single dose of
OCV [45]. During mass oral cholera vaccinations of Rohingya refugees in Bangladesh
when only 900,000 doses were available, one dose was given to more than 700,000 people
in October 2017, while a second dose was given in November 2017 to children between the
ages of one to four years [46].
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Figure 1. Estimated single-dose oral cholera vaccine protection (95% confidence intervals) with trendline, by month of
follow-up. (Modified and updated from Lopez, A.L.; Deen, J.; Azman, A.S.; Luquero, F.J.; Kanungo, S.; Dutta, S.; von
Seidlein, L.; Sack, D.A. Immunogenicity and Protection From a Single Dose of Internationally Available Killed Oral Cholera
Vaccine: A Systematic Review and Meta-analysis. Clinical Infectious Diseases: 2018, 66, 1960–1971, doi:10.1093/cid/cix1039.)

4.2. Targeted Deployment of OCVs

Another dose-sparing approach is the targeted deployment of OCVs, both as a pre-
emptive or reactive strategy. Targeting discrete areas within a larger population at risk
for cholera is usually necessary since the number of doses approved for allocation from
the global stockpile is often less than the number requested. Criteria for the selection of
targeted areas include the population size in an area in relation to the number of doses
available, logistics required, historical attack rates of cholera and recent reported cases of
cholera [47]. The concept of “source drying” may also be used when considering where
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to deploy limited number of OCV doses. For example, the two-dose mass vaccination
campaign in Guinea targeted the Boffa and Forecariah coastal and island populations,
which are highly mobile, have limited access to health care, safe water and basic sanitation
and from whom cholera cases are often first reported during an outbreak [23,24].

In 2014, a two-dose OCV campaign was successfully conducted in selected areas of
Kalemie, an urbanized and highly cholera-endemic area in the Democratic Republic of
Congo [48] The targeted areas covered a population of around 120,000 people and had
the highest historical attack rates in Kalemie. In 2015, a two-dose OCV campaign was
carried out in ten selected villages of Shashemenae, a rural district of Ethiopia [49]. In 2015,
140,249 individuals in selected neighborhoods in Juba, South Sudan received a single dose
of OCV in response to a cholera outbreak [50]. Targeting high-risk neighborhoods in Juba
was done since authorities were unable to secure sufficient doses to vaccinate the entire
at-risk population of about one million.

4.3. Ring Vaccination

When cholera outbreaks occur, there is usually broad agreement on the need for mass
vaccination campaigns. In contrast, during smaller outbreaks or when sporadic cases occur
in endemic areas, public health officials may be reluctant to allocate substantial resources
for mass vaccination campaigns. Since cholera cases tend to cluster in time and place,
particularly among household contacts of a cholera case [51,52], ring vaccination around
cases could be considered. Ring vaccination may be used as a preliminary control strategy,
which could be followed by a wider mass vaccination campaign if needed [53]. Data from
the OCV efficacy trial in Kolkata [14] were used to model a potential OCV ring strategy and
found that high-level protection can be achieved for those living close to cholera cases [54].
More recently, simulations of case-area targeted interventions, which can include improved
water quality and supply, sanitation, hand washing, oral cholera vaccine, and prophylactic
antibiotics, showed that vaccinating people within 100 m around index case households
and improving their water source early in epidemics could reduce the number of cases
by 82% compared to uncontrolled epidemics [55]. The addition of antibiotic treatment of
neighbors within a 30-m to 45-m radius around the index case was helpful, but only in the
short term.

Ring vaccination using OCV may be less resource intensive than mass oral cholera
vaccination but to be successful, cholera cases have to be detected quickly, sufficient
OCV doses must be available on site within a short time from detection of the first cases,
and the logistics for contact tracing and vaccination have to be set up immediately. A
feasibility study in Nepal showed that cholera cases could be investigated within two days
of a positive culture result [56]. The actual real-life feasibility and cost of integrating a
sustainable cholera surveillance and ring OCV response system into a government’s health
infrastructure has yet to be assessed.

5. Evidence of Vaccine Herd Protection

The term vaccine herd protection is widely used but carries a variety of meanings [57].
In this discussion, we define vaccine herd protection as the extension of the defense
conferred by immunization beyond the vaccinated to unvaccinated persons in a population,
as well as the enhancement of the protection among the vaccinated. Vaccine herd protection
results from a decline in transmission of the pathogen within the community. Included
in vaccine herd protection is the reduction in disease risk among the unvaccinated in the
population (indirect protection) due to decreased exposure to the pathogen, as well as
enhanced protection of vaccinees due to their proximity to other vaccinees (total protection).
Unlike vaccinated individuals protected through direct immunity, individuals with indirect
protection remain fully susceptible to infection, should they be exposed [57].

Aside from direct vaccine protective effects, there is increasing evidence of herd pro-
tection conferred by OCV. A reanalysis of a field trial in Matlab, Bangladesh demonstrated
that OCV induces indirect protection of non-vaccinees, as well as enhanced protection of
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vaccinees [58]. A model of cholera transmission using information from the same trial
showed that if about half the population was vaccinated, this would reduce the number
of cholera cases among unvaccinated people by 89% and among the entire population by
93% [59]. For children too young to be vaccinated or to mount an adequate response to
OCV (particularly to a single dose), based on principles of cocooning [60], oral cholera
vaccination of older children and adults would be beneficial. There is evidence for substan-
tial indirect protection of young children when a large proportion of older persons in the
community are vaccinated [61].

More recently in Zanzibar, mass oral cholera vaccination was also found to confer
indirect protection, as indicated by the lower risk of cholera in non-vaccinated individuals
residing in areas with high vaccine coverage than in those residing in areas with low vaccine
coverage [41]. Population-level effects of OCV was inferred from a study during the cholera
epidemic in South Sudan in 2014 [62] The daily cholera reproductive number among
internally displaced persons living in settlements that had received OCV vaccination was
<1 for most of the epidemic, compared to >1 in unvaccinated areas even though conditions
were less suitable for transmission in these unvaccinated areas.

The degree of population level effectiveness induced by a vaccine is driven by several
factors, including vaccine-induced direct protection, vaccine coverage and population
mixing and mobility [63]. A mathematical model of a simulated displaced-persons camp
indicated that the duration of OCV-derived herd protection can be short in settings with
high population mobility [64].

6. New Delivery Strategies

Mass oral cholera vaccination campaigns have generally utilized fixed posts for dis-
tribution [28], but other deployment methods may be used for various reasons. In the
2014 OCV campaign in Kalemie (described above), the vaccinations were administered
door-to-door as it was feared that the targeted approach would generate tensions in the
area, especially among those not selected for vaccination [48]. In October 2016, a two-dose
pre-emptive mass vaccination campaign was given door-to-door in Nampula, Mozam-
bique, which targeted 193,403 people [65]. The door-to-door method was used since this is
the routine local distribution strategy for polio vaccination campaigns.

OCV has been recommended to be stored at 2–8 ◦C but a study in Bangladesh showed
that Shanchol has a good safety and immunogenic profile when stored under ambient
temperature or even as high as 42 ◦C for up to 14 days [66]. Using OCV out of strict cold
chain allows various possibilities for vaccine delivery and distribution. During the Guinea
mass vaccination campaign, OCV doses were stored in cold chain but transported and used
at ambient temperature during the vaccination days [23,24]. During a reactive two-dose
OCV campaign in Lake Chilwa, Malawi, innovative strategies for the second vaccine dose
(delivery by a community leader and self-administration) were used to facilitate vaccine
access in hard-to-reach communities [67]. In another study in Dhaka, Bangladesh 41,694
people received a first OCV dose from fixed sites and the second dose was provided in a
plastic zip-lock bag for the participant to take two weeks later at home [68]. Compliance
for the second dose was estimated at 93% [68].

Cholera can cause serious complications in pregnant women and their fetuses if the
disease is not treated promptly. Safety of the OCV during pregnancy has been demonstrated
in several studies [69–73]. Pregnant women are no longer excluded during OCV mass
campaigns [74].

7. Discussion

Since the availability of an effective OCV vaccine stockpile, more countries are open
to acknowledging outbreaks and requesting OCV doses. The demand for OCVs will
likely continue to outstrip supply in the near future. The constraints in supplies, complex
logistics of administering the vaccine under difficult conditions and ensuring coverage
of high-risk groups have resulted in alternative vaccination strategies, including single-

59



TMID 2021, 6, 32

dose regimens, targeted campaigns and locally adapted ways in administering OCVs.
More recent campaigns have utilized a combination of these strategies. Although there
is growing experience with the feasibility and acceptability of these methods, there is a
need to continue documenting the protective effectiveness of OCVs when deployed using
these methods.

In October 2017, the Global Task Force on Cholera Control launched an initiative to
reduce cholera deaths by 90% worldwide, and eliminate cholera in at least 20 countries
by 2030 [75]. A Global Roadmap to 2030 outlines three main axes for cholera prevention
and control: early detection and rapid response to contain outbreaks; a multisectoral
approach to prevent cholera in endemic countries (strengthening of surveillance, health care
systems, water, sanitation and hygiene, and community mobilization and mass vaccination
campaigns for communities at risk), targeting hotspots; and effective technical support,
resource mobilization and partnership at local and international levels [76]. OCVs will
play an important role to reach this ambitious goal but long-term improvements in WASH
should be the ultimate aim.
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Abstract: Vibrio cholerae O1, the major causative agent of cholera, remains a significant public health
threat. Although there are available vaccines for cholera, the protection provided by killed whole-cell
cholera vaccines in young children is poor. An obstacle to the development of improved cholera
vaccines is the need for a better understanding of the primary mechanisms of cholera immunity
and identification of improved correlates of protection. Considerable progress has been made over
the last decade in understanding the adaptive and innate immune responses to cholera disease as
well as V. cholerae infection. This review will assess what is currently known about the systemic,
mucosal, memory, and innate immune responses to clinical cholera, as well as recent advances in our
understanding of the mechanisms and correlates of protection against V. cholerae O1 infection.

Keywords: cholera; Vibrio cholerae; immunity; innate; adaptive; antibody; cellular; mucosal; systemic;
memory; vaccine

1. Introduction

Cholera is a severe dehydrating disease of humans caused by Vibrio cholerae serogroup
O1 and O139. Over one billion people remain at risk for cholera in 51 endemic countries,
and there are an estimated three million cases and 95,000 deaths from the disease each
year [1]. The current global cholera pandemic began in 1961 with El Tor V.cholerae O1
and shows no signs of abating, as evidenced by recent large outbreaks in Haiti, Yemen,
and South Sudan and annual epidemics in countries in Asia and Africa. This reality has
led to enhanced commitments to cholera control strategies [2]. Such strategies now include
vaccination against cholera, as well as improved water and sanitation efforts [2]. Currently
available oral killed-cholera vaccines (kOCVs) have been a transformative addition to these
control efforts; however, these vaccines may provide limited durable protection, especially
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in immunologically naïve individuals, including children under five years of age who bear
a large proportion of the global cholera burden [3]. In comparison, survivors of clinical
cholera, including young children, have high-level protective immunity that persists for
years [4]. An improved understanding of immune responses associated with protection
against cholera could lead to next-generation vaccines or prevention strategies. This review
will assess what is currently known about the systemic, mucosal, memory, and innate
immune responses to clinical cholera, as well as recent advances in our understanding of
the mechanisms and correlates of protection against V. cholerae O1 infection

2. V. cholerae-Antigen Repertoire

V. cholerae O-Specific Polysaccharide (Lipopolysaccharide)

Protection against cholera is serogroup-specific, and serogroup specificity is dictated
by the O-specific polysaccharide (OSP) component of V. cholerae lipopolysaccharide (LPS).
Because of this, there is no cross-protection between infection with V. cholerae O1 and
O139, even though these organisms can both cause epidemic cholera and are essentially
genetically identical except for differences in the rfb genes encoding the OSP of these two
serogroups [5–7]. Antibodies that bind externally to V. cholerae are binding to surface
displayed antigens, either outer membrane proteins or LPS. Previous work has shown
that the vibriocidal response is mediated by antibodies that bind to LPS, and specifically
OSP [8,9]. Following clinical cholera, over a third of all induced antibodies target V. cholerae
OSP [10,11]. These data would suggest that anti-LPS and specifically OSP-specific immune
antibody responses are the actual mediators of protection against cholera.

Before OSP became available as a reagent for use in immunologic assays, a body
of evidence showed that LPS responses (plasma, mucosal and memory) occur following
cholera and vaccination in both children and adults, and that these responses correlated
with protection against cholera, including in young children [12–15]. These findings
were confirmed with OSP, once it became available for study [9,16–19]. Anti-OSP/LPS
IgG, IgA and IgM responses following immunization of children in Bangladesh with
killed oral cholera vaccines are significantly lower than those induced following clinical
disease in age-matched patients, including the absence of anti-LPS memory responses in
vaccinees despite induction of vibriocidal responses [15,16,18]. Specifically, infants and
young children receiving kOCVs did not mount IgG, IgA, or IgM antibody responses to
V. cholerae OSP or LPS, whereas older children showed significant responses.

In comparison to the vaccinees, young children with wild-type V. cholerae O1 infection
showed significant antibody responses against OSP/LPS. OSP responses correlated with
age in vaccinees, but not in cholera patients, reflecting the ability of even young children
with wild-type cholera to develop OSP responses. These differences might contribute to the
lower efficacy of protection rendered by kOCV than by wild-type disease in young children
and suggest that efforts to improve OSP-specific responses might be critical for achieving
optimal cholera vaccine efficacy in this younger age group [15,16]. In addition, avidity
of anti-LPS IgG and IgA antibodies following wild-type disease is high and prolonged,
despite a decrease in vibriocidal titers by day 180; and anti-LPS avidity correlates with
induction of memory B-cell responses [20]. Anti-LPS avidity falls rapidly to baseline by day
30 following oral vaccination, suggesting a possible explanation for lower and shorter-term
immunity afforded by kOCVs [20]. These data suggest that LPS/OSP specific responses
may be better markers of long-term protection against cholera in endemic zones than other
immune responses.

Much effort is now being made to assess how OSP-specific antibodies might protect
against cholera, with a growing body of evidence suggesting that protection against
infection may involve the ability of OSP-specific antibodies to impede the motility of
V. cholerae organisms in the human intestine. This effect requires at least two-point binding
of OSP-specific antibodies [21–26].
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3. Protein Antigens

In addition to OSP, well-characterized V. cholerae antigens include the following pro-
teins: cholera toxin B subunit (CTB), the toxin co-regulated pilus (TCP) subunit A (TcpA),
and V. cholerae cytolysin (VCC), also referred to as hemolysin A (HlyA). Cholera toxin is
a major virulence factor for all toxigenic strains of V. cholerae and consists of five B (CTB)
subunits associated non-covalently with a single, enzymatically active A subunit [27].
TcpA is a major structural component of TCP, a colonizing factor essential for virulence
in humans [28]. VCC generates membrane pores in eukaryotic cells and has been shown
to induce fluid accumulation in ligated rabbit ileal loops and induce chloride secretion in
intact human intestinal mucosa [29,30]. CTB, TcpA, and VCC have been shown to induce
systemic, mucosal, and memory B-cell responses after V. cholerae infection [17,31–33].

Additional antigenic targets of the immune response to V. cholerae have recently been
identified. The antigenic repertoire recognized by the cholera-induced plasmablast popula-
tion was assessed through generation of a panel of monoclonal antibodies (mAbs) isolated
following single-cell expression of day 7 plasmablasts from V. cholerae-infected patients [11].
Plasmablasts are activated antibody-secreting cells that are transiently found in the cir-
culation after either infection or vaccination. Both cholera and cholera vaccines induce a
potent mucosal homing plasmablast response that peaks seven days after infection and is
strongly predictive of the presence of specific duodenal plasma cells for up to six months
after cholera [10,34], suggesting that a proportion of these cells ultimately take up residence
in the intestine as plasma cells. Of the 138 mAbs that were generated from a total of
seven participants, 24 were OSP-specific, 37 were CtxB-specific, 12 were CtxA-specific, and
none were TcpA-specific [11]. Using a V. cholerae-antigen array containing 95% of the
V. cholerae proteome, nine additional antigenic targets were identified, most notably
V. cholerae sialidase/mucinase (NanH), which was the target of 6 mAbs (or 5% of all
circulating plasmablasts). Flagellin protein A and ToxR-regulated mucinase tagA were
also identified.

This work was further supported by an immunoscreen using the V. cholerae antigen
array above with plasma and antibodies recovered from culture supernatants of activated
plasmablasts [35]. Fifty-nine antigens were demonstrated to have higher immunoreactivity
at the early convalescent stage of infection compared to the acute stage or healthy con-
trols [17]. These included the known antigens OSP, CTB, TcpA, VCC, as well as several
novel antigens, including NanH, cholera toxin A subunit (CtxA), an outer membrane
protein (OmpV), a protein phosphotransferase (PtsP), and flagellar proteins (FlaC, FlaD).

Systemic, mucosal, and memory B-cells responses to NanH occur after clinical cholera,
with NanH found to be the third most common antigenic target of a mucosal homing
plasmablast response [11,17,36]. NanH is a virulence factor that catalyzes the cleavage of
terminal sialic acid residues from gangliosides on the membrane of intestinal epithelial cells
to generate monogangliosides (GM1), the binding site for CT [37]. NanH-neutralizing anti-
bodies have been shown to block the toxin-potentiating effect of NanH in vitro [11]. These
findings together suggest a possible functional role for NanH in protective immunity to
cholera and antibody responses to NanH have been found to correlate with protection [36].

4. Correlates of Protection

4.1. Vibriocidal Response-Pros/cons

The vibriocidal response has historically been used to assess protection against cholera,
but antibody-based bacterial killing of V. cholerae in the intestinal lumen is unlikely. There
is no evidence that enhanced opsonophagocytosis or antibody-dependent cytotoxic activity
in the intestinal lumen plays a role in mediating protection against cholera. Although
cell-free antibody-based killing via complement lysis might be considered possible in the
intestinal lumen, viability studies in animals have shown that bactericidal activity is not
required for protection from disease [22,25,26]. In addition, although C3 and earlier com-
ponents of the complement cascade have been detected in the intestinal lumen/epithelium,
the terminal components of the complement cascade have not been detected in the lumen
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in the absence of epithelial breakdown and intestinal inflammation [38–40]. The primary
antibody secreted at mucosal surfaces is IgA; however, IgA lacks the Fc regions of IgG
and IgM that bind C1q, and consequently does not activate complement via the classical
complement pathway; moreover, IgA complexed to antigen actually inhibits complement
activation by IgM and IgG [41–43]. These data suggest that IgA plays a minimal, if any,
role in complement activation in the intestine. The vibriocidal antibody assay, however,
assesses complement activation [12,44,45].

While the vibriocidal response is associated with protection against cholera [46] and is
an important biomarker of recent infection [47], there is no absolute value above which
protection is assured [44]; and cholera vaccines that have been equivalent to wild type
infection in inducing vibriocidal antibody responses have failed in clinical field trials
in humans [48]. Similarly, although vibriocidal antibody titers increase sharply within
10 days of symptomatic cholera, they then fall rapidly within 30 days of infection, returning
to baseline within 6–12 months, despite the fact that an episode of symptomatic cholera
induces long-term immunity against cholera that exists for at least three to 10 years [4,49,50].
In addition, individuals can be protected against cholera with no increase of vibriocidal
antibody responses following challenge and exposure, suggesting that other immune
responses mediate protection against cholera [50–53]. Importantly, OSP responses differ
substantially in naïve North Americans and low-to-middle-income country residents
infected with V. cholerae, despite induction of comparable vibriocidal responses [54]. These
data strongly suggest that the vibriocidal antibody is at best an imperfect non-mechanistic
correlate of protection against cholera.

The majority of the vibriocidal response consists of IgM antibodies that specifically
target OSP, giving the vibriocidal its serogroup specificity [9]. Interestingly, IgM antibodies,
just like IgA antibodies, are actively transported across intact intestinal epithelium into the
intestinal lumen, so it is quite possible that anti-vibrio OSP IgM antibodies may play a role
in mediating at least short-term protection against cholera (for instance, following vaccina-
tion). Still, there are no data that this protection is mediated by complement-dependent
membrane attack complex (MAC)-based lysis at a mechanistic level. If the vibriocidal
antibody response is only a surrogate/correlate of protection against cholera, is there a
related mechanistic antibody response that might actually mediate protection, especially
long-term protection not afforded by IgM? Mucosal IgA and IgM antibodies may protect
against pathogens at mucosal surfaces by inhibiting bacterial-epithelial cell interactions
(“immune exclusion”), and/or via bacterial “clumping” either via agglutination at high
bacterial concentrations (≥108 non-motile bacteria per gram), or “enchaining growth”
(antibody-mediated cross-linking preventing bacterial separation after bacterial division)
at lower bacterial concentrations, with facilitated mucosal clearance of clumped bacte-
ria [55]. Recent data also suggest that inhibition of motility of V. cholerae in the intestinal
lumen may contribute mechanistically to protection against cholera [25,26].

4.2. Memory B-Cells

Individuals with cholera are protected for a period well beyond when the serum vibri-
ocidal antibody, circulating antigen-specific plasmablasts, and serum antibody to specific
cholera antigens have disappeared or waned in the circulation, suggesting that longer-
term protection may depend on anamnestic responses mediated by immunologic memory
following primary infection. During primary infection, naïve B-cells traffic through sec-
ondary lymphoid tissues, where the B-cell receptor may recognize an antigen presented
on an antigen-presenting cell, priming that B-cell to internalize, process, and present that
antigen on MHC class II molecules. Primed B-cells interact with primed T follicular helper
cells, a subset of CD4-positive T-cells that have been similarly primed from a naïve T-cell
by interaction with the same specific antigen presented on an antigen-presenting cell.
The interaction of the primed B and T follicular helper cells activate the B-cell to undergo
further proliferation, somatic hypermutation, and isotype switching, and subsequently
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to differentiate into memory B-cells and long-lived plasma cells specific for that antigen,
which mediate immunologic memory [56].

Both adults and children with cholera develop memory B-cells of the IgG and IgA
isotypes specific to protein antigens, such as CTB and TcpA, which persist in the circulation
out to at least one year following infection. Sialidase-specific IgA memory B-cells have
also been demonstrated after cholera [36]. Similarly, memory B-cells also develop that
recognize both LPS and the OSP of V. cholerae O1, which persist in the circulation out
to at least 90-180 days following infection [15,32,33,47,57]. The mechanisms by which
isotype-switched memory B-cells develop to the T-cell-independent antigens LPS and OSP
are currently unknown.

Individuals receiving kOCVs develop memory B-cells to CTB and OSP, but at sub-
stantially lower levels than seen with natural infection and are shorter-lived [15,57,58].
These differences might contribute to the lower efficacy of protection rendered by these
vaccines. The live-attenuated cholera vaccine, CVD 103-HgR (approved in the United
States as a traveler’s vaccine), has been shown in clinical trials in developed countries
to induce vibriocidal responses that persist beyond two years in older children [59]
and beyond one year in adults [60]. In addition, induction of memory B-cells to LPS
and CTB has also been demonstrated in a US population [60,61]. However, oral vaccines
(including CVD 103-HgR) induce lower immune responses and efficacy in resource-poor
countries compared to developed countries [62]. More studies of live attenuated vaccines
are needed in endemic countries as several host factors are suspected to impact responses
in different geographic populations including nutritional status, intestinal epithelial barrier
integrity, enteric enteropathy, concurrent infection, and diet [62–66]

Using a household contact study approach, OSP responses were found to correlate
with protection in cholera endemic populations, including in young children [57]; and OSP
and LPS responses were found to correlate with protection against cholera in an exper-
imental infection model in humans [67,68]. However, no protection was mediated by
the presence of circulating memory B-cells recognizing CTB [14,57]. There is currently
inadequate data on the presence and persistence of antigen-specific memory B-cells or
long-lived plasma cells in gastrointestinal mucosa and whether these might mediate more
direct local protection from infection or disease.

5. Innate Immune Responses to Cholera

Microscopic characterization of intestinal mucosal tissue obtained by endoscopic
biopsy shows that V. cholerae disrupts components of the epithelium and is associated with
an influx of inflammatory cells, including neutrophils, lymphocytes and macrophages,
into the lamina propria [69,70]. At a molecular level, early changes include the increased
expression of a wide array of antibacterial effector proteins such as lactoferrin (LTF),
lipocalin2 (LCN2) and Bactericidal/Permeability-increasing-fold-containing family B mem-
ber 1 (BPIFB1; also known as LPLUNC1), as well as oxidases including nitric oxide synthase
(NOS2) and dual oxidase 2 (DUOX2) [71–73]. V. cholerae infection also results in the up-
regulation of key cytokine signaling hubs. Several of these activated signaling pathways,
such as the NLR family pyrin domain containing 3 (NLRP3) inflammasome and interferon
regulatory factor 7 (IRF7)/type I interferon, are not typical of the innate immune response
to pyogenic bacterial infections and are instead more typical of the response seen with viral
infection [73].

The functional significance of the innate immune responses to V. cholerae infection is
not fully understood. While the innate immune system does not entirely prevent infection—
since most immunologically naïve individuals who ingest enough organisms will become
infected—it nonetheless plays an essential role in directing the adaptive immune response.
For example, the innate immune response to live pathogenic V. cholerae results in the
expression of key cytokines such as IL-23 that promote B- and T-cell differentiation [74].

The innate immune system may also impact disease severity. For example, human
biopsy-derived enteroids (an in vitro model for the intestinal epithelium) engineered to
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express the human blood group O-antigen are more susceptible to the effects of cholera
toxin than enteroids expressing the A-type antigen [75]. This provides a molecular basis for
the link between the blood group O phenotype and increased disease severity, and also may
explain why the lowest prevalence of the O blood group phenotype in the world is observed
the Bengal region of South Asia, where cholera is historically endemic [76]. Similarly,
a genome-wide association study found that variations in both the type I interferon and
NLRP3 inflammasome signaling pathways have been under strong selective pressure in
Bangladesh, suggesting that these cholera-linked innate immune responses have played an
important role in human survival historically in this region [77].

6. Interaction between Microbiota and Cholera Immunity

The composition of the gut microbiota may also impact susceptibility to V. cholerae
infection, the clinical severity of disease, and subsequent immune responses. For the
identification of microbial markers associated with susceptibility to infection, a recent
study characterized the microbiota of close contacts of cholera patients in Bangladesh [78]
by measuring the gut microbiota at the time of a shared exposure to the household case
or common water source. The study assessed the microbial composition before and after
exposure and found that the gut microbiota predicted susceptibility to infection at least as
well as the clinical risk factors known to contribute to susceptibility, such as age, baseline
vibriocidal titer, and blood group O-status.

Several taxonomic groups, such as Enterobacteriaceae and Streptococcus, were corre-
lated with the stool of individuals who developed infection. At the same time, the genera
Prevotella, Bacteroides, and Lactobacillus were more dominant among contacts who did not de-
velop infection during the follow-up period. Using the same cohort of household contacts,
a metagenomic study was conducted that identified specific gene groups that correlated
with the development of infection [79]. For example, iron metabolism and regulation genes
were more common in the gut microbiota of persons who did not develop infection after
exposure. Like most bacteria, V. cholerae has several mechanisms of scavenging iron in the
gut, and defects in iron metabolism have been shown to be critical to V. cholerae virulence
in animal studies [80–82]. Bile acids are also metabolized by the gut microbiota and may
impact susceptibility to V. cholerae infection. The bacterium Blautia obeum has been found
to impact the ability of V. cholerae to colonize an animal host by degrading taurocholate,
a conjugated bile acid [83]. V. cholerae senses taurocholate in the small intestinal environ-
ment and this triggers virulence factor expression; however, in the presence of B. obeum,
this effect is reduced [83,84]. These studies demonstrate that commensal microbes in the
human gut microbiota may potentially impact susceptibility to V. cholerae infection, through
signaling molecules or other mechanisms. They may also impact responses to oral cholera
vaccination. This remains an area of active study.

7. Mucosal-Associated Invariant T (MAIT) Cells

Mucosal-associated invariant T (MAIT) cells are innate-like T-cells defined by the
expression of an invariant T-cell receptor (TCR) alpha chain, Vα7.2 (TRAV1-2) in humans,
with a limited diversity of TCR beta chains [85–87]. The MAIT TCR recognizes microbial-
derived metabolites of the riboflavin biosynthetic pathway presented on the MHC Class
1-related protein, MR1 [88]. MAIT cells make up approximately 1-10% of T-cells in healthy
human blood, and are enriched in the liver, skin, lymph nodes and intestinal and respiratory
mucosa [86,89–93]. MAIT cells are potent producers of pro-inflammatory cytokines and
cytotoxic molecules and have been shown to provide protection against mucosal bacterial
pathogens in murine challenge models [94–97]. Given their potential to participate in
both innate and adaptive immunity, MAIT cells have been postulated to play key roles
in mucosal infections. Observational studies have shown that MAIT cell frequency is
reduced in the blood of humans with mucosal infections [98–101]. This finding, along
with an increase in activation and gut homing markers [98,102,103] suggests that MAIT
cells may traffic to the mucosa during infection. Despite their enrichment in the human
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gastrointestinal (GI) tract, knowledge about MAIT cells in the context of GI bacterial
infections remains limited.

V. cholerae is capable of de novo riboflavin biosynthesis using the riboflavin biosyn-
thetic pathway [104]), the intermediates of which can activate MAIT cells [105]. Flow
cytometric analysis of MAIT cells in Bangladeshi adult and pediatric patients present-
ing with severe culture-confirmed cholera showed that at seven days post-cholera onset,
peripheral blood MAIT cells had increased expression of activation markers, and MAIT fre-
quency was significantly decreased in pediatric but not adult patients, suggesting potential
trafficking to the mucosa [106]. In support, analysis of duodenal biopsies and peripheral
blood MAIT cells from another cohort of adult Bangladeshi cholera patients revealed
increases in duodenal lamina propria MAIT cell frequency and expression of gut homing
markers in peripheral blood MAIT cells [107]. Changes in frequency of peripheral blood
MAIT cells were also found to correlate with LPS IgA and IgG responses, suggesting that
MAIT cells may be associated with class switching for T-cell-independent antigens [106].
Furthermore, in a murine model of V. cholerae intranasal vaccination in T-cell deficient mice,
adoptive transfer of MAIT cells rescued V. cholerae-specific IgA responses and promoted
B-cell differentiation [108]. Although these data highlight that MAIT cells, especially those
in the duodenal mucosa, are activated in response to V. cholerae infection, further investiga-
tion into their function and phenotype is necessary to understand the role that MAIT cells
play in cholera immunity.

8. Conclusions

Our understanding of cholera immunity has greatly increased over the last two
decades. However, gaps remain in our understanding of the primary mechanisms of
protective immunity to cholera, specifically whether antigen-specific memory B-cells or
long-lived plasma cells are present and persist in gastrointestinal mucosa and the vari-
ous physiologic mechanisms of an effective antibody-mediated response against cholera.
In addition, further assessment of how the gut microbiome and innate immune response
modulate the adaptive immune response to infection and vaccination will be impor-
tant for a full understanding cholera immunity. These insights into the variation in
immune responses between natural infection and vaccination will lead to improved
vaccination strategies.
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Abstract: The “bench to bedside” (BTB) paradigm of translational medicine (TM) assumes that
medical progress emanates from basic science discoveries transforming clinical therapeutic models.
However, a recent report found that most published medical research is false due, among other
factors, to small samples, inherent bias and inappropriate statistical applications. Translation-blocking
factors include the validity (or lack thereof) of the underlying pathophysiological constructs and
related therapeutic paradigms and adherence to faulty traditional beliefs. Empirical discoveries have
also led to major therapeutic advances, but scientific dogma has retrospectively retranslated these
into the BTB paradigm. A review of the history of intravenous (I.V.) and oral therapy for cholera and
NDDs illustrates some fallacies of the BTB model and highlights pitfalls blocking translational and
transformative progress, and retro-translational factors, including programmatic modifications of
therapeutic advances contradicting therapeutic paradigms and medical economic factors promoting
more expensive and profitable medical applications inaccessible to resource-limited environments.

Keywords: cholera; non-cholera dehydrating diarrheas; translational medicine; history

1. Introduction

The intravenous (I.V.) and oral treatment of cholera and non-cholera dehydrating
diarrheas (NDDs) provide insights into translational medicine, spanning the period from
the birth of clinical laboratory science (the “bench”) in 1831 [1] to the development of
modern oral rehydration and maintenance therapy (ORT) in 1967–1968 (the “bedside”) [2],
which, in terms of saving lives, has been hailed as perhaps the most important translational
advance of the last century [3].

A translational medical advance rests upon three foundations: a valid causative
paradigm derived from a correct understanding of disease pathophysiology, a valid ther-
apeutic paradigm for correcting the pathophysiologic disorder, and a clinically effective
(and safe) methodology for delivering the treatment to provide a therapeutically beneficial or
life-saving outcome. The ‘bench to bedside” slogan overlooks the fact that between bench
and bedside are many factors which ultimately determine whether the therapy will be life
saving, useless, impracticable, regressive or deadly. The notion that the bench to bedside
concept of translational medicine proceeds in a linear manner is erroneous. Discoveries
at the bench can take years and even decades to translate to widespread adoption and
acceptance. In the case of intravenous (I.V.) and oral therapy (ORT) for cholera, the gap
of 127 years from the first correct pathophysiologic and partial therapeutic paradigms for
cholera (1831) to the 1960′s development of effective and safe treatment methods, and its
application to NDD therapy, implies that a more nuanced understanding of transitional
medicine is needed, based on historical review of the phases of translation.
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2. Material and Methods

Cholera and the NDDs share major aspects of pathophysiology, and methods of rehy-
dration and maintenance therapy for cholera are adaptable for treatment of NDDs. This
review will examine the causes of the lethally slow progress toward an effective and safe
cholera and NDD treatment regimen, including the pathophysiologic and therapeutic
paradigms underlying NDD treatment from ancient times until the arrival of the first docu-
mented European cholera epidemic in 1830 (the apocryphal period); the years 1831–1947
(the transitional period); and 1948–1968 (the translational period). Numerous contextual
translation-blocking factors and retro-translational factors delayed for 127 years translation
to a safe and consistently effective treatment, factors which continue even today to play a
negative role.

The key indicator of translational progress for cholera and NDD treatments is the
case fatality rate (CFR). Historically, persistent high CFRs indicated translational paralysis.
Treatments converging towards the modern CFR of less than 1% provide a key marker
of translational progress, achieved by the timely replacement of diarrheal water and
electrolyte losses with matching volumes of I.V. or absorbable oral solutions of similar
electrolyte composition.

3. The Apocryphal Period

Before 1831, the true extent of cholera and its epidemic frequency remain unknown,
due to lack of population-based clinical reports from the endemic areas in South Asia.
Microbiology did not yet exist, and Vibrio cholerae Pacini was as yet unknown, as was
cholera itself as we define it today [4]. Even clear, accurate, virtually pathognomonic
clinical case descriptions such as Latta’s in 1831–1832 (vide infra) are not found in surviving
documents before 1831.

In contrast, records of treatment recommendations for diarrhea go back several mil-
lennia [5]. The causes are today known to include a range from cholera and non-vibrio
cholera (caused chiefly by various types of Vibrio sp. and Escherichia coli), and other po-
tentially lethal NDDs of infants and children caused by rotavirus and other bacterial and
viral pathogens.

While no quantitative or accurate CFR data exist before 1831, cholera CFRs of 40–60%
or higher continued long after 1831 during a prolonged period of quantitative report-
ing up to the mid-20th century. Many preventable deaths still occur in cholera-affected
areas lacking access to modern treatment. NDDs outnumber cholera in incidence and,
before the development of modern therapeutic methods, took the lives of over five million
under-5-year-olds annually [6,7].

During the “apocryphal” period from ancient times up to 1830, the main causative
and pathophysiologic paradigms for diarrhea were (1) an imbalance of “humors” (bile,
phlegm, blood, wind) attributed to Galen and Greek predecessors and (2) a poison in the
blood, supposed to spread chiefly through the air [5]. Therapeutic recommendations were
aimed at correcting imbalances of the humors or removing the poison by bloodletting and
purging. Specific dietary or medicinal recommendations were not anchored in accurate
therapeutic paradigms or proof of efficacy, but on alleged dietary or preventive practices
of ancient hallowed authorities and/their modern interpreters, ranging from cereals or
farinaceous gruels (Galen [8], p. 666) to raw oysters ([8], p. 677) (also Galen [8]). The
treatments allegedly espoused by Galen and others over those centuries, including enemas
to clean the intestinal surface and remove noxious intestinal contents ([8], p. 663), were as
imaginative as the false theory of imbalanced “humors”. Though some of these reported
recommendations such as gruel or soups of chicken or beef appear to echo modern clinical
trial-based rice-, other cereal- or amino acid-based oral rehydration therapy [9], there is
no more evidence for efficacy for raw oyster therapy than there is that gruels or soups
of chicken or beef were tested in balance studies or administered in amounts sufficient
to match voluminous fluid losses in accordance with any effective therapeutic method.
Isolated uncontrolled case reports remain anecdotal, not translational.
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Apocryphal claims of different foods, dietary and medicinal treatments for cholera
became part of the material medica based on no quantitative evidence of clinical trials
or objectively documented reports of reproducible successful clinical outcomes. Claims
that recommendations for sugars, porridges, chicken soup and such represent early use
of oral therapy for cholera or severe NDDs overlook the lack of any evidence that such
dietary advice included any reproducible methods or reduced CFRs. A brief survey
of such recommendations and linked therapeutic methods illustrates that many dietary
recommendations are not equivalent to effective therapeutic methods. Use of a given
food or solution without a linked effective methodology or proof of net absorption and
concurrent reduction in CFRs is no translational breakthrough.

4. The Post-Apocryphal Transitional Period (1830–1959): Development of I.V. Therapy

Over more than a century after 1831, there is no mention of measuring and quantita-
tively replacing the diarrheal losses of water and electrolytes in a timely manner so as to
avoid recurrent shock, renal failure and death. The method of bolus I.V. infusions given
when shock recurred could not avoid decade after decade of 40 to 60% CFRs. Accurate
pathophysiologic and therapeutic paradigms existed by 1831–1832, but in the absence of an
effective and safe clinical methodology, the void was filled with a lethal array of irrational
and often counterintuitive and contraindicated “remedies”.

Howard-Jones [10] has thoroughly reviewed the 19th c. advances in cholera patho-
physiology and therapy and the numerous, mostly lethal traditional “treatments” of the
time, most derived from ancient pathophysiologic paradigms based on irrational medical
traditions supported by the medical hierarchy. Continued high CFRs confirm that succes-
sive treatment modalities failed to achieve life-saving outcomes during most of the 127 year
evolution from bench to graveside rather than to bedside. Current misunderstandings of
the progress, or lack thereof, in this period merit review of selected historical details.

By 1831, cholera had spread from Asia across Russia, Europe and into England, bring-
ing mass panic and innumerable old and new “treatments”, often including contradictory
modalities. The commonest remained bloodletting, the archaic causative and therapeutic
paradigm being removal of an unknown toxic element in the blood. To this end, bloodlet-
ting and replacement with transfusion of human and even animal blood was attempted in
the 1830s [11].

The arrival of cholera in Europe occurred at a time when the advances in chemistry
and physics of the 18th century were first being applied to biomedical phenomena. Serum-
specific gravity (sp.gr.) and chemical analyses of serum, clotted blood, cholera diarrhea
fluid and vomitus were introduced, but the analytic skill of the pioneer clinical biochemists
varied widely, and some specimens were analyzed fresh and others after long periods at
room temperature.

The correct pathophysiologic and therapeutic cholera paradigms evolved from patho-
physiological and therapeutic errors of William Stevens [12,13], who claimed cures using
various salts to convert the color of blood of terminal cholera patients from cyanotic into
a bright red color. In Moscow, Hermann published largely incorrect serum analyses but
partially correct inference of loss of blood water (and, incorrectly, acetic acid [14]) in 1830.
This led Jaehnichen to give a minute amount of I.V. water with acetic acid, apparently,
from his published remarks, to lubricate the thickened and inspissated blood rather than
to quantitatively replace the fluid losses of cholera. Then, the more accurate analyses,
pathophysiologic and therapeutic paradigms of O’Shaughnessy inspired the daring clinical
application of those findings of Latta (1831–1832 [15]), who advanced rational treatment as
afar as possible in the absence of sterile solutions and a valid therapeutic method.

5. William Stevens’ “Saline Treatment”

The observations leading to the correct pathophysiologic and therapeutic paradigms
for cholera were published in 1831–1832 during the European onslaught of cholera.
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Stevens’ reported in 1830 [12] and again retrospectively in 1853 [13] that yellow fever
patients had dark blood, indicating to him a lack of oxygen, and a bright red color returned
on adding salt in vitro. This “saline method” was extended to the dark color of cholera
patients’ blood as well, by giving small amounts of salt powder, saline solutions and saline
and other laxatives by rectal enema, by steam bath, by mouth or injection (a word which in
his texts is variably used to signify delivery not only parenterally in small amounts, but
also by orointestinal or other routes). As noted by Howard-Jones [10], he had no concept of
rehydration, only of inducing color change of the blood. He had no quantitative concept of
cholera patients’ salt and water losses or of their quantitative I.V. replacement.

Modern balance studies have proven that oral plain saline is not absorbed by cholera
patients and aggravates cholera diarrhea in the absence of glucose or other substrate in the
solution to enhance active sodium transport and thereby also promote concurrent water
absorption [16,17]. There is also evidence indicating the non-absorbability of colonic saline
enemas during diarrhea [18,19].

A review of William Stevens’ claims in his book titled “Observations On the Nature and
the Treatment of the Asiatic Cholera” [13] is warranted by the fact that despite his erroneous
pathophysiologic and therapeutic paradigms and the non-absorbability in cholera patients
of orally or rectally administered plain salt or saline solutions (or saline baths), several
unwary authors [20–22] have in recent years mistakenly reported that Stevens was a pioneer
in oral and I.V. rehydration therapy for cholera. This he was not, as critical reading of his
publications demonstrates.

Stevens’ second book is a belated attempt to rescue his reputation and defend his
claims of, in his words, “miraculous” cures of cholera patients using his “saline method”.
However, Steven’s book gives no single clear or succinct description of his “saline method”.
Several variants appear in different sections. In one, he states that “even at the eleventh
hour, if a warm saline fluid be thrown into the intestinal canal, this vital fluid is even then
rapidly absorbed by the absorbent vessels and the moment that this living fluid enters the
circulation it gives new electric life to the blood.” ([13], p. lvii).

In contrast, Latta correctly reported that oral or rectal saline brought no benefit to
cholera patients [15]. Stevens’ description of patients “throwing up” the oral salines are
consistent with the lack of benefit of non-absorbable saline powders and laxatives. The
latter promoted forceful evacuation along with the cholera stool, aggravating patients
discomfort. Anal corks prevented expulsion of intestinal contents after laxatives and
enemas [10].

Stevens held that “the non-purgative saline medicines were the most likely to be
useful, for they not only redden the colour of the blood, but by increasing its fluidity they
render it better fitted to serve its [intended].functions.” Applying this in Coldbath-Fields
prison in 1832 to patients with presumed cholera with “premonitory symptoms of diarrhea
and vomiting”, the treatment included a Seidlitz powder laxative, more active purgatives
(e.g., sodium tartrate), Epsom salts added to the Seidlitz powder, and then, “on the bowels
being moved, plenty of thin beef-tea, well seasoned with salt.” “If much irritability of the
stomach prevailed, a sinapism (mustard plaster) was applied to the gastric region, and
thirst was relieved with seltzer, soda or pure water ad libitum.” When the collapse stage
was reached, a strong solution of the same salts, at a temperature of 100 degrees, was
“thrown” into the bowels. Stevens claimed that the latter method succeeded far better than
“injection of the vital electric salts into the veins” and patients “were generally dismissed
cured in a few days.” [12,13]. Of these patients, none were entered as cholera cases in the
prison journal, but Stevens attributed this to an aberration of prison recordkeeping.

There was no standard case definition of cholera, which was regarded as a fatal disease
often, but not always accompanied with profuse diarrhea and vomiting, with stages based
on the patient’s appearance and general condition: “premonitory”, later “collapse”, and
(assuming survival after collapse) “reaction”. Case reports frequently included symptoms
and signs not at all characteristic of cholera as we know it (some were even said to have
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constipation ([13], p. 39)). Stevens’ critics found his results unreproducible; many patients
had mild diarrheas, or other non-diarrheal illnesses terminating in fatal “collapse” [23].

Stevens’ claims of “magical” cures were challenged by the medical authorities of the
day, leading to the vituperations pervading much of Stevens’ 1853 book. These critics,
including Sir David Barry, Mr. Wakefield and W.B. O’Shaughnessy, reported that examina-
tion of Steven’s reported cholera patients revealed that none of them had cholera. Stevens
retorted that his critics “were the mere instruments in the hands of the higher human
serpents, or the so-called physiologists, who are the leaders of the medical profession; for
even to this day they are the false teachers that come in the garb of sheep’s clothing, but
inwardly they are ravening wolves.” ([13], pp. 258–259).

An enema (italics mine) “composed of a large tablespoonful of muriate of soda dissolved
in warm water, sometimes with the addition of sugar or starch” administered “at as high a
temperature as the patient could well bear” was recommended, with additional “sinapisms
. . . .frictions.., warm towels” and “a pure air for the patient to breathe.”([13], p. 40).

Another patient received a Seidlitz powder laxative and mustard poultices with an
“injection” (evidently per os, quotation marks mine) of four salines in a pint and a half of
warm water, repeated until followed by a “copious motion” and then the saline powders
were repeated every hour and saline injections used every three hours with warm flannel
frictions and the third of a Seidlitz laxative given every half hour, and soda and seltzer-
water . . . from time to time” ([13], p. 243). Then, “a saline injection attempted to be infused
into the blood, but the veins were so completely collapsed it did not succeed. The patient
. . . could not swallow, but a warm saline fluid was from time to time thrown slowly into
the intestinal canal” ([13], p. 244]. The patient reportedly survived ([13], pp. 242–245).

In his 1832 book ([12], p.33), Stevens reported that 29 of 30 cholera patients survived
after drinking 2 tablespoons of salt in 6 ounces of water hourly and one tablespoonful of
a similar mixture cold every hour afterwards. Another iteration of the “saline method”
as noted by Jones ([10], p. 386) included oral administration of “strong solutions of non-
purgative neutral salts in half a tumbler of water” (see also ([13], p. 41)). Steven’s report has
sufficient detail to establish that his “saline method” could not have had any therapeutic
benefit due to the non-absorbability of plain oral saline or saline mixtures given by rectal
or dermal routes. The variable components and unspecified quantities of other oral fluids
and the tiny amounts given I.V., typically as a last desperate measure, could not avoid fatal
outcomes. There was no awareness of the need, nor any method used to match volume of
saline infusion by any route to volume of fluid losses.

In summary, there is no basis for considering Stevens an I.V. or oral rehydration or
maintenance pioneer, as his salines, whether powder or liquid, oral drink, enema or bath,
were non-absorbable in cholera and intended only to turn cyanotic blood red. He did not
conceive of rehydration and conducted no measures of intake and output. The oral plain
saline and saline laxatives that he recommended would have aggravated cholera patients’
diarrhea and dehydration. Use of oral salines in patients he claimed had cholera but who
actually had other diseases may have been harmless or even beneficial in isolated cases,
but provides no basis for considering Stevens as a rehydration pioneer. His “magical”
cholera cures were evidently delusional and he confused matters further by hailing others’
correct concepts of intravenous saline replacement of the large volumes of fluid losses
of cholera as if they represented proof and acceptance of his color change therapeutic
paradigm ([13], p. 488–491). The controversies arising over the rejection of his claims by
his contemporaries and his virulent condemnations of O’Shaughnessy and others who
debunked his claims make it clear that his saline method falls into the category of ineffective
cholera remedies of the period, lacking valid case definitions, correct pathophysiologic or
therapeutic paradigms or effective clinical methods. The concept of controlled trials did
not yet exist.
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6. Rudolf Hermann and Friedrich Jaehnichen

Cholera’s progress through Russia led to medical commissions tasked with formulat-
ing quarantine and other supposed control measures. In Moscow, the German expatriate
Hermann, a chemist, reported among the earliest measurements of serum sp.gr. in cholera
and of other substances [14] which his faulty analyses convinced him were present in
dehydrated cholera patients.

Hermann correctly interpreted the elevated serum sp.gr. as indicating loss of blood
water, but his erroneous acetic acid measurements on cholera stools led Jaehnichen to
conclude that I.V. water with added acetic acid might correct the inspissation of blood into
clotted material blocking circulatory function along with the alkaline blood and acid stool
erroneously identified by Hermann in cholera patients. Hermann performed no serum
sodium, chloride or bicarbonate analyses, reporting only his erroneous finding of acetic
acid, so Jaehnichen gave only 33 cc of dilute acetic acid (not saline or water) I.V. to relieve
the thickening of the blood. The patient died soon after [24].

As Howard-Jones noted [10], Hermann and Jaehnichen had no concept of volumetric
replacement of the diarrheal or emesis fluid losses. Hermann concluded that “the liquids
evacuated in cholera both by the stools and by vomiting form constituent parts of the blood,
which is deconstituted by their disappearance . . . the immediate cause of death is conse-
quently the thickening of the blood, which prevents its circulation.” ([10], pp. 385–386). He
continued that this “decomposition” was due to the “separation of the acid and aqueous
liquids that are evacuated in the diarrhea and vomitus of cholera patients.” ([14], p. 29).

Hermann surmised that intestinal absorption was blocked in cholera based on an
alkaline diarrhea fluid of a cholera patient fed a sodium hydroxide solution and speculated
that the diarrhea fluid originated as a transudate across the intestinal wall (later disproven).

Hermann ([14], pp. 29–30) agreed with Jaehnichen and others that cholera was an
affliction of the symphatique or “pneumo-gastrique nerve”. Here again is an ironic and
seemingly prescient but totally unrelated idea which in modern times has emerged as a
role for the nervous system and gut hormones in choleragenesis [25]. The chance use of
seemingly prescient but actually unrelated descriptive phrases often suggests ideas that
the authors could not have understood as we do today.

All Hermann’s reported analyses except the elevated serum sp.gr. were erroneous,
including absence of urea in anuric cholera patients. His finding of blood and stool
acetic acid may have resulted from detecting indole-3-acetic acid, a product of bacterial
metabolism found in contaminated blood and intestinal fecal matter [26]. Hermann noted
that others had in ten cases found the stools to be alkaline, not acidic. This he attributed
to “national differences” He also noted that other investigators at the time had reported
highly elevated serum sp.gr. values in terminal cholera patients (e.g., Thompson: 1.057;
Rose and Willstoch (Berlin): 1.0447 ([14], pp. 36,40). He believed that cholera blood had
lost its normal anatomical shape and was “decomposed.”

Hermann and Jaehnichen may have been first to connect the pathophysiologic dots
between raised serum sp.gr. and loss of water from blood via diarrhea and vomitus.
However, their therapeutic paradigm focused on the idea that the desiccated thickened
blood was decomposing into woody and polypoid masses which caused death by blocking
the circulation, compromising the heart. Their therapeutic paradigm was inappropriately
focused on eliminating the inspissation of the blood rather than replacement of the large
fluid losses, the true composition and volume of which they had failed to identify.

Hermann was not a physician and uncritically recorded the many irrational medi-
cal practices then prevailing ([14], p. 33) and not rejected by him or Jaehnichen, such as
venesection and commonly used ineffective and often lethal medicinals, herbal prepara-
tions, plasters, baths and enemas. These were essentially placed on a par with the idea
of replacing cholera’s fluid losses with small intravenous injections. Hermann’s incorrect
analyses and his omission of sodium and bicarbonate analyses led to Jaehnichen omitting
the crucial electrolytes lost in cholera diarrhea. Had Jaehnichen realized the volumes that
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were needed, and had he administered them as dilute acetic acid, fatal massive hemolysis
would have occurred.

7. O’Shaughnessy

In London, O’Shaughnessy at first pursued Stevens’ red color theory and advocated
giving salts with more oxygen than sodium chloride to redden the blood ([27], p. 31,
line 434). He read Hermann’s reports and, having performed his own remarkably accurate
determinations of sp.gr., sodium, chloride and bicarbonate levels in cholera patients’ serum
and diarrhea fluid, he published a critical report (10, p. 387 [28]) indicating correctly that
all but Hermann’s finding of an elevated serum sp.gr. were in error, including the findings
of acetic acid in the cholera diarrheal fluid, an alkaline serum and absence of urea in anuric
cholera patients’ serum.

O’Shaughnessy noted that Hermann’s specimens were mishandled, resulting in de-
composition with erroneous high levels of alkali in cholera patients’ blood and acetic acid
in cholera diarrhea. Modern analyses confirm the opposite: acidosis in the blood and highly
alkaline diarrheal fluid [29].

O’Shaughnessy’s new pathophysiologic paradigm, whether guided by (or in oppo-
sition to) Hermann’s and Jaehnichen’s reports or not, led him to the essentially different
and correct pathophysiologic paradigm of loss of water, salt and bicarbonate causing the
cholera syndrome, with the logical therapeutic paradigm being replacement of the water
and salt losses with I.V. solutions. The need for aseptic technique and sterile infusions
remained undiscovered translation-blocking factors.

O’Shaughnessy’s analyses led to these conclusions [28]:

1. The blood drawn in the worst cases of the cholera is unchanged in its anatomical or
globular structure.

2. It has lost a large proportion of its water, 1000 parts of cholera serum having but the
average of 860 parts of water.

3. It has lost also a great proportion of its neutral saline ingredients.
4. Of the free alkali contained in healthy serum, not a particle is present in some cholera

cases, and barely a trace in others.
5. Urea exists in cases where suppression of urine has been a marked symptom.
6. All the salts deficient in the blood, especially the carbonate of soda, are present in

large quantities in the peculiar white dejected matters.

As Howard-Jones noted [10], p. 387] O’Shaughnessy’s therapeutic recommendations
were “(1st) To restore the blood to its natural specific gravity and (2nd) To restore its
deficient saline matters. The first of these can only be effected by absorption, by imbibition,
or by the injection of aqueous fluid into the veins. The same remarks, with sufficiently
obvious modification apply to the second.” Absorption and imbibition were soon found
blocked in cholera.

However, O’Shaughnessy continued to recommend “other remedies: such as stimu-
lants, opioids, external warmth, etc., “which may be calculated to re-excite the circulation
and promote the required absorption . . . and “tepid water enemas containing a certain
proportion of the neutral salts” ([10], op cit; [28], p. 53). Unaware of the absorptive defects
in cholera, he stated: “I would expect much benefit from the frequently repeated use of the neutral
salts by the mouth or by enemata.”([10], op cit, p.-54) while noting that the salts in most cases
“pre-exist in the intestinal canal.” His crucial correct inference was that: “In the severe
cases in which absorption is totally suspended, and when stimulants . . . fail to re-excite
the circulation, I would not hesitate to inject some ounces of warm water into the veins . . .
and “dissolve in that water the mild innocuous salts . . . which in cholera are deficient.”
His conjecture would have been more accurate had he said “pounds” instead of “ounces”

He proposed a formulation with 6 ounces of water, to be repeated every 2 h, containing
sodium phosphate, sodium chloride, sodium carbonate and sodium sulphate, then covering
his bets by “also obey[ing] every local indication and use cold applications, leeches, etc.”.
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8. Latta

Inspired by O’Shaughnessy’s publications, Latta decided to replace the losses orally,
rectally or I.V. with significant volumes of saline solutions and noted for the first time
the failure of oral or rectal plain saline solutions to provide any benefit [15]. Treating
cholera patients at an advanced stage of their dehydration, or “collapse”, he infused up to
ten pounds of his saline solution using the Reid’s syringe used to bleed patients, and his
vivid and accurate descriptions noted the immediate striking improvement in moribund
cholera patients given such treatment. His solutions were hypotonic, containing less
sodium than in cholera diarrhea ([15], pp. 208–213) but capable of reviving patients without
inducing hemolysis.

Latta wrote ([15], pp. 275–277), “As soon as I learnt the result of Dr. O’Shaughnessy’s
analysis, I attempted to restore the blood to its natural state, by injecting copiously into the
larger intestine warm water, holding in solution the requisite salts, and also administered
quantities from time to time by the mouth, treating that the power of absorption might
not be altogether lost, but by these means produced, in no case, any permanent benefit,
but, on the contrary, I though the tormina, vomiting and purging were much aggravated
thereby, to the further reduction of the little remaining strength of the patient; finding thus,
that such, in common with all the ordinary means in use, was either useless or hurtful, I at
length resorted to throw the fluid immediately into the circulation . . . .. The first subject
of experiment was an aged female, on whom all the usual remedies had been fully tried,
without producing one good symptom; the disease, uninterrupted, holding steadily on
its course, had apparently reached the last moments of her earthly existence, and now
nothing could injure her—indeed, so entirely was she reduced, that I feared I would be
unable to get my apparatus ready ere she expired. Having inserted a tube in the basilic
vein, cautiously—anxiously, I watched the effects; ounce after ounce was injected, but
no visible change was produced. Still persevering, I thought she began to breathe less
laboriously, soon her sharpened features, and sunken eye, and fallen jaw, pale and cold,
bearing the manifest impress of death’s signet, began to glow with returning animation;
the pulse, which had long ceased, returned to the wrist; at first small and weak, by degrees
it became more and more distinct, fuller, slower and firmer, and in the short space of half
an hour, when six pints had been injected, she expressed in a firm voice that she was free
from all uneasiness, actually became jocular and fancied all she needed was a little sleep;
her extremities were warm, and every feature bore the aspect of comfort and health. This
being my first case, I fancied my patient secure, and from my great need of a little repose,
left her in charge of the hospital surgeon; but I had not been long gone, ere the vomiting
and purging recurring soon reduced her to her former state of debility. I was not apprised
of the event, and she sunk in five and a half hours after I left her . . . . I have no doubt the
case would have issued in complete reaction, had the remedy, which already had produced
such effect, been repeated.”

Writing to express his pleasure at hearing Latta’s results, O’Shaughnessy could not
resist making some further therapeutic suggestions, including minute doses of astringents
and stimulants (ammonia carbonate intravenously based on its toleration by horses, quinine
sulfate, dilute spirits and weak herbal decoctions ([30], p. 281).

Refining Latta’s therapeutic recommendations, Lewins ([31], pp. 243–244) noted that
“a large quantity must be injected, from five to ten pounds in an adult and repeated at
longer or shorter intervals as the state of the pulse and other symptoms may indicate;
whenever the pulse fails, more fluid ought to be thrown in to produce an effect . . . without
regard to quantity.” However, no treatment omitting the quantities of the fluid losses or
replacing all the losses as they occurred could lower CFRs.

Influenced by the prevailing concept of cholera as a disease with the three phases
of premonitory, collapse and reaction, treatment began too late and was focused on cor-
recting the collapse stage, which initial intravenous boluses appeared to do, after which
Latta recommended astringent enemas, hoping to stop the diarrhea and prevent recurrent
shock ([15], p. 276).
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The concept of continuous maintenance therapy after correction of shock to prevent
its recurrence, obvious in retrospect, had not occurred to anyone at this point. As Latta re-
ported, the initial startling improvement following such I.V. infusions was usually followed
by recurrences of collapse with frequent fatal termination. The actual average volumes of
I.V. saline given, though sufficient to transiently restore blood pressure and pulse, were far
below the amounts needed to replace the total volume of ongoing cholera fluid losses.

Two translation-blocking factors prevented Latta from achieving reliable recoveries
and wider acceptance of his innovation. Though he recognized that the patients who died
after initial I.V. saline infusions resuscitated them did so because of lack of timely repetition
of the infusions, the lack of a therapeutic method ensuring effective and timely maintenance
therapy after initial rehydration ensured continued high CFRs. Though serum sp.gr. was
measurable, its use as a monitoring tool to guide therapy escaped notice and/or actual
practice. Additionally, Latta’s sharp clinical eye, proven by his vivid descriptions, did not
lead to a standard method of monitoring clinical signs (changes in degree of sunkenness
of eyes, tenting of skin, etc.) to guide maintenance therapy. Without a means to monitor
ongoing losses and replace them in a timely manner, severely ill cholera patients invariably
faced multiple episodes of recurrent dehydration and shock, most ending fatally.

Though Latta described using “warm” I.V. saline infusions, the problem of the late
often fatal “febrile stage” indicates that the solutions and implements used were not
accidentally sterilized as might have happened had he first boiled the water, then allowing
it to cool to the desired “warm” temperature.

Regardless of the lethality of repeated rehydration rather than maintenance therapy
after rehydration, medical microbiology remained undiscovered, leading to a “typhoidal”
stage of fatal sepsis after I.V. injections of unsterile solutions. Lethal air emboli were another
impediment to wide acceptance [10].

Secondary factors which contributed to the stagnation of Latta’s I.V. saline therapy for
cholera were his death in 1833, the waning of the 1831–1833 cholera epidemic in the U.K.
and Europe and, when it returned, the continued popularity among physicians of bleeding
and myriad ineffective, often harmful traditional remedies and procedures. Practitioners
trying I.V. saline infusions reported mixed, usually transient results ([31], pp. 292–293)
followed by deaths. CFRs were acutely typically 70% or more; no method of measuring
input and output was developed. Controversy over Latta’s treatment preceded his death
from tuberculosis in 1833 [32].

Another less recognized factor was the “tinkering effect”, or the misguided modifi-
cations of formula or methods by various medical authorities introducing inadequately
evaluated innovations, whether useless, harmful or beneficial. For example, the use of I.V.
albumin by Parkes ([10], p. 391) and others or of I.V. milk infusions by Bovell ([10], p. 394)
had disastrous effects, helping to discredit the method.

I.V. saline was tried in Madras Presidency in 1832 but abandoned, although transient
improvement was reported [32]. O’Shaughnessy went to India in 1833, where he helped
introduce the telegraph and practiced an early form of photography ([33]. Though a
medical officer, no evidence exists that he continued cholera studies or altered the beliefs
or practices of colonial administrators or physicians during the annual cholera epidemics,
though Macgregor in 1838 in South India indicated he would use Mackintosh’s version of
I.V. therapy (vide infra) in “bad” cases [32]. An interesting example of post-Latta practice
was the work of William Marsden, who published a summary of his cholera treatments
from 1832 to 1834, with follow-up editions from 1848 to 1865 after cholera recurrences [34].

He notes O’Shaughnessy’s publications and, while ignoring Latta’s, espouses I.V.
saline infusions for advanced-stage cholera. He noted patients’ extreme thirst, but pro-
scribed oral fluids, fearing vomiting, while continuing to recommend Stevens’ “saline”
treatment, water (to clean the bowels) and also the purgatives and 2 h hot baths containing
7–14 pounds of salt for relief of cramps. He shared the opinion of those suggesting a
(mesenteric) neuronal mechanism of cholera. Marsden recommended Stevens’ oral salt
powders dissolved in a small quantity of water q 15 min (p. 46) to suppress the disease in
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the first stage (before collapse) and larger saline solutions (followed by water) to clean the
intestines. If the patient remained pulseless, he followed O’Shaughnessy’s recommendation
of “fluid corresponding in character as nearly as possible to the serum of the blood, injected
in sufficient quantity to fully restore the pulse”. Afterwards, opium (otherwise condemned)
and quinine, and then for survivors, rice, other farinaceous puddings and malt liquor. A
subsequent septic “typhoid” stage was again noted. His CFRs ranged from 31 to 90% in
patients receiving various treatments ([34], p. 61). One series with remarkably high survival
rates clearly included only patients with non-cholera diarrheas.

Like Latta, Marsden gave I.V. saline chiefly to terminal cholera patients after pulse
disappeared, noting that attending physicians must not be away for over two hours to
avoid losing patients due to unattended relapses; but his CFRs indicate that such absences
were the rule rather than the exception.

Marsden’s use of rectal cannulas for I.V. infusions is notable in the days before au-
toclaving. Sepsis due to unsterile infusions and a faulty method of replacing the large
unmeasured ongoing losses, by waiting for shock to recur, remained key translational
blocks to widespread adoption of I.V. saline as the treatment of choice. The same faulty
therapeutic methodology would ensure high CFRs until after 1959 [29].

In the decades after Marsden, numerous practitioners tried various I.V. and oral treat-
ments, among them MacIntosh, Magendie, Broussais, Lizard, and Wall. MacIntosh, in 1836,
used an I.V. solution close to normal saline and, like Latta, added bicarbonate. An experi-
mental addition of I.V. egg albumen was quickly abandoned. CFR was 84% ([10], p. 391)
but this was attributed to tardy treatment, the ill-fated but often repeated practice recog-
nized by Latta. Magendie’s cure-all “punch” contained a pint of chamomile infusion, 2 oz.
of alcohol, 1 oz. of sugar and lemon juice, along with frictions and heat. No method of
administration was indicated; 27% survival was claimed [35]. Broussais [36], like many
others, advocated what he called his “physiologic method”, including vapor baths, leeches,
plasters and sweet drinks, the latter given to induce vomiting rather than rehydrate. He
reported 97.5% survival using these treatments, but the Gazette Medical reported only
17%. Lizard [37], following Delpech, reported success in 30 cases with intravenous saline
and oral alkali. In 1893, Wall used an I.V. solution similar to MacIntosh’s but with more
bicarbonate (24 mEq/L.) [38], and added gelatin. CFR was 70% [39]. Lewis [40] used
oral alkali.

Borne by trade and the burgeoning shipping industry linking endemic to non-endemic
areas, cholera revisited England and the continent repeatedly during the 19th c., with Latta
and Lewins’ urging of persistent fluid replacement being ignored, little or no effective
treatment and a resurgence of maniacal or quack “cures”: extract of lamb testicle can be
added to Jones’ tally [41], along with a costly venerable concoction attributed to Galen,
called Theraica, consisting of wine, spices, purgatives and viper’s broth [42]. Stevens’ blood
color-changing “salines” continued to be debunked ([43], p. 64–65). Amid this morass,
Pacini, who discovered cholera vibrio, also advocated I.V. saline replacement therapy [44]
using a formula close to normal saline. Sterilization by boiling of water to prepare solutions
for I.V. use gained usage by 1892 ([45], p. 151) though pyrogens, while not usually fatal,
were not removed until 1938 ([46], p. 784).

The medical establishment continued to ignore or reject sound therapeutic paradigms;
and medical textbooks such as Osler’s ([47] p. 232–233) in 1907 advocated apocryphal
treatments such as morphine, reduced or enhanced oral intake (ice, brandy or coffee and
other drinks), cocaine, hot water lavage, heat, hot baths, hypodermic injections of ether and
enteroclysis with warm water and soap or tannic acid (3–4 L), as in the 1902 edition [10].
The sign that the enteroclysis had been thoroughly accomplished was when the patient
vomited the tannic acid bowel irrigant. S.C. saline infusions (4 g/L) and I.V. milk were
recommended “until the pulse returned”. Relying on return of a failing pulse to guide
repeat infusions [48] failed to save patients, as in Lewins’ day.
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9. 20th Century: Rogers

Sellards’ advocacy of bicarbonate or base precursors [38,49], used eighty years earlier
by Latta [15], led Rogers to add alkali to his hypertonic saline regimen, though Sellards’
advocacy was based chiefly on the mistaken idea that the alkali would prevent uremia.
When Osler’s text was updated by McCrae [50], revised recommendations included alkaline
stomach washes, hot baths, abdominal heat, castor oil or calomel purgatives, opium, kaolin,
potassium permanganate and pituitary extract and caffeine in case of collapse, and Rogers’
hypertonic saline injections (I.V., rectal, intraperitoneal (I.P.) or subcutaneous (S.C.)) [51,52],
repeated as needed to keep the blood pressure above (a mere) 70 and the sp.gr. below 1.063.
If uremic, the saline plus bicarbonate solution was recommended.

Rogers saw the gut as a passive osmotic membrane, assuming that I.V. hypertonic
saline would draw the diarrheal fluid back into the blood, preventing death [51]. This in
fact did not occur, nor did it account for potassium or bicarbonate losses or for adverse
effects of large infusions of hypertonic saline. Serum sp.gr. was used to estimate initial
degree of dehydration and rehydration fluid needs but was not consistently used to monitor
hydration status continuously to match I.V. fluid volumes to losses to reduce CFRs; sp.gr.
was eventually omitted from Rogers’ cholera treatment recommendations [53]. Fixed
amounts (4 pints) of I.V. hypertonic saline were given during the collapse or “algid” stage,
then stopped [53]. CFRs rarely fell below 30% [52], far above those ultimately achievable
with further advances in replacement solutions and therapeutic methodology.

Rogers’ methods were becoming more critically viewed, and modern methods of
analysis were reapplied to studies of cholera pathophysiology. Recommendations from
the British War Office as late as 1946 [53] noted that drugs were chiefly of little use, but the
traditional castor oil purgative (with brandy) and morphine for vomiting were retained.
Oral glucose was permitted, with Coramine, kaolin and pituitary extract for persistent
hypotension. Rogers’ I.V. saline with bicarbonate (and rectal saline) were noted, guided by
blood sp.gr. and blood pressure, but blood pressure monitoring replaced sp.gr. for faster
mass treatment, and the need for hypertonic saline and alkali solutions was questioned;
normal saline being simpler to formulate and more rapidly administered. I.V. glucose
(10–25%) or 4.5% S.C. without rationale was strongly advocated, However, archaica such
as essential oils, mixtures (opium, bismuth salicylate, chloroform, etc.) and rectal tannin
enemas, poultices and dry cupping over the kidneys, persisted, and waiting for blood
pressure to fall risked fatalities if used as the sole monitoring method without intake and
output measurements.

10. Robert A. Phillips

Phillips and co-workers in the U.S. Navy clarified the composition of cholera’s “rice
water” diarrhea and provided guidelines for appropriate I.V. replacement solutions. Ap-
plying the balance study technique, they developed optimal methods for rehydration and
maintenance of patients with severe dehydration due to cholera and other severe NDDs.

Phillips had devoted his professional life to research on cholera and its effects on
intestinal absorption of water and electrolytes. In 1948 [54], he and coworkers used modern
analytic methods to precisely compare the electrolyte content of cholera patients’ blood and
“rice water” diarrhea. They used I.V. normal saline with added bicarbonate and potassium
to replace the water and electrolyte losses [55]. However, their method of therapy was
based on bladder catheters to monitor urine output; and after initial rehydration, they gave
maintenance fluids only when urine output fell after severe dehydration recurred, too late
to totally eliminate fatalities. Though Phillips had developed the copper sulfate method of
measuring blood sp.gr. (other solutions had been used earlier), it was not used in Egypt
to closely monitor hydration status, nor were diarrhea fluid volumes measured. Patients
were at risk of recurrent severe dehydration, and 3 of 40 patients died [55].

Contemporaneously, several authors, perhaps inspired by parallel pediatric recommen-
dations, suggested calf or human [56] plasma infusions for cholera. Total I.V. requirements
were estimated from initial serum or plasma sp.gr. or monitored by venous pressure.
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Both oral and I.V. glucose with half-strength saline were recommended by Chaudhuri [57],
equally with oral plain saline, water or other beverages.

Continuing his pursuit of better treatments at NAMRU II in Taipei with Watten and
colleagues, the method of measuring the actual volumes of diarrhea and vomitus of cholera
patients (along with plasma sp.gr. monitoring) and replacing them with matching volumes
of I.V. fluids containing appropriate electrolyte content was developed further. As in the
earlier Egyptian studies, they used chiefly normal saline, later adding sodium bicarbonate
and potassium chloride as needed to correct acidosis and hypokalemia [29]. This method
could eliminate fatalities if delivered in a timely manner, with I.V. rehydration followed
by I.V. maintenance therapy given continuously to match diarrhea and vomitus losses
and avoid recurrent dehydration, shock and renal failure. Monitoring clinical signs could
obviate plasma sp.gr. measurements for routine clinical use [58–60].

A wood-frame (“Watten”) cot with a covering plastic sheet with a sleeve entering a
calibrated translucent bucket or one with a dip stick below [59] facilitated both balance
studies and management of cholera epidemics, and could be mass manufactured on short
notice. Physicians or nurses could monitor the level of diarrheal fluid lost q4–6 h by
glancing at the bucket and checking that the volume of I.V. fluids matched volume of losses.

Later, at the Pakistan-SEATO Cholera Research Hospital (PSCRL) in Dacca (now the
International Center for Diarrheal Diseases Research, Bangladesh, or ICDDRB, Dhaka,
Bangladesh), Robert Gordon and colleagues introduced a single I.V. solution matching
the electrolyte composition of adult cholera patients [60], and usable in pediatric cholera
patients, whose rice water diarrhea contained moderately less sodium chloride and more
potassium. This original “Dacca Solution” contained bicarbonate, but later versions re-
placed non-sterile B.P. grade sodium bicarbonate (requiring special equipment to sterilize)
with a base precursor such as acetate [61] or citrate [62], both ingredients simpler to auto-
clave. Lactate also had adherents [58] but etched glass I.V. bottles. Oral citrate had been
used earlier in an incomplete formula [63].

11. Parenteral to Oral Therapy: From Glucose for Calories to Glucose–Sodium
Coupled Transport

The translational mishaps that marked the historical path toward an I.V. treatment and
method reducing cholera CFRs virtually to zero were paralleled by a similarly complicated
series of events and non-events characterizing the development of a safe and effective oral
therapy for cholera and NDDs [6,7].

The Lancet statement that “The discovery that . . . glucose accelerates absorption of
solute and water . . . was potentially the most important medical advance this century” [3]
focuses on the scientific advances in understanding of intestinal absorption mechanisms,
particularly the co-transport of glucose and sodium ions, enhancing salt and water absorp-
tion. The statement reinforces the conventional translational paradigm of bench to bedside,
based on the assumption that the in vitro or animal model studies starting from 1959 [64]
linking sugar and salt absorption led directly to the demonstration of an oral therapeutic
paradigm and method capable of reducing [2,65] or eliminating [66,67] the requirement for
I.V. therapy and were the sine qua non of oral therapy’s translational success.

In fact, the historical sequence illustrates that empirical clinical observations rather
than basic science discoveries led to new pathophysiologic and therapeutic paradigms. Key
insights into therapeutic methodology then rescued advances from failures. The prevailing
wisdom that oral intake would aggravate diarrhea during the acute phase of illness had
to be overcome by the marriage of empirical clinical research and post facto confirmatory
basic science to establish that while the accurate therapeutic paradigm remained essential,
the key to translational success was not the route of delivery per se, but the absorbability
of the delivered fluid and an effective therapeutic methodology ensuring net positive gut
balance, i.e., that intake exceeded output.

As early as 1824 in India, where British health workers almost universally advocated
bleeding cholera patients and withholding all oral fluids, William Scot [68], considering the
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latter highly questionable, stated that “are we to pay no attention to the dreadful feeling
of thirst, which forms so general and so distressing a symptom of the disease, and are
we to disregard the state of the body, robbed, as it evidently is, in most instances, of all
its serous and aqueous parts?...” The free use of diluents is indicated by the raging thirst,
which prevails, and by the extent of the discharges, which evidently drain the system of
a large portion of its serous or watery parts. He recommended tepid diluent fluids such
as acidulated water, barley, rice, sago or arrow root decoction, chicken water or beef tea
given freely from onset (wine or spirits to be diluted in arrowroot or sago). Rice water or
pepper water could obviate caste restrictions on other liquids. Unfortunately, no methods
or quantitative advice were included, and he proceeded with recommending the litany of
opium, calomel, bleeding, and ipecac.

As noted above, Latta, in 1831–1832, had correctly reported [15] the failure of plain
oral (and rectal) saline to benefit cholera patients; and while Stevens had reported its
“miraculous” benefits, his work had been discredited, though some continued to believe it.

The first study linking salt with enhanced glucose absorption was published by Reid
in 1901 [69] but led to no oral therapy breakthrough, because Reid focused on the increase
in glucose absorption in the presence of salt, overlooking the obverse effect of glucose on
salt and water absorption. Considering salt entering the lumen to be a sign of deterioration
of his dog loop model, he curtailed his studies. There was apparently no awareness that
this was the normal role of sodium and chloride in intestinal osmoregulation.

Neither Reid nor anyone in the medical world was studying cholera pathophysiology
or new treatments; Rogers’ hypertonic saline was soon to become the accepted therapeutic
modality. The prevailing colonial order had little or no concern about cholera in the native
populations not served by any adequate medical facilities. Mortality from NDDs was very
high in the U.S. and Europe at the time, but pediatric therapy was based on avoiding oral
intake in the belief that oral intake would aggravate diarrhea during the acute phase of
disease. Reid’s discovery is an example of how a potentially ground-breaking basic science
observation published in a contextual vacuum can lead nowhere.

12. Hospital-Based Use of Oral Electrolyte Solutions with Glucose Added to Boost
Caloric Intake

Up to the mid-20th C., pediatric diarrhea therapy included an initial period with no
food given for 24 h and often longer. The treatment of cholera recommended by Osler in
1902 has been recorded by Howard-Jones [10]. By 1907, his treatment of pediatric NDDs
included alkaline stomach washes with castor oil or calomel purgatives with opioids and
chloroform, including laudanum enemas at six hourly intervals [47]—for alkaline stools
(then regarded as a sign of protein decomposition), carbohydrates (barley water); and
for acid stools, “beef juice”. Water and bicarbonate was delivered by mouth or bowel
(for acidosis) and normal saline by the slowly absorbed S.C. route, which had highly
undesirable effects including pain, infection and tissue damage.

As noted earlier, dietary recommendations per se, though perennially popular, are
not equivalent to effective treatments, i.e., use of a given food or solution is not by itself,
without a linked effective methodology and proof of maximal reduction in case fatality
rates, a harbinger of later medical breakthroughs.

Brown and Boyd [70] in 1922 advocated 12–48 h starvation, allowing oral water, S.C.,
I.P. and I.V. saline and glucose, and exsanguinating transfusions to remove supposed
toxins; CFRs were 39–80%. The ill-defined and inappropriate concept of “infantile intestinal
intoxication” long persisted as a clinical misnomer.

Powers in 1926 [71] recommended blood transfusions and starvation up to 12 days.
The rationale for blood or plasma transfusions was never clear, but was regarded as a way
to correct “shock”, actually caused by severe water and electrolyte loss leading to severe
dehydration, not by blood loss. Regarding oral fluids, he stated “By mouth . . . we give
water; we have tried Ringer’s solution and 2 to 5% glucose both in water and in Ringer’s
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solution. We have been unable to observe, as yet, any advantage in any solution over
water.” CFR was 33%.

The fundamentals of pediatric diarrhea therapy for decades remained the withholding
of oral intake for a variable period [70–92]. Gamble in 1943 suggested up to 20 days
without oral intake and some considered adequate oral intake sometimes impossible even
without vomiting [72]. Administration of electrolyte solutions or glucose by I.V., slow S.C.
or hazardous I.P. routes, along with plasma or whole blood transfusion, was considered
standard therapy. Resumption of oral intake could begin after correction of dehydration
using parenteral routes, but the lack of knowledge about the role of glucose in intestinal
salt absorption led variously to recommendations for oral glucose, plain water, plain saline,
half-strength Hartmann’s solution, glucose with saline or sucrose with saline [73,76]. Some
of these recommendations were potentially harmful by augmenting diarrhea or sodium
losses and by aggravating negative nutritional balance. While the non-absorbability during
cholera of oral plain saline without glucose was shown in balance studies, such studies
were rarely performed in non-cholera pediatric NDDs. Multiple antibiotics were used [84]
in the era before rotavirus and other viral enteric pathogens were discovered, despite no
benefit for most patients.

Use of oral glucose as part of cholera or NDD treatment continued as a recommen-
dation without provision of objective evidence of caloric or absorptive efficacy or net gut
balance studies. Such dietary recommendations, along with many other oral foods or liq-
uids (including oral plain saline without glucose) were unaccompanied by any reproducible
method or objective results in terms of reducing or eliminating I.V. fluid requirements or
eliminating high CFRs. If vomiting occurred, parenteral infusions were given, often for
many days.

There were no descriptions of any therapeutic method of administration linking
input to output or reference to any objective evidence of effect on outcomes. Formulaic
rules for parenteral therapy in hospitals or rehydration centers were often bewilderingly
complex [89].

Powers’ recommendations dominated pediatric NDD therapy over five decades, in-
cluding the inappropriate use of blood transfusions or plasma, which must have spread
untold infections with hepatitis C and B and other blood-borne diseases. Liberal use of
plain water by mouth or nasogastric tube during the first 48 h risked hyponatremia, and
slowly absorbed, painful I.P. and S.C. infusions were easily infected and disfiguring (espe-
cially S.C. 5–10% glucose). Treatment often included prolonged starvation and restriction of
oral solutions to the mildest cases or in late maintenance largely as a bridge to resumption
of diet. Sugars were often omitted from oral electrolyte solutions without determining
absorbability without them. Vomiting was widely regarded as an absolute contraindication
to oral intake without determining quantity and clinical importance. Antibiotic use was
indiscriminate, though few cases involved susceptible microorganisms (rotavirus and other
enteric viral pathogens had not yet been discovered.)

The overwhelming concern about vomiting, effect of oral intake on stool volume and
the belief in the ameliatory effect of starvation provided a strong negative bias against
expansion of oral rehydration and maintenance therapy during diarrhea. Globally, the
devastating effect on nutritional status of repeated episodes of starvation therapy on infants
experiencing ten or more diarrhea episodes per year was long ignored.

Darrow’s influential publications [74,75,79,82,88] employed an initial 2–5 day starva-
tion period, but his I.V. and oral potassium balance studies demonstrated the importance
of replacing potassium adequately (still an issue today) but did not include studies of
complete oral rehydration or maintenance solutions. Inadequacy of potassium replace-
ment persisted, particularly in areas of widespread potassium deficiency, due partly to
reaction to deaths from overaggressive potassium infusion [75]. Through the 1950s and
1960s, parenteral fluids were usually continued for 2 days or occasionally for 3–5 days [90].
Harrison recommended 12 days of parenteral therapy [84], including blood, plasma and
I.V. glucose-electrolyte infusions in severely dehydrated cases. CRFs remained relatively
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high despite reductions with improved parenteral therapy [88]. Withholding of food and
oral fluids for variable periods remained part of routine therapy and continued feeding in
early diarrhea was considered irrational [86,90] even after the nutritional benefits of early
feeding were demonstrated [80,87]. It was stated that “in most cases diarrhea ceases after
suspension of oral intake and start of parenteral therapy” [89].

In patients with mild or absent dehydration, most of short duration, almost any oral
fluid intake that does not aggravate diarrhea or electrolyte inbalance is safe to recommend,
and continued feeding avoids the harmful effects of starvation therapy. The repeated stress
on “resting the stomach”, “N.P.O”, and the like as an essential part of the therapeutic
approach to dehydrated pediatric diarrhea patients, and the concern that oral intake would
aggravate vomiting and diarrhea placed barriers blocking use of oral rehydration or oral
maintenance therapy as initial treatment for patients with profuse dehydrating diarrhea
prior to convalescence.

For years after the sugar/sodium transport literature grew, the pediatric literature
reflected little or no awareness of the effect of those sugars on intestinal absorption or
net gut balance. Sugar concentrations in oral solutions used for caloric purposes were
excessively high, leading to complications when absorptive capacity was exceeded [86].

While oral solutions with sugars added for caloric content in convalescent or mild,
non-dehydrated patients reportedly began in the U.S. in 1946 [91], oral intake continued to
be restricted during early hours of therapy and transfusions of blood, plasma or albumen
persisted [90] when dehydration was detected.

In contrast, “oral” (actually almost always nasogastrically administered) solutions
were used in South America at least as early as 1943 [93] initially using electrolyte solutions
with or without sugars, with no balance studies to demonstrate efficacy. As noted above, oral
plain electrolyte solutions aggravate cholera, and while not properly studied in pediatric
diarrheas before 1968, the same was true in one published case [89]. The rationale in 1943
was partly to avoid the harm resulting from infusions by S.C. and I.P. routes [93].

In the 1950s and 1960s, the use of electrolyte solutions, often but not always with
glucose or sucrose added as a source of calories, had wide application in South and Central
America [93–101] and So. Africa (102–104), administered chiefly by nasogastric tube to
infants with relative mild dehydration. Fixed volumes were given without reference
to actual volume of losses. Failures were promptly hospitalized; but even with close
supervision, CFRs were as high as 6.3%, compared to under 1% using modern rehydration
and maintenance therapy, though a significant improvement over prior local interventions.
With 24 h coverage at one hydration center, 20.4% were hospitalized and follow-up revealed
a 14% CFR after hospital discharge [99]; 77% were successfully treated by monitoring
clinical signs, but 7.4% required re-admission.

Various nasogastric or oral solution formulations were used in addition to I.V. ther-
apy [94,95], the oral fluids ranging from water, to tea, Ringer’s or other saline solutions with
or without sugar, sugar solutions with low sodium, etc. One formula closely matched one
shown effective in modern studies [96,97], albeit using sucrose instead of glucose, sucrose
being less effective [98] though usable if glucose is unavailable.

The reliance on gastroclysis necessitated administration in hospitals or special rehy-
dration centers with insufficient staff to cover night and holiday shifts adequately [99].
Patients were intermittently unattended and mothers were on their own for prolonged
periods if they were permitted to participate at all. The nasogastric tubes obviated direct
maternal control of therapy and required restraining infants by wrapping them in sheets
to prevent pulling out nasogastric tubes or turn to a position impeding flow ([99], see
Figure 1). Occasional deaths occurred when restrained infants aspirated regurgitated fluids.
Complex formulas used to calculate fluid requirements ensured dependence on the medical
supervision which was intermittently absent. Actual volumes of diarrheal and vomitus
losses usually went unmeasured, nor were intake and output routinely monitored. There
was also no published rigorous system of monitoring clinical signs of hydration status on a
continuous basis during therapy.
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Figure 1. ORT I & O SHEET: figures in liters.

Chlorophenothiazine was often used in attempting to control vomiting as a cause of
failure, despite a 23% incidence of significant side effects [100]. Antibiotics were given fre-
quently, and it took years to recognize their lack of benefit in most cases [100]. Gastroclysis
was never intended for use in severely dehydrated patients for either rehydration or main-
tenance fluid and electrolyte therapy and was eclipsed by the rapid development of centers
relying on I.V. infusions. The use of oral glucose for calories, along with electrolytes be-
ginning after the acute phase, remained essentially a dietary therapeutic recommendation.
Lower CFRs were achieved chiefly at centers employing improved use of I.V. electrolyte
therapy. The efficacy of gastroclysis relative to patients’ degree of dehydration and balance
data was never objectively established, though high rates of treatments avoiding parenteral
fluids were reported from some centers [99,100]. Attempts to transfer therapy to homes
were problematic for infants with profuse diarrhea in the absence of clear guidelines for
mothers and depended on elaborate personnel and referral facilities needed to ensure
success [95].

In the U.S., distribution of high-sugar commercial formulas and maternal errors in
preparing safe solutions led to epidemics of hypernatremia [86,91], and later of hypona-
tremia due to use of low-sodium (30 mEq/L) oral solutions [92]. Hospitalization for even
relatively mild dehydration was far more profitable even when outpatient treatment would
have sufficed, and the decreased incidence of severe dehydrating diarrhea diminished staff
expertise in its management and triage.

In the U.K. [78], Lawson used oral half-strength Hartmann’s solution (no sugar) in the
mildest cases, but gave serum I.V. Vomiting was considered an absolute contraindication
to oral feeding. CFR was 7%. In South Africa, oral Darrow’s solution was given after S.C.
infusions [102]. CFR was 14%. Another center [103] used oral or nasogastric half-Darrow’s
solution with glucose for up to 48 h. CFRs were omitted. Bowie [104] reported a regime
of half-strength Darrow’s solution in 1.5% dextrose by mouth for 24 h unless vomiting
persisted. CFR was, nevertheless, 9.5%.

13. Chatterjee

A widely quoted misinterpretation regarding the origins of modern oral rehydration
and maintenance therapy arose from H.N. Chatterjee’s 1953 Lancet article [105] titled
“Control of vomiting in cholera and oral replacement of fluid.” No balance data were
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presented to establish that net absorption was occurring in the small number of selected
convalescent or mildly ill patients treated orally. He described the use of promethazine and
chlorotheophylline (“Avomine”) to treat vomiting in cholera patients. The patients selected
for treatment were those whose condition was “relatively satisfactory”. Vomiting stopped
after one Avomine tablet in mild cases, and up to six tablets were given to patients whose
vomiting persisted 24 h. In modern studies, vomiting stops quickly after rapid rehydration
and correction of acidosis in most cases, rarely persisting up to 24 h after admission. So
the value of “Avomine” was not in fact established by its uncontrolled use. Chatterjee
claimed, however, that Avomine use permitted oral therapy with a hypotonic solution
(NaCl 4 g, 25 g glucose and later 2 g KCl per L) by stopping vomiting. Cholera diarrhea,
however, continued, for which he gave the juice of crushed leaves of Coleus aromaticus, an
antidiarrheal folk remedy which is rich in forskolin, a cyclic AMP enhancer [106]. This
in theory should aggravate diarrhea as do cholera toxin or VIP, but Chatterjee claimed it
controlled the diarrhea, permitting oral therapy. (No controlled clinical trial confirming
his claims was performed.) He stated that 33 mild cases among 1093 cholera patients (3%)
were successfully treated using this tripartite regimen and an additional 153 moderately
severe cases received oral and rectally administered glucose-saline solution. Only 17% of
the 1093 cholera patients received no I.V. therapy, the majority of his patients receiving only
I.V. therapy. As there is no evidence that rectal glucose-saline solutions have any beneficial
effect in cholera, his reported success, with no balance data, probably was due to his choice
of mildly ill patients rather than his treatment regimen. His solution contained 68 mEa/L
Na+ vs. 133 in adult cholera stool.

Without balance data, the amount of net absorption of Chatterjee’s oral solution is
unknown. His report is anecdotal rather than evidentiary, even for his selected non-severe
patients. His choice of glucose was not based on any effect on intestinal absorption, as such
data did not appear until 1959 [64].

Separately [107], he reported that antibiotics, including tetracyclines, did not check
the diarrhea or reduce mortality in cholera (proof that antibiotics did in fact shorten
cholera diarrhea duration and volume appeared later). Therefore, he gave crude juice from
Coleus aromaticus to 200 cholera patients whose diarrhea stopped within 24 h in 40%, 48 h in
74% and 72 h in 92.5%. Controls (every 6th case) received kaolin and bismuth suspension,
and their diarrhea stopped within 24 h in 55%, 48 h in 12.5% and 73 h in 30%. Both groups
received routine treatment of shock, presumably with I.V. therapy. Patients also received
antihistamines (then believed protective against uremia) and vitamin C. Whether the Coleus
extract had an antidiarrheal or antibacterial effect remains unknown; Chatterjee noted that
it caused an early appearance of rough colonies of V. cholerae, whereas smooth colonies
persisted in the control group.

14. The Translational Steps Leading to Modern Oral Rehydration and
Maintenance Therapy

The advance to a successful practical oral rehydration and maintenance therapy
has been meticulously recorded by Joshua Ruxin based on tape recordings of all the
principle workers involved in its evolution [108]. This documents the essential links
between empirical and laboratory basic science and the crucial role of clinical insight and
methodology. A brief summary with some additional details will illustrate some parallels
between the evolution of I.V. and oral treatments for cholera and NDDs.

In the early 1960s, Phillips and coworkers measured changes in net diarrheal losses dur-
ing intestinal perfusion of plain saline in cholera patients and found it unabsorbable [109].
This was consistent with the paralyzed sodium pump theory of cholera pathophysiology.
Potassium and bicarbonate were found to be absorbable during cholera. He reported that
plain water was also absorbable, but this observation was possibly incorrect, based on mis-
taken interpretation of the finding that the patients given plain water to drink developed a
slight increase in urinary output of low sp.gr.
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Given the derangement of intestinal osmoregulation by cholera toxin demonstrated
in the dog cholera model [110], hypotonic intestinal saline solutions are not absorbable,
but their luminal tonicity is adjusted by increased plasma to lumen sodium chloride
secretion. In cholera patients, this leads rapidly to marked negative sodium and chloride
balance. Resulting hyponatremia triggers ADH suppression and consequent increased
hypoosmolar urine output [111] that Phillips took as proof of water absorption. His studies
had shown major net sodium losses and rising plasma sp.gr. during intestinal plain water
perfusions [109]. Thus, the extent, if any, of plain water absorption during cholera remains
an open question. His statement that a patient drinking water was maintained in water
balance is contradicted by the rise in plasma sp.gr. during the oral period.

Phillips then added glucose to the perfused saline solution and observed for the first
time that the glucose was absorbed and induced a reduction in the net rate of sodium ion
losses, indicating that the coupled glucose-saline transport mechanism was not inactivated
in cholera [16]. According to several sources [108] and as Phillips stated [16], his choice of
glucose to add to plain saline solutions for intestinal perfusion of cholera patients was to
determine the intestinal response to raising the saline solution tonicity with a nonelectrolyte.
The effect of glucose on water absorption was not mentioned, since he believed that plain
water was absorbable by itself in cholera [109].

Phillips’ observations in the early 1960s were made at the very beginning of what after-
wards became a vast literature on coupled substrate/sodium absorption, but little had been
published at the time, and the early studies were in vitro and in animal models, published
in journals unlikely to have been available to NAMRU-2 in Taipei, since in those days
journals arrived many months late. His early work omitted those references, suggesting, as
he indicated, that his glucose observation was empirical, exploratory, investigational and
open ended. After observing the decreased net salt losses accompanying the addition of
glucose to the saline perfusions, he proposed a new therapeutic paradigm: to use glucose
to stop the cholera diarrhea by promoting reabsorption of intestinal luminal fluid. The
question of the ongoing effects of cholera toxin on the intestinal mucosa was not addressed:

“We also demonstrated that dextrose when given by mouth is absorbed and in its
absorption sodium and chloride ions are absorbed along with water, with an amelioration
of the diarrhea. This is a dose-dependent response but unfortunately, if sufficient dextrose is
given to stop the diarrhea (italics mine), most patients develop nausea and vomiting. Thus the
hope for a simple method of treating cholera by this procedure did not materialize.” [112].
Translational progress was derailed by a faulty therapeutic paradigm: he believed that
glucose could promote absorption to such an extent as to stop the cholera diarrhea abruptly;
patients would reabsorb their own diarrhea fluid. Intake and output measurements would
be obviated, along with the need for medical staff, hospitals and I.V. fluids. To achieve
this, he devised a highly concentrated glucose and electrolyte solution to be given to acute
phase cholera patients by oral or nasogastric routes.

Though he was later characterized by some as uninterested in practical applications
and in pursuit of only basic science goals [108], he was in fact eager to test the glucose
finding a potential treatment breakthrough, and sent a team to test the concentrated glucose
and saline solution during a cholera outbreak in the Philippines.

The Philippine trial was a failure, and 5 of some 30 patients died. Deaths were
attributed by a visiting observer to cardiopulmonary decompensation from overhydration
due to combined absorption of the oral or nasogastric solution plus continued excessive
I.V. infusions [108]. A likely precipitating factor was massive net water loss into the
intestinal lumen precipitated by the hyperosmolar concentrated solution used. The defect
in osmoregulation of luminal contents in cholera, in which hypertonic solutions are adjusted
chiefly by rapid luminal influx of water [110], was not yet identified.

Ironically, Phillips, whose work led to the modern I.V. therapy of cholera based on
balance studies and intake and output measurements, had not conceived of the alternative
paradigm of using an isotonic oral glucose-electrolyte solution for replacing ongoing losses
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of water and electrolyte balance after correcting shock with I.V. rehydration fluids (or
rehydrating and maintaining patients not in shock with the oral solution alone).

The most likely reason for this failure was Phillips’ assumption that the solution would
stop the diarrhea by causing patients to reabsorb their own rice water fluid [112]. The
alternative of having patients drink up to 100 L of an absorbable solution to replace their
fluid losses must have been viewed, if at all, as impossible to implement in most cholera-
affected areas, which had no medical personnel, supplies and equipment to implement
the matching principle. The possible solution of tying the amount of oral solution to be
imbibed to the patient’s clinical signs of hydration status was not then considered. Another
factor may have been his adherence to the theory of the paralyzed sodium pump theory of
cholera pathophysiology [113]: if glucose freed up the paralyzed pump, it might stop the
diarrhea. However, glucose was not an antidote in the traditional sense; it could enhance
salt and water absorption to replace diarrheal losses, not stop them.

Importantly, the adjuvant value of antibiotics in shortening the duration of cholera
had not yet been discovered. Many antibiotic trials had “failed” due to flawed designs in
which mortality was the endpoint in studies in which fluid and electrolyte therapy was
inadequate. In that setting, the value of adequate antibiotics could not be revealed. Only
after the use of tetracycline (and later other appropriate antibiotics) along with rehydration
and maintenance I.V. therapy was tested in 1964 could the shortening of diarrhea from a
mean of 1.8 down to 0.8 days be revealed [114,115]. Before this beneficial effect of antibiotic
therapy on cholera duration was demonstrated, the prospect of up to 9 days of large volume
oral therapy probably seemed unachievable.

Phillips’ research strategy was notable for n of 1 studies, which he used effectively
when studying basic physiological functions which varied little between subjects. If the
result came up positive, a larger confirmatory study could be performed; if negative,
further studies would await additional supportive data. Many of his cholera studies were
performed on one or two subjects.

In 1965, Love at NAMRU II, using the n of 1 approach, referenced the active transport
literature and reported that in the rabbit ileal loop cholera model, net water and salt
absorption followed use of a glucose-containing electrolyte solution, noting the apparent
contradiction of the sodium pump paralysis concept [116]. He also used the solution orally
in a single (relatively mildly ill) cholera patient to demonstrate brief achievement of net
positive gut balance. Love mentioned the therapeutic potential, but his report did not
lead to renewed interest in a clinical trial based on the new principle, suggesting that the
negative aftermath of the failed Philippine clinical trial persisted.

The shock of the failed trial was traumatic enough to bias Phillips against allowing
any further attempt to develop an oral therapy for cholera, and there the matter might well
have ended had David Sachar not arrived on the scene to serendipitously revive interest in
the glucose issue that Phillips had serendipitously discovered.

As Ruxin noted [108], Sachar and Hirschhorn were among the series of young investi-
gators sent abroad to conduct research on diseases which were of military importance. At
the time, such assignments at NIH in the Public Health Service satisfied the requirement for
military service during the Vietnam war. Sachar’s study in cholera patients would extend
Love’s findings in the rabbit model and one cholera patient and would again test Phillips’
theory that cholera resulted from paralysis of “the sodium pump”. He trained to measure
intestinal transmural electrical potentials at Ussing’s lab in Denmark, and arrived with an
apparatus to do so in cholera patients. When glucose or galactose was added to the lumi-
nal saline solution, an increased potential appeared, indicating sodium absorption [117].
Hirschhorn, observing Sachar’s results, recognized the potential importance of this finding
beyond the conflict it created with the paralyzed sodium pump theory, and asked Phillips’
permission to study it further. Phillips had, after publishing the brief mention of the glucose
effect in 1964 [16], suppressed information about the failed Philippine oral therapy trial and
withheld approval, sharing with Hirschhorn the failed Philippine ORT trial as an indication
that the oral route would never be safe or effective.
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However, Hirschhorn convinced a reluctant Phillips to permit a further study not for
any therapeutic goal, but to explore further the absorption of glucose and other sugars
in cholera patients. Communications exchanged between the investigators at the PSCRL,
Dacca (now Dhaka) and the Johns Hopkins Center for Medical Research and Training
(JHCMRT), Calcutta (now Kolkata) led to a study confirming achievement of positive net
gut balance during glucose-electrolyte perfusion periods, as Love had shown in a single
patient. The link to the transport literature was now firm Hirschhorn was about to return
home, as were the lead ICMRT investigators, and the final translational step remained
uncertain and unrealized.

At the 1967 U.S.–Japan cholera conference in Los Altos, brief abstracts of the two
groups’ findings were presented, stating that: “Glucose and galactose (two sugars asso-
ciated with the enhanced active transport of sodium) markedly reduce the stool output
in actively purging cholera patients when given by mouth along with isotonic electrolyte
solution in large quantities” [118].

Actually, it was net diarrhea fluid losses, not stool output per se that was reduced,
and the sugar-electrolyte solutions were given not by mouth but solely by nasogastric or
intestinal tubing. Net positive gut balance was not actually mentioned.

The ICMRT abstract stated that “Significant absorption of water, glucose and elec-
trolytes was observed which varied with glucose concentration” [119]. It is notable that
nothing but these two brief abstracts were published or made available in draft form before
the successful spring 1968 oral maintenance trial in Dhaka was complete.

In final published form in July, 1968, the findings were summarized somewhat differ-
ently: ”The rate of intestinal fluid loss was decreased significantly . . . .when electrolyte
solutions containing glucose were administered intragastrically or into the intestine for
periods of 12 to 32 h [120]” and “A study of patients with severe cholera has demonstrated
absorption of glucose and a definite improvement in net water and electrolyte balance
during intragastric infusion of glucose-electrolyte solution. In most patients studied, water,
electrolyte and acid-base balance were maintained satisfactorily for 12 h (out of a total
48 h study period) solely by the intragastric infusion of glucose-electrolyte solution.” [121].
The two reports concluded that “further investigation of the role [of oral solutions] was
warranted but cautioned that intravenous solutions remain the mainstay of the successful
treatment of cholera” [120], and “The results suggest that oral glucose therapy could be
of value in the treatment of cholera and that the requirement for expensive and scarce
I.V. fluids may be reduced thereby” [121]. The possibility that the findings might have
significance for NDDs beyond cholera was not mentioned.

In sum, the studies of Hirschhorn, Pierce and co-workers confirmed and expanded
Phillips’ earlier report of the glucose effect in cholera patients, but did not constitute or
demonstrate the efficacy of oral or nasogastric fluids for eliminating the need for intra-
venous maintenance or rehydration therapy. This time the added linkage to the factor of
the “intact” (vide infra) active transport mechanism of sodium, and with it chloride and
water, during cholera when glucose was present shifted the therapeutic paradigm from
stopping the diarrhea to diminishing the net fluid and electrolyte losses by infusing glucose
plus electrolyte solutions via intragastric or intraintestinal tubes. The losses were still huge
and prolonged, and it was not clear how this would become a useful practical treatment.

Oral therapy per se did not yet exist, since both Hirschhorn and Pierce and colleagues
had kept patients on I.V. fluid drips during the study, and the study periods with gastric
or intestinal perfusion via plastic tubes were alternated with lengthy periods of I.V. main-
tenance therapy. Neither report included the volumes of I.V. fluids the patients received.
Patients’ fluid losses were huge and long-lasting, and the problem of vomiting and the
methodological context remained unresolved issues. Importantly, Hirschhorn, Pierce and
colleagues had shifted away from the therapeutic paradigm of stopping the diarrhea, while
illuminating a broader range of responses to sugars in cholera patients. Demonstration of
the (clinical bedside) success of oral rehydration or maintenance therapy per se and proofs
of efficacy and of effectiveness in the field were still awaited, but without Hirschhorn’s
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and Pierce’s finding that intragastric glucose-electrolytes infusions improved sodium ab-
sorption and net water and salt balance during cholera, Phillips’ finding that glucose did
not stop the diarrhea might have kept the oral therapy concept buried as a few lines in the
literature, as quoted above.

In recent years, it has been found that substrate-enhanced active sodium transport
in cholera is not merely intact as previously thought, but is in fact increased [122]. This
fascinating paradox of increased absorption of sugars (and some amino acids) enhancing
active transport of salt and, with it, water during the most profound diarrhea, arising from
chloride secretion linked by the cystic fibrosis transmembrane regulator (CFTR), awaits
further research in the quest for a therapeutic intervention capable of quickly stopping
cholera diarrhea, as sought from O’Shaughnessy’s to Phillips’ time and today.

The fall of 1967 arrived with a unique absence of cholera in Dacca (now Dhaka).
PSCRL staff, equipment and supplies were moved to Malumghat, between Chittagong
and Cox’s Bazaar to help manage a cholera outbreak near the Christian Memorial Hospital
located there. On arrival, we found the wards empty; local mullahs had warned the
affected Muslim village populations against entering the Christian hospital, claiming the
“sign of the pig” would be put on their foreheads. As cholera was seen as always fatal,
they were persuaded to let their beloved family members die in the huts. Dr. Zahidul
Haque, a Chittagonian dialect speaker, joined a visit to the affected villages to convince the
elders to permit treatment of their affected family members. Ultimately, convincing them
necessitated starting I.V.s in the huts, demonstrating, as Latta had described, the apparent
miracle of the almost dead rising back to life within minutes. The hospital wards soon
filled up [123].

The former Director General of Health of East Pakistan, Dr. Fahimuddin, led a visit
to the local thana (police station) to check the scope of the epidemic. The officer in charge
was relaxing with his feet crossed up on his desk. As Fahimuddin had a quiet, unassuming
manner, the officer did not budge until we informed him who Fahimuddin was, upon which
he hastily jumped to his feet and nervously asked how he could assist us. His response
to Fahimuddin’s question as to the extent of cholera in the area was to insist that there
was none, though we had been treating patients there. This gave immediate insight into
the total lack of reporting of cases and the absence of any governmental will, compassion,
organizational ability and resources to prevent cholera deaths. The thought of the patients
dying unattended in their village huts reinforced the urgency of developing a treatment
that would overcome the factors preventing life-saving medical care from reaching them:
cost, non-availability of supplies, lack of trained personnel and governmental inaction. It
could be available in every village. Additionally, if it worked in cholera, it would work in
all the less profuse, albeit lethal NDDs affecting both children and adults.

No publication on the glucose effect in cholera was yet available except Phillips’ orig-
inal observation and the brief abstracts presented at Palo Alto. However, Rafiqul Islam,
a PSCRL staff clinician, had authored a protocol to be implemented at the Malumghat
hospital, of the feasibility of a nasogastrically administered glucose solution whose elec-
trolyte composition, though low in potassium, approximated that of cholera diarrhea. The
version implemented differed in minor details from the version included in the PSCRL
1967 Technical Committee Report [124]. The method, apparently adopted from that used in
Hirschhorn’s study, was flawed in that patients were given fixed quantities of the solution
with no matching between volumes of losses and of oral fluid intake. After intravenous
fluids corrected shock, patients who lost a liter per hour but were given the fixed volume of
500 or 750 mL of oral solution per hour (depending on weight) became rapidly dehydrated
and slipped back towards shock, necessitating termination of the study. Patients who
lost 250 mL per hour but received 500–750 mL per hour of oral solution soon became
edematous due to overhydration. This was the second oral therapy study to fail, due partly
to the idea that only a highly simplified method, requiring only a fixed oral dose with the
fewest measurements or clinical skills, could possibly be useful. Even though the annual
increases in patient admissions to the cholera hospital’s wards in Dhaka had reached levels
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challenging the ability of the hospital to meet I.V. fluid production needs, the use of oral
maintenance therapy as a means of drastically reducing those needs remained unrealized.

When the trial was terminated, careful review of the data made the pattern of failure
evident: underhydration, overhydration, underhydration, overhydration . . . yielding the
insight that oral therapy had to work if only a method of matching the losses with equal
volumes of an oral glucose plus electrolytes solution closely matching the electrolyte
composition of cholera diarrhea was used. Being new to cholera and having just mastered
basic intake and output monitoring of cholera patients, using Watten cots and I.V. therapy
with 5–4-1 solution for both rehydration and maintenance, the crucial oral therapeutic
methodology fell into place. A new revised oral maintenance therapy protocol was drafted
using a matching volumes method.

Patients either drank the solution or received it or by nasogastric tube: the results were
the same, showing that nasogastric tubes were unnecessary. Intravenous needs of the most
severely dehydrated patients in shock were reduced by 80%. Subsequent studies showed
that most patients with non-cholera diarrheas could be rehydrated and maintained with
oral fluids alone, using the new methodology. Vomiting, which had posed a psychological
barrier to oral intake, proved to constitute in the majority of patients an insignificant fluid
volume, not a barrier to positive fluid balance, at this stage of disease. Future training in
ORT technique would focus on this point.

The translational development of an absorbable oral solution and an effective method-
ology of administering it addressed the persistent unavailability of the intravenous fluids
and therapeutic methodology (persisting even today as reflected by the CFRs in some
recent cholera and AWD outbreaks). Eight years passed from Phillips’ first observation that
cholera patients’ intestine could absorb oral saline if glucose was present to the first transla-
tion into an effective therapeutic method was published in the Lancet 17 August 1968 [3].
Further studies proved that most cholera and NDD patients not in shock, and even those
with severe dehydration and moderate hypotension [9,66,67,125–127] could be rehydrated
and maintained using oral glucose-electrolytes solutions alone. Today, over 90% of patients
can be rehydrated and maintained with ORT alone. An exception is patients early in the
course of severe cholera with early massive vomiting [128].

The development of modern oral glucose-electrolyte rehydration and maintenance
therapy as initial treatment, and the completion of treatment within a relatively short
period, radically altered therapy and made it possible to extend it beyond hospitals and
treatment centers into homes.

The final translational breakthrough was the realization that volume of oral intake
had to match volume of losses. Since, with tetracycline, diarrhea volume decreased in each
successive 4–6 h monitoring period, matching previous periods’ losses ensured positive
gut net water and electrolyte balance and maintenance of hydration (Figure 1).

Treatment monitoring forms were used in the pivotal first successful oral therapy study
using an ORS averaging the adult and pediatric cholera stool electrolyte compositions [2].
After correction of shock with initial I.V. rehydration, patient received the oral glucose-
saline solution to drink. Diarrhea and vomitus volumes were measured using Watten
cots, calibrated stool buckets and bedside basins. Volume of oral solution to drink was
matched to volume of losses in the previous 4 or 6 h intake and output (I & O) period.
Tetracycline given orally after rehydration ensured duration would average 32 h [114,115],
during which gut net balance (oral solution volume imbibed minus diarrheal losses in
the bucket) was monitored. (Other antibiotics can be used based on vibrio antimicrobial
sensitivities, particularly for children.)

Note that the I & O record shows that matching the volume oF ORS to drink to the
volume of losses in the previous I & O period results in sustained positive net gut balance,
since cholera diarrhea volume decreases with successive I & O periods when adjuvant
antibacterials are given. In most cases, vomitus losses proved negligible compared to
diarrhea losses.
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In retrospect, this seems an obvious conclusion, already employed for intravenous
therapy, but it had escaped a series of investigators skilled in the field, due in part to the
magnitude of losses, the exaggerated fear of vomiting compared to actual vomitus losses of
patients at this stage of their disease, the hesitation to accept the feasibility of using such
a method outside of the hospital orbit, and the bias towards attempts to stop rather than
replace the outflow of water and salts. The traditional framework of hospital-based rather
than home-based treatment also played a role.

The matching principle employed an ORS formulation containing electrolyte con-
centrations close to those in cholera stool. Use of lower concentrations requires cholera
patients to drink volumes exceeding losses, to avoid electrolyte imbalances, a method
that may exceed patients’ drinking capacity and possibly raise risk of overhydration. For
use in pediatric NDDs, the 2:1 ratio of oral solution intake to water was successful in
many studies, while avoiding (and even treating) clinically significant hypernatremia or
hyponatremia [98,125–127].

The puzzle of how to successfully extend such a therapy to patients at home and before
dehydration became clinically significant depended on a method of using the therapeutic
paradigm and effectively adapting it to clinical signs and symptoms of hydration status
recognizable by mothers, enabling them to use the ORS successfully at home. It could reach
every village. Additionally, if it worked in cholera, it would work in all the less profuse,
albeit lethal non-cholera AWDs affecting both children and adults.

A successful large field trial conducted at the rudimentary Matlab Bazaar field treat-
ment center using paramedical workers and nurses [65] set the stage for the use of oral
rehydration and maintenance therapy in a epidemic of cholera (79% in one sample of
100 patients) and cholera-like ADWDs under disaster conditions. Indira Gandhi’s office
was notified of the potential for the new ORT method to ameliorate the cholera epidemic
then in the refugee camps near Kolkata during the 1971 refugee crisis in India precipitated
by the Bangladesh independence war, and forwarded the information to the Indian Min-
istry of Health on or before 21 June 1971 [129]. Shortly afterwards, Dilip Mahalanabis and
colleagues arrived and utilized the WHO formulation of ORS (90 mEq Na+) to save many
cholera patients’ lives in the camps with limited amounts of I.V. fluid available, extending
the use of oral maintenance to using family members and paramedicals to keep patients
drinking, and oral rehydration alone in milder cases. CFR was 3.6% among 3700 patients
treated, compared to an estimated 30% in the camps in general [130].

The success in treating the 3700 refugees (79% confirmed cholera in 100 sampled)
helped secure the strong support of the WHO, UNICEF, the USAID to mount a global ORT
program with enormous impact. Adaptation of the ORT method was extended to less
profuse but still often fatal NDDs in hospitals, field treatment centers and in homes with a
strong emphasis on effective maternal instruction and substituting monitoring of clinical
signs of hydration status for intake and output measurements [131].

Annual mortality from diarrheal diseases among under-5-year-olds fell from five million
to under 500,000 by 2018 [6,7].

15. Conclusions

What does the review of the history of development of I.V. and oral rehydration and
maintenance therapy tell us about translational medicine? Among the factors blocking
translational success were the entrenched erroneous concepts and opinions regarding
pathophysiologic and therapeutic paradigms and their undue establishment in the medical
literature, which, even in the modern era, has been noted to contain a significant proportion
of erroneous information [132].

Lapses in clinical methodology also negated correct paradigms, some of them, in
retrospect, seemingly simple and obvious. Just as the need to replace water and electrolyte
losses orally with volumes of glucose-electrolyte solutions matching those of the preceding I
& O period was missed, so was the necessity for maintenance I.V. fluids to prevent recurrent
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dehydration and shock in the 19th C. development of I.V. therapy, due probably to the
prevalent misconception of cholera as a “three-stage” disease terminating in “collapse”.

Clinical science was ahead of the as yet unborn sciences of microbiology and biomed-
ical engineering, referred to by Howard-Jones as the “interdependence” of the different
branches of science. This posed the anti-translational barriers of sepsis and air emboli.

The effect of serendipitous empirical observations such as Phillips’ glucose findings
revealed a mechanism allowing intestinal absorption in cholera patients, bringing science
to the bedside. However, a faulty therapeutic paradigm interrupted translational progress.

The science of active transport, though not in the historical chain of events leading to
Phillips’ initial observation of the glucose effect was nonetheless influential in sustaining
support for the rationale of oral rehydration and maintenance therapy, even though the
heightening of this effect above normal levels in cholera was not recognized until oral
therapy was already widely used.

Active transport research also led directly to testing amino acids [17] and other sub-
strates and optimizing electrolyte and substrate concentrations in the ongoing quest for an
ORS capable of reducing duration and volume of diarrhea.

Realization of the social and societal consequences of centuries of neglect of the
population at risk played a role in the prioritization of the effort to develop an inexpensive
and readily available oral therapy, and helped overcome the relatively low priority given
applied medicine relative to basic science in the research establishment.

Lastly, the completion of the revolution in diarrhea therapy was the result of transla-
tional “side effects”, including abandonment of traditionally recommended but unnecessary
blood and blood product transfusions, reduced harm associated with I.V. therapy (multiple
venepunctures, need for restraints, overhydration with edema, infection and thromboem-
boli) and the transfer from hospital/treatment center to home therapy. Additionally the
traditional use of oral electrolytes without substrates and of high calorie-oriented glucose
or sucrose concentrations prolonging diarrhea and electrolyte imbalance was phased out.

16. Afterword

The decimation of annual under 5 AWD deaths from 5 million to approximately half a
million by 2020 [6,7] was achieved with the original WHO Oralyte formulation containing
90 mEq/L of sodium. The Oralyte formulation was adaptable for treatment of both cholera
and NDD patients, both adults and children, the former when patients drank one and one
half times their fluid losses and the latter matching losses using the 2:1 method [9].

Regretfully, the excellent global track record of highly satisfactory effectiveness and
safety has undergone retro-translational alterations, and the historical tendency toward “in-
novations” as “improvements” has resulted in altering the original WHO ORS formulation
to a “low” sodium formulation inadequate to maintain sodium balance in cholera patients,
in whom the “low-sodium ORS” confers no benefit but has potential for harm from sodium
depletion [9]. Its safety in cholera and NDDs has been inadequately studied [9]. Where
antibiotic-resistant V. cholerae are prevalent, diarrhea persists for 9–10 days and patients
receiving oral or nasogastric replacement with the low-sodium ORS will develop severe
and life-threatening sodium losses. The low-sodium ORS for cholera and severe NDDs
puts at risk the global translational benefits achieved for both cholera and pediatric severe
NDDs with the original single Oralyte ORS formulation. A more rational modification, if
one were deemed necessary, would be to promote two different ORS formulations, one for
cholera and one for NDDs.
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Abstract: For ORT to have a maximum impact on public health it should be used in the community,
in the home. A number of programs have been developed over the years to extend ORT to home use.
One of the most successful approaches was the Oral Therapy Education Program (OTEP) developed
by BRAC, the world’s largest NGO. Mothers were taught in the home by an OTEP worker using
seven simple messages and a demonstration. The program, which led to high levels of use and
knowledge retention, is described. What the OTEP and other successful home-based programs have
demonstrated is that home care of diarrhea using ORS can be effectively implemented and can have
a positive impact on the reduction of diarrhea morbidity and mortality.

Keywords: oral rehydration solution (ORS); oral rehydration therapy (ORT); community-based care;
OTEP; BRAC

1. Introduction

The development and proof-of-concept of oral rehydration solution (ORS) and the
treatment package of oral rehydration therapy (ORT) were many years in the making, from
physiologic studies to the first clinical applications in 1968 [1]. The reasoning behind this
effort was to expand therapy to those areas where intravenous (IV) fluid, needles, and IV
tubing were not available and where health personnel were in very short supply—that
is, in most countries where cholera was a significant health problem. ORS was to be
an intervention for use not only in health facilities but also in the home. Though ORS
was originally developed for cholera, there is increasing evidence that it is effective in all
types of infectious diarrheas, ranging from rotavirus to the recent demonstrations of its
effectiveness in Ebola-related diarrhea. It seems to be a universal treatment.

For ORS to be most effective in reducing diarrhea morbidity it has to be used where
cases occur. This article examines efforts to extend the use of ORS to the community—to
local practitioners and mothers and other home-based care givers.

2. Early Efforts

Soon after the clinical studies demonstrated the effectiveness of ORS in treating adult
and childhood cholera and non-cholera diarrhea, efforts began to extend care to rural
treatment centers and the home. Early interventions focused on producing packets of
electrolytes and glucose for wide distribution. Packets were originally designed to be
added to one liter of potable water, with instructions written on the packet. The World
Health Organization (WHO) heavily endorsed this concept, and training courses were
set up worldwide to teach doctors how to use ORS. The United Nations Children’s Fund
(UNICEF), under the leadership of Jim Grant, established a number of facilities for the
production of ORS packets. The United States Agency for International Development
(USAID) was a major contributor to conferences and workshops to help disseminate
knowledge about ORS and to support programs to expand distribution. Packets were
an attractive idea as they standardized the composition of ORS, were easy to distribute,
and could be sold by shops and pharmacies. There were flaws in this strategy, however,
especially in the poorest countries. A mother or other child caregiver had to be literate to
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read the instructions; the person making up the solution had to have a liter container to
mix the water and salts; and there had to be an effective distribution system to send the
packets to the village and home. Despite these issues, WHO was initially opposed to any
other methods of delivery and any change in the formula. One size was designed to fit all,
including the size of the packet.

Use of ORS in the community was less extensive than might have been expected
both because of these limitations and the resistance of some health providers, especially
doctors. To many it seemed counterintuitive to give oral fluids when the child had diarrhea,
and there was little money to be made in selling such an inexpensive product. This led
a number of governments and community-based organizations to try other methods of
delivering ORS and increasing use. Rather than attempting to review these many efforts to
increase community and home-based use, this article will focus on one program that used
innovative strategies to greatly increase use in a very large population—the Oral Therapy
Education Program (OTEP) of BRAC, a large Bangladeshi non-governmental organization
(NGO) [2].

3. The BRAC OTEP Program

Founded in 1972, BRAC is a Bangladeshi NGO that is presently the largest in the
world and has been ranked the number-one NGO globally over the past 5 years. BRAC
is especially known for scaling up programs to reach millions, whether it be through
microcredit, mobile banking, primary education, water and sanitation, health interven-
tions, or multiple other development programs. In 1980 OTEP began a 10-year effort to
educate every Bangladeshi mother about ORS and to teach them how to prepare and use
the solution.

As in so many low-income countries, diarrhea was the cause of up to 30% of infant and
child deaths. There was a significant shortage of MBBS physicians (the degree of a trained
allopathic doctor), estimated at less than 1 per 10,000 in rural areas, and fewer nurses, with
most care delivered by unlicensed village doctors (or village “quacks”) or through local
drug sellers in village shops. Based on the WHO approach, the government established the
National Oral Rehydration Program (NORP) which was designed to distribute the oral
therapy packets to pharmacies and treatment facilities, and to teach doctors throughout
the country. The number of treatment facilities was limited and most did not have a full
complement of health personnel. Female literacy was less than 5% and there were no
standard 1-liter containers in the countryside. It was no wonder that knowledge and use
with respect to ORS were limited. BRAC concluded that the only means of spreading the
use of ORS to reduce diarrhea morbidity and mortality was to teach women, all women,
how to prepare and use ORS in the village, in the home.

Treatment was literally put in the hands of the mother. A local experiment indicated
that a 3-finger pinch of salt (labon) and a hand scoop of raw sugar (gur, which is half glucose
and half fructose but also contains potassium) dissolved in a half a liter of water (500 cc)
produced an oral solution with a sodium content of approximately 50 mEq/liter. This
labon-gur solution (LGS) was tested in adult patients with non-cholera diarrhea treated at
the Cholera Research Laboratory in Dhaka (now the icddr, b). The outcome was similar to
that of a group with mild to moderate diarrhea given the standard WHO-recommended
solution. Though WHO had serious reservations about promoting incomplete home-based
solutions, BRAC began field tests, convinced that successful treatment of child diarrhea lay
in convincing the mother to hydrate with an available and appropriate solution, and that
the packet-based program would not work in rural Bangladesh.

Though a national program was not yet being considered by BRAC there were four
questions that remained to be answered in designing their program: What should be the
message content? Who should be the recipients of the message? What should be the
method of teaching? Who should be the teachers? The response to each of these questions
would shape the creation of the program and how it was to be evaluated.
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Mothers were the obvious recipients of the message, and given that less than 5% were
literate, the message had to be crafted so that literacy was not required. To reach mothers
in the village, teaching had to be provided in the home by women. Lastly, the message had
to be simple and practical, with a primary focus on teaching how to prepare the solution.
Originally, in the program it was decided that the message would involve 17 points. The
message was reduced to 10, and finally 7 essential points (see Box 1) [2]. What is not often
appreciated is that it takes much more skill to simplify than to complicate. This is often true
of public health messaging, which often suffers from providing unnecessary information
in a long format.

Box 1. The 7 points to remember in the BRAC OTEP program were as follows.

1. Defining different terms for diarrhea—i.e., “dud haga”, “ajirno”, “amasha”, “daeria”, or “cholera”
and their effects
2. Symptoms of diarrhea
3. Simple management of loose motions (replacing salt and water in the body)
4. Preparing ORS (3-finger pinch of salt, 1 fistful of gur/sugar, dissolved in 1 half-seer of water or
500 cc
5. Administration of ORS
6. Advice on nutrition (continued breastfeeding, rice, curry, other household foods)
7. Prevention (drinking water from a safe source, keeping food clean, breastfeeding)

Teachers were called oral replacement workers (ORW). The ORWs were all women
recruited from the districts in which the program was conducted. They were 20–35 years of
age, had about 10 years of schooling, and did not have children younger than 3 years of age.
The original training was for 5 days and focused on teaching techniques and recordkeeping.
There were daily feedback meetings and a 1-day refresher course every 3 months.

Each ORW visited up to 10 women a day with each encounter lasting about 20 min. All
the ORWs were recruited from the villages. The ORW would go house to house, teaching
the method of a 3-finger pinch of salt (labon) and a fistful of raw sugar (gur) or refined
sugar to each half-liter of water. This will be referred to as the “labon-gur” solution. To
ensure the mother had a half-liter container, the ORW carried the proper-sized cup. She
requested the mother to bring any container from the kitchen into which a half a litter
of water was poured and a scratch mark made on the pot to designate how much water
should be used. The water used was the best available drinking water normally used in
the home. Boiling the water was not encouraged as it added another step, increased fuel
consumption, and there were no studies indicating that childhood diarrhea would worsen
if contaminated water was used.

The ORWs were not given a fixed salary but were paid on the basis of their perfor-
mance as educators. That is, the more the mothers learned, the more they were paid. To do
this it was necessary to develop an effective monitoring system. Each ORW kept a list of
the mothers she taught. A supervisor would randomly select a 10% sample that would
be given to the monitor to visit and interview. All monitors were young men who could
travel from village to village, something that a single woman could not do. The monitors
had no direct contact with the ORWs.

The mother was asked about the 7 points and to prepare the labon-gur solution. Her
responses were graded according to the following criteria: A—answered 6–7 questions
and prepared the solution; B—answered 4–5 questions and prepared the solutions; C—
answered 2–3 points and prepared the solution; D—could not prepare the solution. From
these results the ORW salary was calculated. For all mothers graded as A, the worker
received Taka (Tk) 4 (USD 0.025 using the 1980 exchange rate) multiplied by the number of
mothers she had seen in a given period of time; for B she received Tk 2; for C she received
Tk 1; and for those graded D she received no compensation. Major emphasis was placed
on ensuring that the mother knew how to correctly prepare the labon-gur solution.

If the program maximized worker payments it was because mothers were learning.
The incentive system resulted in more attention being given to improving the teaching
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technique, and suggestions came from the bottom up. As the ORW demonstrated and then
asked the mothers to prepare the solution, communication with the mother increased, as
did interest in the teaching session.

4. Scaling Up the OTEP

The mantra of the BRAC founder, F.H. Abed, was “Small is beautiful but big
is necessary”.

When the pilot program of OTEP demonstrated that ORS could be prepared by village
women who remembered the 7 points, the next step was to plan to teach every mother
in the country in order to scale up the program. Small groups of 6–10 ORWs fanned out
across the country, spending 4 weeks at a community facility at the union level (a union is
the smallest administrative unit in Bangladesh and is composed of 9 villages). They were
accompanied by a cook and a chowkidar (watchman). From the community center they
reached all the villages in a union. As the program expanded it continued to evolve based
on feedback from the OTEP staff, the Technical Advisory Committee, and the Research and
Evaluation Division of BRAC. Some important changes included: establishing field labs
to monitor the quality of the ORS; revising the 7 points; involving men at village markets;
teaching about ORS in schools; increasing the length of stay in a union from 4 to 6 weeks;
teaching small groups rather than individuals; improved monitoring; and experimenting
with cereal-based ORS. As men were often the decision makers deciding what treatment
should be given to the child, they also had to be informed of the method and its value.

Factors affecting the successful scaling-up of OTEP can be summarized as follows:
management; performance-linked salary; planning; recruitment; training and staff develop-
ment; communication; logistics; feedback and coordination; staff commitment; government
support; international support; use of outside expertise; and funding.

Was the OTEP a success? As the objective of the OTEP was to teach each and every
mother in Bangladesh to prepare and use ORS to treat diarrhea, success could be measured
by different criteria: coverage; knowledge; management; use, impact; replication; and
sustainability. In the evaluation of any intervention, time is a critical factor. How long
should it take to change ideas and practice? The OTEP program lasted 10 years, so it
should be evaluated over that period of time. OTEP field workers visited all the villages
(except a few in tribal districts where there was civil unrest), which translated into 12
million households, though the number of women taught was higher as some households
had more than 1 woman. Over 90% of mothers knew of and could prepare ORS, and the
vast majority of them were capable of preparing a clinically safe and effective solution.
Even 15 years after the initial encounter with an OTEP worker, ~70%, reported knowledge
and use.

An important indicator of success is how frequently and the degree to which ORT is
used in treating an episode of diarrhea. If all types of diarrheas—mild, moderate, or severe,
watery or non-watery—were included in the denominator, about half of the episodes were
treated with ORT (LGS, packet ORS, or other rehydrating fluids). If the denominator was
more rigidly defined as only more severe cases, use increased to 82%. Today, Bangladesh
has the highest use rate of ORT to treat diarrhea of any country.

Measuring mortality from a constellation of conditions like diarrhea is problematic
as there are many causes and contributing factors to overall mortality, especially in envi-
ronments where mortality is high. Studies examining “process” measures (retention of
knowledge, use rates, perception, etc.) have been far more useful and much less costly. If
mothers retain the knowledge, they are more likely to use ORT with increased frequency
and volume if diarrhea appears to be more severe. Evidence suggests that in higher-risk
groups (infants, children, and the elderly), diarrhea-related mortality was reduced and
there’s no doubt that ORT use has contributed to lowering overall diarrhea mortality [3,4].

There are many lessons from the BRAC experience with ORT in developing the
message, spreading the message, increasing use, and scaling up health education projects.
One observation is that mothers, regardless of their degree of literacy, have the capacity to
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learn given the right kind of teaching. The message was based on previous experiences
(childcare and cooking), addressed the well-recognized problem of child diarrhea, and
was culturally acceptable. By preparing the solution at home using ingredients usually
available, no money had to be spent by the mother unless she had to purchase gur or sugar.
Simplifying the message was essential; a guiding principle of health education should be
to keep the necessary ideas and discard the others. Simplifying is not “dumbing down”.

In spreading the message in the community, different strategies were used. Firstly, the
quality of teaching was linked to the salary of the ORW. This led to suggestions coming from
the “bottom up” as there was a strong incentive for workers to improve their performance.
The more the mothers learned, the higher the salary. The OTEP messages were reinforced
through education of the men, school programs, and the use of newspapers, radio, and
TV, though the latter was not widely available in rural areas. Programs were designed to
reach local health care providers, with most being in the informal sector, and drug sellers.
Even though there was limited monetary gain associated with increased home use of
ORT, the outreach to health providers reinforced the messages, limited negative pushback,
and increased their skill set. Packets of ORS salts in Bangladesh are now designed to be
dissolved in a half-liter of water rather than the standard liter packet, demonstrating the
degree to which the message has been adopted.

Knowledge led to increased use, which was measured in various ways but most
importantly by first asking women. The use of ORT can also be deduced by the numbers
of children coming to hospital with diarrhea and the state of hydration of these children.
The number of visits should be reduced and the level of dehydration should improve.
Measuring mortality is often at the request of a donor, but process measurements proved
to be far more important.

What are the lessons regarding the scaling up of programs such as OTEP? Observations
from BRAC have been framed as follows [5]:

Innovation is a process of iteration, learning, evaluation, and implementation,
requiring patience;

We should start by learning and recognize that social innovation is a constant adjustment;
We should focus on what needs to be reduced, not added—simple solutions

scale easier;
Get decision makers to pay attention;
The goal is improvement, not total change.
BRAC has a clear institutional vision—the alleviation of poverty—and a commitment

to scaling up. Pilot programs were developed with robust monitoring, evaluation, and
research as critical components. Scaling up was achieved through a simple message and
information was delivered directly. Staff were trained prior to scaling up. As a learning
institution, BRAC embraced feedback and failure. Like any implementation program there
were tensions within the strategy, but the program was flexible. BRAC also worked with
the government, not in competition, so programs complimented each other.

A number of global initiatives were taking place when the OTEP program began,
which lent credibility to their effort and others to increase community use (see Box 2).
That a simple solution could have such an impact on infant and child health and that
this technology could be put in the hands of mothers changed the meaning of primary
health care.

Box 2. Policies and programs that contributed to increasing community use of ORT.

1. Alma Ata and ”Health for All”;
2. WHO’s commitment to expanding the use of ORS;
3. UNICEF and its Growth monitoring, Oral therapy, Breast feeding and immunization (GOBI)
program;
4. The role of NGOs (such as BRAC), other NGOs, and GNGOs;
5. Global meetings (e.g., ICORT I, II, III);
6. Inter-sectoral collaboration and increased support for applied research; and
7. Private sector marketing and distribution of ORS.
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There were many other country programs developing their own strategy to spread
the use and message of ORT. As the distribution of packets and the availability of standard
containers became more widespread there was probably less need for the “pinch and
scoop” method of the labon-gur approach. Packets do provide a more complete solution,
with both bicarbonate and potassium in the mix. In addition to packets, some programs
have focused on using cereals as a substitute for glucose (gur or sugar). Rice has been a
favorite. BRAC recognized that the price of even gur was often beyond the means of the
very poor and when rice/rice powder was found to be effective [6] (more so in cholera
and non-vibrio cholera) and more universally available than sugar or gur, BRAC began
to recommend rice for ORT [7]. As fuel must be used to cook the rice, this proved to be
a disincentive for some mothers, and many preferred to use sugar. The basic message
of using water and electrolytes with an absorbable substrate (e.g., glucose, sucrose, rice)
to prevent dehydration, overcome deficit, and replace losses from diarrhea remained the
same for all methods and has persisted. Hydrate, hydrate, hydrate. That is the important
message that programs must deliver to the community.

A final thought by Albert Einstein might summarize the BRAC experience; “Every-
thing should be as simple as possible but not one bit simpler.”
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Abstract: The original studies demonstrating the efficacy of oral glucose-electrolytes solutions in
reducing or eliminating the need for intravenous therapy to correct dehydration caused by acute
watery diarrheas (AWD) were focused chiefly on cholera patients. Later research adapted the oral
therapy (ORT) methodology for treatment of non-cholera AWDs including for pediatric patients.
These adaptations included the 2:1 regimen using 2 parts of the original WHO oral rehydration
solution (ORS) formulation followed by 1 part additional plain water, and a “low sodium” packet
formulation with similar average electrolyte and glucose concentrations when dissolved in the
recommended volume of water. The programmatic desire for a single ORS packet formulation
has led to controversy over use of the “low sodium” formulations to treat cholera patients. This
is the subject of the current review, with the conclusion that use of the low-sodium ORS to treat
cholera patients leads to negative sodium balance, leading to hyponatremia and, in severe cases,
particularly in pediatric cholera, to seizures and other complications of sodium depletion. Therefore
it is recommended that two separate ORS packet formulations be used, one for cholera therapy and
the other for non-cholera pediatric AWD.

Keywords: cholera; non-cholera acute watery diarrheas (AWDs); oral rehydration solutions (ORS);
ORS formulations; sodium balance; hyponatremia; hyponatremic seizures; hyponatremic sequelae

1. Introduction

Since 1990, controversies in the field of oral rehydration therapy (ORT) have arisen
concerning efforts to preserve a single formulation for cholera and non-cholera acute watery
diarrheas (AWD) in patients of all ages, while modifying the original WHO (Oralyte) oral
rehydration solution (ORS) formulation containing 90 mEq/L Na+, to address three goals:
(1) to safely provide effective rehydration and maintenance therapy for both cholera and
non-cholera AWDs; (2) to reduce duration and volume of diarrhea and (3) to reduce
the need for restarting intravenous fluids after completing rehydration, during the oral
maintenance period [1,2]. The treatment of dysentery and inflammatory diarrheal diseases
in which dehydration is not the main focus of therapy is beyond the scope of this report.

This paper will offer a critical review of the major studies done to support the above
goals, focusing on those studies chosen for the 2011 Cochrane review [3–10]. The Cochrane-
reviewed studies, and others referenced in this review, dealt mainly with patients seen
in hospital settings in a research context who had severe dehydration due to profuse
adult or pediatric cholera and/or non-cholera AWD. It is chiefly in such patients that
otherwise academic discussions of different ORS formulations and ORT methods translate
into significantly different clinical outcomes. Optimal treatment of hospitalized patients
with severe dehydration due to diarrhea requires measurement of intake and output using
essential equipment such as Watten cholera cots [11] and ample supplies of appropriate
I.V. and oral replacement fluids. Home or outpatient therapy of less severely dehydrated
patients requires use chiefly of clinical signs of hydration status to monitor therapeutic
status, and is best addressed in detail in a separate review.

The Cochrane review covered structural aspects of the studies, but did not comment
in detail on the quality of the design, clinical research methods or analytic approach to
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the data, aspects of which will be the subject of this report. This review will also provide
context by considering the fundamentals of ORT and ORS composition and the history
of ORS evolution, special characteristics of cholera pathophysiology, limitations of prior
studies and implications for future safety studies.

2. Basic Principles of Oral Therapy Methodology

Oral rehydration and maintenance therapy for significantly dehydrating AWD is not
a magic bullet which works simply by giving patients ORS to drink; achieving optimal
results requires administering the oral solutions according to the following well established
ORT methodologic principles. Effective and safe ORT rests on the basic principle of AWD
treatment: timely replacement of the water and electrolyte losses of AWD with matching volumes
of an absorbable ORS with electrolyte content sufficient to replace the electrolyte losses of AWD.
Deviation from this principle has resulted either in higher ORT failure rates with reversion
to I.V. therapy and/or electrolyte abnormalities with potentially serious and avoidable
sequelae of severe hyponatrema or hypernatremia.

Gross diarrhea rate (GDR), or the volume of diarrheal stool passed over a given unit
of time, is far less important for successful ORT and optimal success rates than net gut
balance, or the difference between diarrheal volume and volume of ORS intake in a given
observation period. An excess of ORS intake volume over diarrheal volume during a given
observation period, usually 4 or 6 h, is called positive net gut balance (PNGB), and early
achievement of PNGB is key to successful ORT [12]. Moderate increases in GDR are of
negligible consequence if exceeded by ORS intake.

Initial diarrhea rates after hospital admission for AWD determine subsequent total
stool volume [13]. Two methods of prestratification of patients entered in research studies
ensure validity of comparison groups: entry only of patients in shock due to dehydration,
or, more elegantly, allocating patients after confirming comparable GDR rates during the
several hours required for initial intravenous rehydration. Allocation based on any other
criteria often leads to an imbalance in disease severity between comparison groups which
can bias the outcomes and accounts for a significant amount of variability seen between
different results from the different centers conducting these studies.

When severely dehydrated patients arrive at treatment centers for rehydration, they
are generally at or past their peak diarrhea rate. At this point vomiting, sometimes massive
at disease onset (e.g., cholera [14]), is waning, and may wane more rapidly with correction
of acidosis using ORS or, if patients are in shock due to dehydration, using I.V. fluids
containing bicarbonate or a base precursor [15]. Vomiting quickly subsides soon after
initiating treatment of most patients arriving at treatment centers, and measured vomitus
volumes are generally small in relation to diarrhea volumes in most patients. Failure to
correct acidosis in severely dehydrated patients leads to increased risk of pulmonary edema
during I.V. rehydration [16].

Maintaining PNGB using proper ORT methodology will allow sufficient net fluid
absorption to replace insensible losses and, in addition, promote sufficient net absorption
to permit use of ORS with sodium content modestly lower than that of diarrhea fluid (e.g.,
120 mEq/L. in cholera patients), while maintaining positive electrolyte balance [17].

If inadequate oral intake results in delayed or failed achievement of PNGB, additional
I.V. fluid will be needed. This can arise rarely from excess vomiting or more commonly
from inadequate monitoring or supervision, leading to failure of pediatric patients to be
given or to drink sufficient ORS. Also, pediatric diarrhea patients in endemic areas not
uncommonly have malabsorption of glucose and dietary sugars [18,19] and will be at
higher risk of ORT failure and hypernatremia due to excess water loss in diarrheal stools.
Caregivers should be alert to such patients, who may require I.V. therapy, though they can
respond to ORS formulations with glycine replacing glucose. Researchers must be careful
to avoid disproportionately allocating such patients among comparison groups, to avoid
confounding interpretation of outcome results.
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Claims have been made, without presentation of objective quantitative evidence, that
mothers are aware of gross stool volume. In the writer’s opinion, based on extensive experi-
ence, mothers are aware of time since onset and of subsequent duration of diarrhea, and of
course would prefer to see it stop if asked; but this is different from perception of the small
difference in stool volume measured in most studies of modified ORS formulations [20].

Even trained clinicians are unable to accurately guess diarrheal volumes without stool
volume measurements, as shown when they were asked to guess the volume of synthetic
diarrhea fluid tossed onto a bedsheet. Estimates were wildly inaccurate (Dr. Norbert
Hirschhorn, personal communication). Mothers (and clinicians) would doubtless like to
have available a drug which could stop the diarrhea in minutes, but no currently available
ORS formulation does that.

Experience from many studies have confirmed that the taste and appearance of plain
ORS do not influence ORS acceptability among moderately and severely dehydrated
patients, consistent with a recent report regarding milder cases [21]. Sweetening the ORS
has had a negative effect [22]. The enormous benefits of ORS result from preventing and
quickly correcting signs of dehydration, which parents fully appreciate.

3. Home Therapy with the WHO 90 ORS Using the 2:1 Regimen

When no I.V. is available, patients need the early positive balance and superior reten-
tion this regimen affords, to replace pretreatment deficits and maintain positive water and
electrolyte balance (Figures 1–7).

Figure 1. Severely dehydrated child in Greentown, Lahore, Pakistan. Note deeply sunken eyes and
obtunded appearance. Etiology unknown.

Figure 2. (a) Father pinches abdominal skin as instructed, (b) showing tenting indicating decreased elasticity after
withdrawing hand.
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Figure 3. Father begins to offer patient oral rehydration solution (ORS) (WHO 90 formulation)
to drink.

Figure 4. Patient continues to drink, using hand to keep ORS coming.

Figure 5. Patient now more alert, eyes less sunken at 1 h after starting ORS.
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Figure 6. Patient after recovery, with pretreatment appearance on right.

Figure 7. The ultimate goal: another child with acute watery diarrheas (AWD) starting ORS to
prevent becoming dehydrated.

4. The Evolution of ORT and ORS

The first successful clinical trial of ORT [17] was successful based on the combination of
an appropriate ORS and, importantly, an effective method of administering the solution. The
ORS formulation used had an electrolyte content approximating that of cholera diarrheal
fluid losses, with sodium halfway between that of pediatric and adult cholera diarrhea
fluid, and 110 mMol/L. glucose, without which the patients could not absorb the sodium,
chloride and water essential to effective therapy.

ORS formulations using a range of sodium levels, chiefly 90 mEq/L, with glucose as
the substrate and additional water intake (or breast milk feedings) permitted, have proven
effective in treating dehydration in patients with cholera, nonvibrio cholera (caused by
enterotoxigenic Escherichia coli and other organisms producing cholera toxin analogs) and
non-cholera AWD including rotavirus diarrhea [23] and have decimated global under-
five AWD mortality [24,25]. However, ORS formulations with Na+ content significantly
below patients’ stool Na+ losses lead to negative sodium balance, Na+ depletion with
hyponatremia and heightened risk of hyponatremic complications, whether combined
with glucose, rice or other substrates [6,9].

The therapeutic method which proved essential [12,17] to overcoming the failures
of earlier ORT trials [26] consisted of rapid initial correction of shock when present on
admission, using I.V. rehydration. Oral therapy began as soon as shock was corrected,
generally after administering I.V. fluid equivalent to 10% of admission body weight (in
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populations with BMIs (body mass index) below Western levels.) Initially, oral therapy
was administered at a rate of 0.5 to 0.75 L/h in adults, based on body weight [17]. If the
GNB (gut net balance: see PNGB above) monitored during the first 4 h indicated a fluid
requirement greater than that estimated on admission, oral therapy was increased to match
the volume of losses. Hydration status was monitored by checking plasma sp. gr. during
the transition to oral maintenance. A rise over 1.030 was an indication for additional I.V.
fluids to avoid progression to severe dehydration, estimation of hydration status based on
clinical signs alone being less sensitive and more dependent on variable subjective criteria.

The ORS formulation used contained 120 mEq/L of Na+ (ORS 120), suitable for treat-
ing cholera and nonvibrio cholera patients. Using this method, total I.V. fluid requirements
of cholera patients admitted in shock averaged 80% less than in controls and plasma Na+

remained normal. Patients not in severe shock were rehydrated and maintained in water
and electrolyte balance using ORT alone without I.V. fluids [27,28]. Since cholera patients
given effective adjunct antibiotic therapy [29], and most hospitalized non-cholera AWD
patients, have steadily declining stool volume after treatment begins [13], closely matching
ORS volume and composition imbibed in each sequential 4 or 6 h period to volume and
composition of losses in the prior period by using fluids of appropriate composition ensures
maintenance of PNGB of both water and electrolytes [12]. In the first large-scale field trial
using this method [30], total I.V. requirements averaged 3.0 L in cholera patients arriving
in shock whose average admission weight was 40 kg. Nonvibrio cholera patients not in
shock on admission were successfully treated using glucose or glucose+glycine ORT alone
with no I.V. fluids. Plasma sodium remained normal [28].

The ORS 90 formulation with 90 mEq/L of sodium (abbreviated “WHO 90” here
because the Oralyte name has been copied by other ORS brands) was devised as a “com-
promise” between a formulation approximating the mean composition of cholera diarrhea
fluid and that of noncholera pediatric AWDs. Since diarrheal stool content of sodium
(directly) and potassium (inversely) correlate closely with diarrhea rate [31] (Figure 8) and
cholera diarrhea rates are greatly in excess of average non-cholera AWD rates, the “compro-
mise” provided excess sodium and insufficient potassium for pediatric non-cholera AWD
patients and insufficient sodium for pediatric and adult cholera patients, if the method
of matching fluid losses with equal volumes of ORS was used. After the initial clinical
trial of the WHO ORS 90 formulation [32], it was noted [33] that, to maintain positive
sodium balance using this formulation in cholera patients, the patients would have to
drink an amount of the ORS equivalent to one and one-half times their diarrhea volume
of the previous intake and output period, rather than simply matching that volume, in
order to avoid negative Na+ balance and hyponatremia. Some patients would be unable
to imbibe such large volumes over 24–32 h, leading to increased failure rates. However,
the 1.5 X losses requirement was not promoted for general use, though it obviated the
need for a separate ORS formulation for cholera. In research studies, however, it has been
often matched or exceeded, somewhat confounding the conclusions regarding formulation
impact per se [7–9,34].

The WHO 90 formulation was nonetheless highly successful in reducing global diar-
rheal mortality, since it was within the range of effective formulations suitable for most mild
and moderate AWDs, in which ORS intake is limited by low diarrhea volume and short
duration; any “extra” sodium in that formulation is needed to replace pretreatment losses
when ORS 90 is used for both rehydration and maintenance without I.V. rehydration. In
addition, allowance of extra free water (or breast milk [35]) given to pediatric AWD patients,
either permissively (“ad libitum”) or in the fixed 2:1 ratio [36] prevented hypernatremia,
the 2:1 method having the added safety factor of offering protection against instances of
wrongly mixed hyperconcentrated ORS preparations. Also, the 90 mEq/L ORS proved safe
and effective for treatment of noncholera AWDs in neonates and of children with hypo-
or hypernatremia on admission when the 2:1 regimen was used [37]. The 2:1 regimen
permitted use of the WHO 90 ORS packet in noncholera pediatric diarrhea patients and
had the advantage of promoting early PNGB while avoiding transient hypernatremia [38].
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Figure 8. Relationship of diarrheal sodium and potassium losses (mEq/L) to stooling rate in
37 cholera patients during a period of maximum diarrhea 12–24 h after admission. At all ages,
stool sodium tends to rise and potassium to fall at higher diarrhea rates. The numbers of patients
were: 12 (0–4 yrs old), 10 (5–9 yrs), 6 (10–14 yrs), 2 (15–19 yrs), 7 (20 yrs and over). From Lancet,
30 October 1976, p. 957.

In cholera patients, the inevitable high incidence of negative sodium balance, hy-
ponatremia and, in some patients, seizures and other complications of hyponatremia, was
overlooked until 2006 (10) due to lack of sodium balance studies plus inadequate safety
surveillance for several decades in those areas where cholera was highly prevalent. The
fundamental differences between cholera (including nonvibrio cholera) and other AWDs in
magnitude of losses and pathophysiology underline the inferior efficacy for maintenance
of Na+ balance and for avoidance of hyponatremia when ORS formulations with glucose
or rice with ORS 90 or less are used to treat cholera patients.

5. Major Differences in Pathophysiology of Cholera and Non-Cholera AWDs

Recent studies have found that absorption of sugars and amino acids promoting active
transport of sodium is not merely intact but is increased in response to cholera toxin [39–45].
This provides an explanation for the fact that oral therapy using ORS formulations with
combined glucose and glycine [46,47], alanine [48] or glutamine [49] and other similar
substrate combinations, and rice-based ORS (34) (furnishing glucose and amino acids on
hydrolysis [50] are all capable of enhancing absorption and reducing diarrhea duration and
volume in cholera and nonvibrio cholera but appear to have no such effect in noncholera
AWD, particularly in children [51–55] and notably in rotavirus diarrhea [56], in which
glucose ORS is effective [23], although glucose is often detectable in the stools. Rotavirus
diarrhea may represent a distinct pathophysiology in which added glycine or other actively
transported amino acid, or added rice, does not yield any significant advantage. The
pathophysiology of this and of other noncholera AWDs may also limit absorption of amino
acids by effects on villus function [57], as do some antibiotics used in ORS clinical trials [58].
In acute porcine viral enteritis, sodium-dependent alanine transport in the brush border
membrane is reduced [59], suggesting one mechanism possibly explaining the lack of
alanine, glycine or glutamine efficacy in human noncholera, notably viral, AWD.
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In both the normal and the diarrhea-affected small bowel, sodium secretion into the
lumen proceeds according to its chemical gradient, not the osmolar gradient per se. In the
normal small bowel, osmoregulation of luminal contents is achieved by a combination of
sodium excretion into the lumen according to the chemical gradient of sodium, and water
absorption or secretion into the lumen according to the osmolar gradient. Animal studies
have shown that cholera deranges normal small bowel osmoregulation due largely to
interference with the absorptive component, with the effect that, in cholera, osmoregulation
is accomplished solely by altering the rate of net secretion of water and salt. While rate of
net water secretion into hypotonic lumenal solutions is reduced, rate of salt excretion is
increased [60].

Repeated concern in the literature about the osmolality of ORS has persistently ignored
the fact that the most successful ORS for cholera, containing glucose and glycine, has the
highest osmolality of any successful ORS to date, proving that absorbability trumps osmolality
as regards success rates of different ORS formulations. [46,47]. The same probably holds
true for rice ORS, since the only available evidence indicates that rice, like sucrose, must
be hydrolyzed in the intestinal lumen before the products of digestion are absorbed [61].
Rice is also reported to contain an antidiarrheal agent possibly interfering with adenyl
cyclase [62,63], but such an agent would not be effective in diarrhoeal disorders related
to other biochemical mechanisms, consistent with the clinical benefits of rice ORS being
confined to cholera.

While reports are conflicting as to whether a rice (or rice product) diet has any addi-
tional effect on patients receiving ORS with glucose or other non-rice substrates [64,65], the
effects of a rice diet on outcomes in patients receiving other ORS formulations have not
been reported. However, it is counterintuitive, if rice has a positive beneficial effect, that
giving a rice diet to patients receiving ORS without rice would have no effect.

In an effort to promote a single global ORS formulation, international bodies have
recommended [1] a single ORS formulation with lower glucose, lower sodium (75 mEq/L.)
and lower osmolality (“75 ORS”), based primarily on a modest and often clinically in-
significant diminution in GDR, diarrhea duration and (variably in some studies) so-called
“unscheduled” I.V. fluids, or I.V. fluids resumed post-rehydration, these modest advantages
occurring only in noncholera pediatric populations, not in cholera patients [1].

An alternative mechanism explaining the apparent “benefits” of reduced diarrhea
rates when hypoosmolar ORS is used is that the induction of hyponatremia by such
formulations itself lowers diarrhea rate [66].

The “low glucose, low sodium, low osmolarity” ORS formulation is suboptimal for
adults and children with cholera, because it contains sodium and chloride content far
below that lost in cholera diarrhea. Use of the 75 ORS formulation in the majority of adult
and pediatric cholera patients is, like WHO90, suboptimal in replacing sodium losses and
causes even greater negative sodium balance with very large net sodium losses, which will
lead to hyponatremia and, in a subset of cholera patients so treated, to seizures and other
symptoms of severe hyponatremia.

Unlike the case with the WHO 90 ORS using the 2:1 regimen [34], the safety of ORS 75
in terms of net sodium balance when treating AWD in neonates or treating children with
pre-existing hyponatremic or hypernatremic dehydration (a very high percentage of AWD
patients at some centers) [67] has not been determined.

The assumption that cholera patients made hyponatremic rarely suffer adverse out-
comes rests on no evidence, since, despite the magnitude of sodium losses using 75 ORS
(Table 1), these have not been systematically looked for using established standardized
tests of the well-known serious sequelae of hyponatremia [68–70] in any follow-up studies
of hyponatremic pediatric or adult cholera patients.
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Table 1. Comparison of calculated net sodium losses in cholera patients treated with ORS containing
75 vs. 90 mEq/L. sodium. The 8 L total stool volume is an example based on figures in J. Pediatrics
78: 355–358, 1971. * Na+ in mEq. Stool sodium levels from Table 11-2, P.225, in Cholera, Eds. Barua
and Burrows 1974. W.B. Saunders Co., Philadelphia.

Na+ Losses in Cholera Patient Given (ORS75 vs. ORS90)

ADULTS CHILDREN

Stool Na+ (mEq/L) 140 101

ORS Na+ 75 vs. 90 75 vs. 90

Na+ Loss −65 vs. −50 −26 vs. −10

Stool Vol. (L) 25 8

Total Na+ loss (mEq) * −1625 vs. −1250 −208 vs. −80

Furthermore, the seizures seen in cholera patients made hyponatremic by use of this
formulation have been arbitrarily attributed to other causes. For example, shigellosis is
listed as a possible cause, whereas seizures are not a feature of shigellosis in the absence
of hyponatremia [71]. Additionally, the “withdrawal” from analysis of patients with
complicating other disorders transferred to the ICU [6,10] has the effect of obscuring the
degree of harm caused by hyponatremia in the most vulnerable patients [72,73] who have
a case fatality rate of 10% [74].

6. Limitations of Existing Studies

The Cochrane reviewed reports subdivided the international definition of hypona-
tremia (<135 mEq/L.) arbitrarily into cutoffs of 130, 127 or 125 mEq/L. of sodium [5–7,9,10],
but, as previously noted: “neurocognitive deficits are evident, even in apparently asymp-
tomatic patients, when such changes are specifically probed for.” Such deficits occur after
hyponatremia of diverse causes in adults and children [68,69]. Detection of such deficits,
which have been associated not only with seizures and stupor, but with less obvious signs
and symptoms (e.g., headache, muscle cramps, weakness, restlessness, disorientation,
depressed reflexes, gait disturbances, developmental retardation) require detailed exam-
ination and use of sensitive clinical tests, including the Mini-Mental State Examination,
the Clock Completion test, the Audio Recording Cognitive Screening tool and a battery of
attention tests (Visual Vigilance, Working Memory or Digit Span, Go/No Go, Intermodal
Comparison, Divided Attention and Phasic Alert). No such screening was conducted in
any of the Cochrane reviewed studies, whether in hyponatremic patients with or without
seizures in hospital or in follow-up after discharge. The assumption stated in some reports
indicating that dietary sodium should correct sodium deficits is by no means guaranteed
and does not obviate the need to thoroughly check for hyponatremia-induced neurologic
and developmental deficits. Furthermore, the assumption of dietary correction is partic-
ularly doubtful in severely malnourished diarrhea patients [67] and those with multiple
AWD episodes per annum, which can number nine or more in some areas [75].

Unlike the case with the WHO 90 ORS using the 2:1 ratio [36], safety of ORS 75 in
terms of net sodium balance when treating neonates or treating children with pre-existing
hyponatremic or hypernatremic dehydration has not been tested. Safety studies over time
in children with chronic hyponatremia or multiple AWD episodes annually are also needed.

Part of the confusion over this issue arises from the incomplete design of studies
aiming to demonstrate “low” seizure rates in such patients, without follow-up for more
long-term harmful effects. The only published large-scale survey compared seizure rates
in cholera patients-treated chiefly (92%) with the low-sodium rice ORS to those treated in
a prior year with the original glucose WHO 90 ORS. However as noted above, the WHO
90 formulation was significantly deficient in sodium compared to the sodium content of
cholera diarrhea and was bound to cause negative sodium balance leading to hypona-
tremia in cholera patients unless, rather than simply matching their losses, they drank an
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amount equivalent to at least one and one-half times the volume of their diarrhea fluid, as
originally noted soon after the formulation adopted by WHO was tested [31]. This would
exceed drinking capacity in profusely purging patients, and the need to drink more of that
formulation than with the earlier cholera ORS formulations in order to avoid hyponatremia
was largely ignored. However in one Cochrane-reviewed study, remarkably, patients were
given twice or thrice the amount of ORS to drink compared to the volume of their losses [7],
a methodology placing a huge burden on patients and one sure to lead to increased failure
rates in the field.

Other differences in methodology between study centers, confounding interpretation
of ORS formulation effects, include the different quantities and duration of I.V. fluids
given in the “rehydration” phase [5–9], percentage of severely dehydrated patients (4 vs.
23% [3]) or inclusion [4] vs. exclusion [3] of severely malnourished patients and identifica-
tion [4–9] or lack thereof [3] of concurrent antibiotic therapy (erythromycin may inhibit
jejunal D-galactase and sucrase [58]), omission of patient weights [3,4,7,10], inclusion or
omission [7–10] of foods given during studies, of stool volume [4,10] or plasma sp. gr.
measurements [3,5,6], use of different therapeutic methods (matching intake with output
vs. giving a fixed number of ORS packets regardless of diarrhea duration [3,5]; allow-
ing patients to become severely dehydrated after initial dehydration before resuming
I.V. fluids [3,5,6], inclusion vs. exclusion of complete data on long-duration and high
volume diarrhea patients [7], and reporting only 24 h serum Na+ levels in studies lasting
43–44 h [6].

Discrepant results include more unscheduled I.V. fluid needed in the low Na+ group [4,6]
and highly variable disease severity (total stool volumes) between different centers’ out-
breaks [3–10]. In one rice ORS study [8], stool volume fell 17% but inexplicably ORS volume
fell 27%, suggesting lax management. These and other methodologic variations between
centers in patient selection and management undoubtedly account for the considerable vari-
ability in results obtained. Many studies comparing different ORS formulations suffer from
similar deficiencies and it is not surprising that conflicting results are not uncommon, chiefly
from failure to prestratify by initial stool rates in most studies and use of different rehydration
and maintenance methods and percent of breast-fed or food-fed infants.

In the Cochrane-reviewed studies, clinically estimated state of hydration (actually of
severe dehydration) was used as the criterion for resuming I.V. fluids, called “unscheduled
I.V.s”, but the data on specific clinical signs triggering I.V. resumption were omitted. The
fact that in some studies severe dehydration could be permitted to recur [3,5,6] suggests
a failure to respond to lesser degrees of recurrent dehydration or lapses in monitoring of
the clinical signs of dehydration, which could have been more accurately and objectively
accomplished by monitoring plasma sp. gr. levels.

Interpretation of results is also clouded by several other issues. Studies ostensibly
comparing 75 with 90 mEq/L. formulations actually compared 75 or 90 mEq/L. Na+

given together with dietary rice preparations or noodles and salt [3–10]. Additionally,
total quantities of I.V. fluids given after rehydration, representing additional salt loading
offsetting sodium deficits, were not presented [3–10]. One study substituted stool frequency
for stool volumes [4], but stool frequency can be high in low-volume inflammatory AWD,
so the validity of this substitution is questionable, and frequency has not been correlated
directly with total stool volume. The range of etiologic agents also differed between centers
and seasons [3,4]. A claim that use of the lower Na+ ORS would reduce blood-borne
diseases [6] is without any basis.

7. Discussion

Despite these limitations, most studies in pediatric or adult cholera patients concluded
that the efficacy of 75 and 90 mEq/L. Na+ ORS formulations was similar, with neither ORS
superior. Most studies showed no clinically or statistically significant differences in key
parameters like total stool volume and duration, vomiting incidence and unscheduled I.V.
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rate. However, the obvious fact that the efficacy in terms of maintaining sodium balance
was inadequate in both groups went unstated.

Since both the 75 and the 90 mEq/L. sodium ORS glucose formulations lead to
hyponatremia when given to cholera patients losing 100–145 mEq/L of sodium, it was
to be expected that the rates of hyponatremia would be the same using either of the two
formulations. In that light, the comparisons of hyponatremia rates using 75 ORS vs. 90
ORS to show no significant differences was a straw-man hypothesis. The unmeasured net
negative sodium balance will certainly be greater using the 75 than using the 90 mEq/L. ORS
formulation (see Table 1 above).

Surprisingly, from both the efficacy and safety perspectives, not a single sodium
balance study was conducted prior to promoting the low-sodium glucose (or rice)-based
ORS formulations for use in cholera patients, and none has appeared since. No sufficiently
sized and powered properly controlled sodium balance efficacy and safety study comparing
results with ORS containing 75 vs. 90 mEq/L. Na+ has been done with either rice or
glucose as substrates. Two such studies formerly said to be planned (2, see pp. 34–35 for
studies #NCDT00490932 and NCT 00672308) apparently have not been published, if indeed
completed as reported [2].

The danger of profound iatrogenic sodium losses and hyponatremia complications
resulting from treatment of pediatric and adult cholera patients treated with the 75 mEq/L.
ORS sodium formulation will be even more pronounced when treating patients harboring
antibiotic resistant V. cholerae, who may need up to 100 L of ORS to replace their stool losses
after initial I.V. rehydration [76].

Serum sodium in adults does not decline until there is more than 200 mEq net sodium
loss. Monitoring only serum sodium does not give a correct estimate of total body sodium
loss. Cholera patients of all ages have massive sodium losses using the low-sodium ORS,
leading to serum sodium declining to hyponatremic levels in >50% of adult cholera patients
treated with ORS 90 with glucose (Nalin D, unpublished data). This results in a cutoff of
antidiuretic hormone (ADH) with resulting polyuria even during dehydration, and this has
been misinterpreted in clinical studies of low-sodium ORS as a sign of good hydration [5,7]
which it is not. This exemplifies the clinical misinterpretation resulting from the polyuria,
which use of the low-sodium solution can lead to.

In the settings of rural cholera treatment centers or home treatment, management of
hyponatremic seizures and related complications is likely to have serious consequences
which are attributable only to the use of this formulation instead of one matching more
closely that of cholera diarrhea. Such a formulation should contain 120 mEq/L. of sodium,
providing that ORS substrates, which in cholera alone enhance salt absorption more than
glucose alone, are used in the ORS, including formulations with glucose plus glycine
or rice powder (which yields glucose, amino acids and antidiarrheal components on
hydrolysis [50,62,63]). The price of glycine has been mistakenly mentioned as a reason not
to use it for cholera patients, but in fact glycine and glucose are available in bulk as food
additives on the global wholesale market at about the same price, such as $1/kg [77,78].
Other amino acids which also promote active transport are far costlier. Rice or glucose plus
glycine ORS packets would also offer savings in reduced hospitalization time; whether rice
or glucose plus glycine ORS has any advantage in terms of commercial packet shelf life, and
whether all of the many varieties of rice are equally effective, have not been determined.
Results obtained using rice ORS or glycine–glucose ORS have been generally similar in
that the advantages with either ORS are reproducible only in studies with a majority of
cholera and/or nonvibrio cholera patients, not in patients with AWDs of other etiologies.
This again underlines the pathophysiologic peculiarities of diarrhea-caused V. cholerae or
by strains of enterotoxigenic E. coli and related pathogens producing cholera toxin analogs,
versus other diarrheal pathogens.

Rice is also ineffective in patients with rice carbohydrate malabsorption [79], in which
boiled rice fed to children with cholera leads to increased volume and duration of diar-
rhea [80]. Lastly, a Cochrane review concluded that the advantages of rice ORS, like those
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of glycine–glucose ORS, are seen in cholera or nonvibrio cholera but not in other types of
AWD [81].

8. Conclusions

In sum, fear of what has turned out to be chiefly transient mild or moderate hyper-
natremia has led to ORS formulations inducing high prevalence hyponatremia, notably
at a time when pediatric recommendations for intravenous fluid therapy have shifted
to higher sodium I.V. solutions [82–85]. Ironically, hypernatremic seizures, feared when
glucose ORS with 90 mEq/L. Na+ is used in noncholera AWD patients, appeared in only 1
of 48,511 WHO 90-treated patients surveyed in the largest series, compared with 47 hy-
ponatremic seizures [10]. The incidence rates reported in that study were minimized by
using a denominator including a majority of nondehydrated or mildly dehydrated patients
not in the risk pool for hyponatremia. When the denominator was restricted to severely
dehydrated patients, the hyponatremic seizure rate was 0.15% in the study group, but the
comparable rate in the comparison group was omitted. In another study [3], one out of
every 13 children with serum Na+ < 125 had seizures. Projected on a global basis, this
represents a very significant morbidity burden linked with this formulation.

The dichotomy in efficacy of the low Na+ ORS formulation between cholera and
non-cholera AWDs presents a paradox: in cholera, the goal of an ORS with 120 mEq/L.
Na+ and either rice or glycine–glucose, which significantly reduce both duration and
volume of diarrhea safely and without profound net sodium losses, is an attractive option.
In noncholera pediatric AWDs, the ORS with 3 lowered parameters appears to offer similar
benefits but has inferior efficacy for maintaining sodium balance and leads to an iatrogenic
increased incidence of hyponatremic toxicity when used for cholera. Perhaps studies in
which less than three variables are changed would be useful. In cholera, 75 ORS with rice
also causes hyponatremia [9].

Outcomes of ORS formulation studies are etiology-dependent, cholera and related
diseases benefiting very significantly from glucose ORS with added actively transport-
promoting amino acids, benefits not seen in rotavirus and related noncholera AWDs in
which absorption of glucose is sufficient for successful ORT [23], but absorption of added
amino acids is evidently blocked by pathogenetic factors.

Cholera outbreaks have occurred in recent years in Haiti, Yemen and many African
countries and are quickly recognized. A choice is at hand between two different oral
treatment modalities for cholera, an ORS with 120 mEq/L. Na+ plus rice or glucose–
glycine, vs. one using 75 ORS with glucose or rice. The 75 ORS option is significantly
less effective in maintaining sodium balance and has a less favorable though inadequately
monitored safety profile. No clinical trials to date have employed standard sensitive
neurologic tests [68,69] to monitor for adverse effects of hyponatremia other than seizures,
including long-term effects on developmental parameters and delayed mortality. If 75 ORS
is to be promoted for cholera, its safety profile should be firmly established as indicated in
Table 2.

Table 2. Comprehensive safety studies recommended to fully assess safety of hyponatremia induced
or aggravated in cholera patients receiving ORS 75. For standard tests, see [68,69].

Recommended Safety Studies of 75 ORS in Cholera Patients

STUDIES PURPOSE

Na+ Balance Determine size of Na+ deficite

Clinical Sequelae R/O acute sequelae using standard tests

Follow-up Studies R/O developmental deficits and excess post-convalescent mortality

It is in the long-term public health interest to choose the safer and more effective
ORS formulation for cholera. Even a “low” percentage of hyponatremic seizures and
other neurologic and developmental sequelae translates globally into thousands of cases
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annually, a major avoidable morbidity. The time has come to recognize that two different
ORS formulations are needed, one with rice or with glucose plus glycine for use in cholera
epidemics, and one for noncholera AWDs. Both rice and glycine–glucose ORS have
advantages in cholera, but for use in packets glycine, which does not require boiling, may
be advantageous, and may have superior shelf life before and after mixing [86], while
preserving the savings in reduced hospitalization time for patients at cholera treatment
centers when either ORS is used.

However, if glucose-ORS alone is to be globally recommended and if the programmatic
goal of promoting only a single ORS packet is the overweening concern, another possible
alternative meriting clinical trials would be to alter the volume of water used to dilute the
ORS packets when confronting cholera. For example, an ORS suitable for use in cholera
can be made by reconstituting four WHO 90 packets in 3 L of potable water (Table 3). The
dilutional water volume can easily be measured, as now, using household containers, or
standardized by use of calibrated plastic bags [87]. A similar solution has been found
suitable for use in hospitalized cholera patients of all ages when the matching method is
used to balance intake with output [88]. The resulting glucose content is close to that found
optimal in early balance studies [32].

Table 3. How 4 ORS 90 packets could be dissolved in 3 L of water to make a solution more suitable
for replacing cholera patients’ electrolyte losses. Using ORS 75 packets with 2.6 g NaCl each, a similar
solution could be prepared by dissolving four packets in 2.5 L of water.

ORS Suitable for Cholera Patients

Dissolve 4 Packets of 90 ORS in 3 L Water Resulting ORS Concentrations

Na+ 120 *

K+ 27 *

Cl− 107 *

Citrate 13@

Glucose 147@
* mEq/L, @mMol/L.
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Abbreviations

AWD Acute Watery Diarhhea
ORS Oral Rehydratation Solution
ORT Oral Rehydratation Therapy
ORS75 ORS with 75 mEq/L Sodium (Na+)
ORS90 ORS With 90 mEq/L Sodium (Na+)
ORS120 ORS With 120 mEq/L Sodium (Na+)
GDR Gross Diarrhea Rate, ml/hr
NGB Net Gut Balance (oral intake) − (stool+vomitus) in Liters
PNGB Positive Net Gut Balance
CHOLERA AWD Caused by Vibrio cholerae
ETEC Enterotoxigenic Escherichia coli
NONVIBRIO CHOLERA Severe AWD Due to ETEC or Bacteria with Cholera Toxin Analogs
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Error in Table

In the original publication [1], an error appears in Table 3 in the original article, in
which the number 75 incorrectly appeared in the left hand column instead of the cor-
rect number 90. The corrected Table 3 appears below. The authors apologize for any
inconvenience caused and state that the scientific conclusions are unaffected. The original
publication has also been updated.

Table 3. How 4 ORS 90 packets could be dissolved in 3 L of water to make a solution more suitable
for replacing cholera patients’ electrolyte losses. Using ORS 75 packets with 2.6 g NaCl each, a similar
solution could be prepared by dissolving four packets in 2.5 L of water.

ORS Suitable for Cholera Patients

Dissolve 4 Packets of 90 ORS in 3 L Water Resulting ORS Concentrations

Na+ 120 *

K+ 27 *

Cl− 107 *

Citrate 13@

Glucose 147@
* mEq/L, @ mMol/L.

Reference

1. Nalin, D. Issues and Controversies in the Evolution of Oral Rehydration Therapy (ORT). Trop.
Med. Infect. Dis. 2021, 6, 34. [CrossRef] [PubMed]
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Abstract: Background: Cholera remains a major global health problem, causing high output diarrhea
leading to severe dehydration and shock in developing countries. We aimed to determine whether
vasoactive intestinal polypeptide (VIP), the mediator of pancreatic cholera syndrome, has a role in
the pathophysiology of human cholera. Methods: We conducted a prospective observational study
of cholera cases hospitalized with severe dehydration. Plasma and stool water levels of VIP were
measured just after admission, after complete rehydration (3–4 h), at 24 h post-rehydration and
at discharge after diarrhea ceased. Results: In total, 23 cholera patients were examined between
January and August 2018. The geometric mean of stool VIP (sVIP) and plasma VIP (pVIP) on
admission were 207.67 and 8.34 pmol/L, respectively. pVIP values were all within the normal
range (</= 30 pcmol/L); however, sVIP levels were very high at all timepoints, though less so just
after rehydration. In multivariable GEE models, after adjustment for covariates, sVIP levels were
significantly associated with duration of hospitalization (p = 0.026), total stool volume (p = 0.023) as
well as stool output in the first 24 h (p = 0.013). Conclusions: The data suggest that VIP, which is
released by intestinal nerves, may play an important role in human choleragenesis, and inhibitors of
intestinal VIP merit testing for potential therapeutic benefits.

Keywords: VIP; cholera patients

Key Point’s/Summary: Cholera patients during profuse watery diarrhea had very high levels of VIP
in their stool water, while plasma VIP levels remained normal. This supports the role of VIP in human
choleragenesis, as has previously been demonstrated in in vivo animal and in in vitro tissue models.

1. Introduction

In 1976, pursuing a possible shared mechanism between cholera and pancreatic cholera
syndrome [1–3], an abstract described persistent elevated stool vasoactive intestinal polypeptide (sVIP)
levels in Bangladeshi cholera patients and in U.S. volunteers contracting cholera or enterotoxigenic
Escherichia coli diarrhea in vaccine development studies [4]. At admission, cholera patients in shock
had elevated plasma VIP (pVIP) levels. These declined to normal levels after correction of shock
and dehydration. No VIP was found in the small intestinal luminal fluids of the healthy volunteers.
The full report was withheld from publication due to the analyst’s death, with samples having been
exhausted. Now, 44 years later, the study has been repeated in cholera patients to determine if the
earlier results could be confirmed.
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2. Background

Cholera patients have elevated intestinal mucosal cyclic amp (cAMP) levels [5], and cholera toxin
raises cAMP in in vivo and in vitro animal models and in stripped tissue models [6]. In cats and rats,
intraluminal cAMP in denervated intestinal loops also induces luminal secretion [7]. Much prior
evidence suggests a role for VIP as a modulator of cAMP levels. VIP, like cholera toxin (CT), enhances
tissue cAMP levels and active ion secretion [8]. In cat intestines, intraluminal CT and intra-arterial
VIP led to elevated cAMP levels associated with reduced salt and water absorption in villi, but not
in crypts, where most secretion into the lumen is believed to originate [9]. However this finding
might be due to cAMP turnover being more important in crypt cells than cAMP concentration [10].
Splanchnic nerve stimulation lowers intestinal VIP, thereby reversing VIP-stimulated luminal fluid
accumulation [11]. VIP can induce high cAMP levels but can also induce diarrhea without elevating
cAMP [9]. The findings in cats linking cAMP, VIP and intestinal fluid accumulation are consistent
with a predominant role of reduced unidirectional lumen to plasma sodium and water fluxes found
in CT-treated intact in vivo canine jejunal loops (but not in Thiry-Vella loops, in which the plasma
to lumen flux was dominant both before and after CT) (D. Nalin and R. Hare, unpublished data).
The apparent affinity of VIP for cAMP activation is raised by CT [12] and, in studies of rabbit and
human ileal mucosa in vitro, VIP promptly increased cAMP levels, in contrast to no increase after
nine other hormones thought to be associated with gut secretion—pentagastrin, glucagon, calcitonin,
secretin, carbachol, GIP, serotonin, bradykinin and vasopressin [8]. Substance P affects gut fluid
transport by releasing VIP [13]. Luminal 5-hydroxytryptamine induced gut luminal fluid accumulation
and its release from enterochromaffin cells was stimulated by CT, but not by the related E. coli LT
toxin [9,14–16]. VIP also has other effects possibly associated with intestinal fluid accumulation, such
as raising aquaporin three levels after a 3 h delay [17], similar to the delay between CT exposure and
onset of fluid accumulation [18].

While many studies have established that cAMP-mediated changes in net intestinal water and
electrolyte secretion is present in cholera, changes in paracellular permeability, such as those caused by
the zonula occludens toxin (ZOT) and accessory cholera enterotoxin (ACE) [19], and other possible
mechanisms, have been noted [20]. On the other hand, clinical and animal studies of intestinal
permeability and vascular flow have not succeeded in identifying such mechanisms in cholera
patients [21]. VIPergic pathways actually reduce epithelial paracellular permeability [22].

In vivo studies have the advantage over experimental models like inverted intestinal sacs or
biopsied stripped tissues [6,7] of better matching the complete intact pathophysiologic environment
by maintaining normal neural and vascular connections. In vivo studies of VIP were conducted in
normal human volunteers, in whom intravenously administered VIP induced a decreased absorption of
water and electrolytes whilst increasing chloride secretion [23], and induced secretory diarrhea [24,25].
Paradoxically, elevations of cAMP after CT [26] or forskolin [27] are also associated with increased
absorption of substrates of the active transport of sodium, such as glucose and glycine, suggesting
that all or part of the cAMP elevation (or alterations in cAMP isoform variants) might represent a
compensatory mechanism, aimed at overcoming the absorptive defect exemplified by the failure of
absorption of plain saline solutions seen in cholera patients [28]. The mechanisms by which cAMP
and VIP produce their effects are highly complex and beyond the scope of this report, but have been
detailed in recent publications [22,29].

The growing body of evidence relating CT to VIP and gut fluid accumulation leading to diarrhea
led us to repeat the earlier unpublished study to confirm a possible VIP role in human cholera
pathogenesis. Since diarrhea can be caused by raising VIP levels in either plasma, as in pancreatic
cholera syndrome, or by release from nerve endings in the intestinal mucosa, we measured VIP levels
in both plasma and cholera rice-water stool water.
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3. Study Design and Settings

Per protocol, four plasma and concurrent rectal catheter stool sampling points were chosen:
the first, following just after correction of shock with intravenous rehydration, but before complete
rehydration; the second when rehydration was complete (targeted at 4 h after admission); the third at
28 h, signifying 24 h after completing rehydration, during ongoing maintenance therapy replacing
continuing diarrhea; the fourth in convalescence when diarrhea had stopped, though some patients’
stools were still soft, using the findings for comparison with the same patient’s acute phase data. Based
on data from the earlier unpublished study, it was anticipated that plasma levels in specimens obtained
during or shortly after correcting shock with intravenous hydration would show elevations of pVIP
attributable to dehydration and/or shock itself [30]. The rapid return to stable normal pVIP values
seen after correcting shock with intravenous rehydration in the earlier study was anticipated as a
likely event, for which, the second and third plasma specimens were considered potentially useful
in evaluating whether pVIP in cholera patients remained elevated after rehydration during ongoing
diarrhea. A return to normal pVIP levels along with continued elevation of sVIP after rehydration
during ongoing diarrhea would suggest a local mucosal neuronal VIP source rather than a systemic
plasma source, such as seen in pancreatic cholera syndrome. Stool volumes and diarrhea rates were
monitored in anticipation of possible correlations with sVIP levels over the course of illness. Diarrhea
volumes and rates in cholera are well documented to follow a pattern of steady decline over time,
when patients maintain normal hydration [31], and even more strikingly when adjunct appropriate
antibiotics are given [32].

4. Study Population and Site

The study was conducted at the Dhaka Hospital of the icddr,b (International Centre for Diarrhoeal
Disease Research, Bangladesh) between January and August, 2018. The study was approved by the
Research Review Committee and the Ethical Review Committee of the icddr,b (Project identification
code: PR#17008). Written informed consent was obtained from the participant or caregiver of each
participant before enrollment. Patients aged 18–64 years were included if hospitalized with severe
dehydration (with absent or impalpable peripheral pulses and lethargic or obtunded mental status) due
to acute rice-water diarrhea of <24 h duration, with diagnosis later confirmed by rectal swab culture
positive for Vibrio cholerae 01 or 0139. Patients with preadmission antibiotic therapy or complicating
comorbidity were excluded.

On admission, patients’ respiratory and circulatory statuses were assessed, and intravenous
rehydration was started within ninety seconds. Patients received an initial bolus of 30 mL/kg of isotonic
fluid (normal saline or acetate solution) [33] over 30 min, followed by 70 mL/kg over the next 2.5–3.5 h,
to replace fluid deficit equivalent to ≥10% body weight within 3–4 h. Patients were kept on cholera
cots and ongoing stool volumes collected into calibrated buckets were monitored q2h and recorded
q4h. Urine output was collected and measured separately. After initial rehydration, ongoing losses
were matched with isotonic fluid (normal saline or acetate) for the first 24 h, after which, ongoing stool
losses were replaced with oral rehydration solution [34,35]. Single dose oral azithromycin (1 g) was
administered after intravenous rehydration with abatement of vomiting, based on a local antibiogram.

Parameters observed included diarrhea duration and volume, plasma parameters of hydration
and electrolyte status and glucose to monitor diarrhea-associated hemoconcentration, bicarbonate loss
and associated acidosis and potassium abnormalities, and hypoglycemia. As noted above, VIP levels
in both plasma and diarrhea stool water were monitored to detect any elevations originating either
systemically or produced by neurons in the intestinal mucosa.

5. Stool and Blood Samples for VIP Assay

We obtained stool and blood specimens at the following timepoints: just after enrolment into
the study and initial stabilization of patients (time 0); 3–4 h (after full rehydration with replacement
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of fluid deficit equivalent to ≥10% body weight); 24 h after complete rehydration, during ongoing
diarrhea in the presence of normal vital signs; at time of discharge.

The 30 mL rectal catheter specimens of rice-water stool were obtained and placed immediately
into tubes containing 0.15 TIU of chilled aprotinin/mL of stool water (Trasylol, Sigma-Aldrich, Activity:
3–8 TIU/mg solid). Pre-discharge, freshly passed non-liquid stool specimens were treated with chilled
distilled water (1:3 dilution) in a tube containing chilled aprotinin equivalent to 2% of the total volume
of stool plus distilled water. Stool samples were cold centrifuged at 13,523 g, and the supernatant was
retrieved in a disposable syringe to filter through a 0.2 micron Millipore filter (Whatman 25 mm GD/X
syringe filter, Sigma-Aldrich). Small volumes of filtered supernatant from the enrolment samples were
re-cultured to ensure removal of vibrios. Venous blood samples were collected and cold centrifuged in
lithium heparin tubes containing 0.15 TIU of chilled aprotinin/mL blood. We processed all specimens
within 15 min after collection and kept them frozen (−80 ◦C) until they were shipped in dry ice to the
UK for RIA assay [36]. We also collected 5 mL blood to measure electrolytes, plasma specific gravity,
glucose and blood urea nitrogen.

6. Statistics

To plot the distribution of stool and plasma VIP values after natural log transformation on
admission, rehydration completion, 24 h post-rehydration and discharge, we used dot plots. The stool
water and plasma VIP levels did not follow a normal distribution as depicted by box and whisker
plots, Q–Q plots (quantile–quantile plots) and Shapiro–Wilk tests, but followed normal distribution
after log transformation. Therefore, we reported mean as geometric mean (GM) with a 95% confidence
interval. We applied generalized estimating equation (GEE) models with an exchangeable correlation
and Gaussian family structure to compare longitudinal variations in stool water and plasma VIP
concentrations at four different timepoints for each patient, while adjusting for possible intra-subject
correlations. Application of ordinary regression analysis may confer biased results for repeated
measures data, whereas GEE methodology indicates how the mean of an outcome variable of a
participant changes with covariates while adjusting intra-subject correlations related to repeated
measures outcome data [37]. GEE is the best model for repeated measures and gives more robust
results than ANOVA. In the GEE model, stool water VIP was the outcome variable, while independent
variables were both time-varying covariates as well as non-time-varying covariates. As we included
log transformed variables in the GEE model, so as to interpret our results, we applied the exponential
(inverse of a log) function in the GEE models. In multivariable models, potential covariates with p < 0.2
in the bivariate analysis were included. A p-value < 0.05 was considered statistically significant. We
analyzed data using Stata version 13.1 (Statacorp LP, College Station USA).

7. Results

We included 23 cholera cases for analysis; stool specimens of twenty-two (96%) cases grew Vibrio
cholerae O1 biotype El Tor serotype and one (4%) V. cholerae 0139 biotype. Patient characteristics are
shown in Table 1.

sVIP and pVIP concentrations and sVIP distribution are shown in Table 2 and Figure 1.
The geometric means (GM) of sVIP and pVIP on admission were 207.67 and 8.34 pmol/L, respectively
(Table 2). pVIP values were all within the normal range (</= 30 pcmol/L), though pVIP levels after
partial rehydration were significantly higher than post-rehydration levels (p = 0.001).

In both bivariable and multivariable models, sVIP concentration after complete rehydration at the
4 h timepoint (replacement of fluid deficit equivalent to ≥10% body weight) was considered as the
reference category. As some patients reached complete rehydration by 3 h post-admission, the 4 h
timepoint represents a range of 3–4 h post-admission. In addition, some patients’ diarrhea ceased by
24 h post-rehydration, so those values were considered as discharge values in the analytic models.
In fact, the geometric means were virtually identical whether using data from patients contributing
four specimen sets or from those whose diarrhea terminated at 24 h post-rehydration. At all timepoints,
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sVIP levels were far higher than pVIP levels, though unadjusted models revealed that the 4 h sVIP
level was lower than at the other timepoints (Figure 1).

 

Figure 1. Distribution of average values of stool VIP after log transformation. Dot plot: Stool
VIP concentrations are presented separately for admission, 4 h, 28 h and discharge samples. Bar
representing mean ± SD. * p values derived from the bivariable GEE models. ** p values derived from
the multivariable GEE models. *** 4 h time point is the reference category.

In multivariable (adjusted) GEE models, after adjusting other covariates, the comparison of
discharge sVIP levels with 4 h levels did not reach significance. In multivariable models, after
adjustment for covariates, sVIP levels were significantly associated with duration of hospitalization,
total stool volume as well as stool output in the first 24 h (Table 3).

Net sVIP losses in cholera diarrhea were estimated based on ten patients with complete specimen
sets and based on diarrhea output most closely matched in time with the time of specimen collection.
For the admission timepoint, it was assumed that a mean of 1.0 L of diarrhea fluid remained unexpelled
in the intestine on admission. The values at 0, 4, 28 and discharge timepoints were, respectively (pcg,
mean ± s.d.): 308 ± 267, 422 ± 244, 749 ± 1126 and 188 ± 225.
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Table 1. Clinical and laboratory characteristics of cholera patients with severe dehydration/hypovolemic
shock in Dhaka, Bangladesh.

Characteristics Total (n = 23)

Age (in years) 33 ± 10
Male (n, %) 20/23 (87)

Diarrhea duration (h) 41 ± 19
Emesis duration (h) 2 (1,3)

Abdominal pain (n, %) 4/23 (17)
Total stool volume (mL/kg) 141 (109, 191)

Urine output (mL/h) 136 ± 67
Stool output in 1st 24 h (mL/day) 8000 (5500, 10,500)
Total intravenous fluid (mL/kg/h) 11 (8.4, 12.75)

Duration of hospital stay (h) 63 ± 23
Admission blood glucose level (mmol/L) 8 (6,10) (4.2–7.8)

Admission plasma sp.gr. 1.0480 ± 0.006 (1.0232–1.0279)
Admission serum.Na+ (mmol/L) 133.28 ± 2.30 (135–146)
Admission serum. K+ (mmol/L) 5.16 ± 1.15 (3.5–5.3)
Admission serum. Cl− (mmol/L) 102.26 ±3.06 (97–106)

Admission serum TCO2 (mmol/L) 18.14 ± 4.63 (23–30)
Anion gap (mmol/L) 17.95 ±3.82 (7–21)

BUN (mmol/L) 14.80 ±4.80 (5–20)
Urine Sp. gr. at 4 h * 1.04 ± 0.005 (1.005–1.030)

Serum Na+ (mmol/L) at 4 h * 135 ± 2.76
TCO2 (mmol/L) at 4 h * 22.5 ± 3.57

Blood glucose level (mmol/L) at 4 h * 5.4 (4.88, 7.39)
Mean stool VIP (pmol/L) 307 (168,410)
Peak stool VIP (pmol/L) 591 (283,855)
Vibrio cholerae 01, El Tor 22/23 (96)

Vibrio cholerae 0139 1/23 (4)
Vibrio cholerae 01, El Tor Ogawa 17/22 (74)
Vibrio cholerae 01, El Tor Inaba 5/22 (22)

Data are presented as n (%), mean ± SD, or median (IQR). * Measured after complete rehydration. Abbreviations:
VIP—vasoactive intestinal polypeptide; Total intravenous fluid (mL/kg/h)—replacement of fluid deficit equivalent
to ≥10% body weight and ongoing loss. Normal reference values in brackets.

Table 2. Variations of stool and plasma VIP concentrations (pmol/L) over four timepoints before and
after rehydration among cholera patients.

VIP Measurement Time Points
Stool VIP (pmol/L) Plasma VIP (pmol/L)

Geometric Mean * 95% CI Geometric Mean * 95% CI

Admission (0 h) 207.67 132.74, 324.90 8.34 5.53, 12.59

At 4 h (after complete rehydration) 101.55 59.40, 173.60 3.84 2.59, 5.67

At 28 h 265.97 159.17, 444.41 2.67 1.82, 3.92

At discharge 181.40 105.17, 310.63 3.31 2.26, 4.83

* Mean of stool and plasma VIP concentrations after log transformation.
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Table 3. Associations of stool water VIP (pmol/L) in patients with cholera and severe
dehydration/hypovolemic shock at four different timepoints before and after rehydration using
generalized estimating equations models.

Characteristics
Unadjusted exp
(Coefficient) *
with 95% CI

p-Value
Adjusted exp
(Coefficient) *
with 95% CI

p-Value

Duration of hospital stay (h) 1.01 (0.992, 1.022) 0.161 1.01 (1.001, 1.023) 0.026

Total stool volume (mL/kg) 1.00 (0.993, 1.000) 0.087 1.01 (1.002, 1.025) 0.023

Stool output in first 24 h (mL) 1.00 (0.999, 1.000) 0.075 1.00 (0.999, 0.999) 0.013

Total IVF (mL/kg/h) 0.93 (0.864, 1.007) 0.077 0.94 (0.875, 1.021) 0.157

Stool VIP (pmol/L)
measurement time

points

4 h ref ref

Admission 2.01 (1.174, 3.762) 0.013 2.03 (1.136, 3.640) 0.017

28 h 2.69 (1.504, 4.818) 0.001 2.60 (1.455, 4.662) 0.001

Discharge 1.83 (1.026, 3.287) 0.042 1.77 (0.992, 3.179) 0.053

* Ratio of geometric mean: ratio of admission/28 h/discharge value to reference value.

8. Discussion

This is the first full prospective report of plasma and stool VIP levels in cholera patients.
The findings confirm that in cholera patients, sVIP levels are elevated. The findings are consistent
with earlier in vivo animal and in vitro tissue studies suggesting a neural mechanism of pathogenesis,
though those studies did not measure sVIP. The current study shows a clear link bridging prior work
to stool VIP in cholera patients. This underlines the possibility of new treatments aimed at interrupting
the diarrheagenic process and shortening disease duration more than what is possible with antibiotics
and fluid replacement alone.

The slightly higher pVIP levels, which fell after rehydration and correction of shock, probably
represent a residual of dehydration and the recent correction of shock [30]. In any case, all pVIP
values were within the normal range, ruling out any systemic pVIP elevation during cholera diarrhea.
In contrast, the persistent high sVIP levels during the course of cholera diarrhea indicate that cholera
diarrhea is associated with enhanced intestinal VIP production. The luminal VIP levels may have a
direct mucosal effect or may represent the overflow from neural production in the mucosa. Intestinal
VIP is neuronally controlled [7,11] and luminal VIP levels are not the product of direct transfer from
plasma. In any case, pVIP levels before and after rehydration were within the normal range and were
far below sVIP levels, even after rehydration. Slightly elevated blood peptide hormone levels have
been reported in patients with presumed infectious or AIDS-related diarrhea [38,39], though stool
volumes, diarrhea rates and stool water VIP levels were not reported. The relationship of these slightly
high pVIP levels to sVIP levels in cholera patients is unclear, and may possibly have been due to
dehydration levels, which were also not reported.

Sorting out the relative importance of VIP per se or in concert with other neuronally generated
mediators of intestinal water and salt loss [7,12,13] awaits further study, but the bulk of evidence
suggests that VIP may play a dominant role. Further study is also need to determine whether,
in cholera patients, VIP’s effects on cAMP activity influence the cAMP-enhanced absorption of actively
transported sugars and amino acids [26], and superior absorption of oral rehydration solutions with
glucose plus glycine [28] or with rice [40], rich in starch and amino acids [41,42]. This effect is not seen
in diarrheal illnesses caused by other pathogens [43], in which VIP and cAMP may play a lesser role.

9. Limitations of this Study

While the results clearly confirm that cholera patients have elevated sVIP, the associations with
total and 24 h stool volumes and diarrheal duration do not prove a causal relationship. To explore this
possibility, the effects of VIP inhibitors or antagonists on cholera toxin-induced intestinal fluid losses in
suitable animal models, such as the dog [44] or cat [45] cholera models, are warranted, elevated VIP
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levels in intestinal venous blood having already been demonstrated in the latter. The presence of sVIP
levels exceeding plasma levels in convalescence may represent residual luminal VIP reaching the lower
bowel after antibiotic therapy eradicates vibrios, stopping cholera toxin production. The correlations
between sVIP and diarrhea duration and volume are notable, but this study was not designed to
monitor diarrheal production rate and simultaneous luminal VIP levels in the small intestine. sVIP
levels reflect production at the intestinal level at a prior timepoint, depending on intestinal transit
time, influenced variably by intestinal motility. Studying these variables would require the intubation
technique in cholera studies in human volunteers such as those previously reported in cholera vaccine
pilot studies [46].

10. Conclusions

This study is the first fully documented report of high sVIP levels in cholera patients. High VIP
levels in cholera patients’ stool water may reflect an important role of VIP in the pathophysiology of
cholera diarrhea. The findings suggest that human cholera diarrhea may be mediated by heightened
intestinal neural production of VIP and luminal release of VIP, consistent with earlier in vitro and in vivo
animal model studies suggesting participation of a neural/hormonal mechanism in pathogenesis.

11. Authors’ Translational Perspective

While lidocaine and tetrodotoxin given after CT reduce its diarrheagenic effects [47],
their neurologic and cardiovascular toxicities preclude use in cholera patients. Studies have
demonstrated the effectiveness of somatostatin and methionine-enkephalin in antagonizing VIP’s
diarrheagenic activity when delivered intra-arterially [48], but the intestinal intra-arterial route is
not clinically feasible, and intravenous administration of somatostatin had no effect on stool output
in cholera patients [49]. Other VIP antagonists have also shown activity when administered I.V.
immediately after cholera toxin [50,51], but the applicability of this to the clinical situation, when
patients are seen long after diarrhea has been established, is not known. The identification of highly
potent somatostatin-receptor agonists capable of inhibiting secretion after luminal mucosal surface
application [52] suggests that these agents merit studies in appropriate animal cholera models such
as the dog or cat to evaluate their possible suitability for human trials. It is striking that despite
several decades of research pointing to a VIP role in choleragenesis, no translational study has
appeared demonstrating a clinical benefit of antagonists or other compounds with antihormonal
activity. Hopefully, the current confirmation of a VIP role in cholera patients may reawaken interest in
such studies, including testing newer highly potent and mucosally active compounds to determine if
they can safely interrupt the diarrheagenic process and shorten disease duration more than what is
possible with antibiotics and fluid replacement alone.
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Impressive advances have been made in new cholera vaccine development and vacci-
nation control strategies. Possible future goals in this field could extend these advances
by developing vaccines with higher efficacy and longer duration of protection, partic-
ularly in young children and individuals from non-endemic areas. The identification
of more vibrio antigens may lead to confirmation of protective immune responses as
surrogates of protection, a need arising from evidence that the traditionally monitored vib-
riocidal response, while paralleling evidence of protection, is not the protective mechanism.
Such further developments could overcome current limitations, including the occurrence
of cholera outbreaks in war-torn areas in which short-term vaccination programs often
prove impracticable.

The advances in understanding of cholera immunology, bioecology, vaccine innovation
and therapy presented in this series of articles have led to ambitious goals for controlling
the incidence and the mortality of cholera, which persists in affected areas. The discussion
would not be complete without noting areas not included or given priority in the current
goals, but which may prove to be of value for achieving them.

First, there is too much talk and too little pressure brought to bear on the need for
action to provide safe chlorinated drinking water and sanitary waste disposal to unserved
areas. More effort is required to reframe national priorities so that adequate funds for
these essential elements of modern public health are provided in both urban and rural
environments, along with the educational and motivational components to ensure their
effective usage. International standards and regulations governing urban development in
the age of global urbanization [1] are essential if the Global Task Force on Cholera Control’s
goal of ending cholera by 2030 is to have any chance of succeeding.

Second, insufficient attention has been given to the etiologies and prevention, nutri-
tional and otherwise, of tropical hypochlorhydria [2], which is widespread in the develop-
ing nations and renders their populations highly susceptible to cholera and other pathogens
sensitive to gastric acid. Based on human volunteer studies [3], which established that even
enormous numbers of V. cholerae fail to cause disease in normochlorhydric subjects, it is
likely that elimination of tropical hypochlorhydria would greatly reduce cholera incidence
in affected areas and potentially make vaccines significantly more protective.

Third, far too little research funding has been directed at discovering safe and effective
anti-cholera medicines capable of quickly stopping cholera diarrhea. No mass screening
of compounds likely to have such efficacy has been undertaken despite an abundance of
potential candidates. Recent advances in cholera pathophysiology, such as confirmation of
the role of VIP in human cholera [4], suggest a number of potential high-value targets which
merit inclusion in such a screening program in animal models leading to clinical trials.

Finally, the continued high cholera case-fatality rates despite established highly ef-
fective and widely available treatment modalities demand renewed focus on the gaps
preventing therapy from reaching patients.
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