The Journal of Infectious Diseases

SUPPLEMENT ARTICLE

1DSA

Infectious Diseases Society of America hiv medicine association

Urban Slums: A Supportive Ecosystem for Typhoidal

Salmonellae

Stephen P. Luby

Infectious Diseases and Geographic Medicine, Stanford University, Stanford, California

The typhoidal Salmonellae were controlled in cities in North America and Europe in the late 19th and early 20th century by devel-
opment of centralized water treatment systems. In the early 21st century, large urban centers where drinking water routinely mixes

with human feces have the highest burden of typhoid fever. Although improving municipal drinking water quality is the most robust

approach to reduce enteric fever burden, the high costs and managerial capacity that such systems require and decreasing per capita

water availability requires new approaches to reach the highest risk communities. The spread of antimicrobial resistance threatens to

increase the burden of enteric fever much sooner than the extension of safe reliable water service delivery can be implemented. Thus,

vaccination is an important interim measure.
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URBANTRANSMISSION OFTHETYPHOIDAL
SALMONELLAE

Enteric fever, that is, bloodstream infection with Salmonella
Typhi or Salmonella Paratyphi, is a life-threatening illness. In
the late 19th century after cities across the United States and
Europe implemented initial strategies to improve the micro-
biological quality of their drinking water, deaths from typhoid
fever dropped immediately by a mean of 78% [1, 2]. Subsequent
progressive improvements in the microbiological quality of
municipal drinking water quality were associated with progres-
sive reductions in typhoid fever incidence [3]. In some settings
where untreated human feces was used to directly fertilize agri-
cultural crops, typhoid fever transmission continued, until this
transmission pathway was interrupted by the construction of
wastewater treatment plants [4, 5].

In the early 21st century, the highest incidence of typhoid
fever is reported from poor neighborhoods in large cities in
low-income countries [6-9]. In these communities, some piped
water infrastructure is commonly present, although water is
usually supplied only intermittently, often for only a few hours
on a few days per week [10-12]. Indeed, no major city in India
provides continuous piped drinking water 24 hours per day,
7 days a week to all of its residents [13].

All piped water distribution systems leak [14]. Water utili-
ties estimate the amount of leakage by calculating the amount
of “non-revenue water”, that is, the difference between the
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volume of water put into a water distribution system and the
volume that is billed to customers. In a database including
citywater utilitieslocated in 63 countries, the median nonrevenue
water loss was 29% of water supplied in 2011 [15]. Nonrevenue
water combines physical system leakage with unbilled water
resulting from faulty metering or corruption, but even in
professionally managed systems in high-income countries,
it is common for 15% of water to be lost [14, 15]. The Asian
Development Bank estimates that 25% to 40% of water gener-
ated by municipal water suppliers across Asia is nonrevenue
water [16].

When utilities supply water continuously, water in a leaky
pipe is at higher pressure than the environment surround-
ing the pipe, so treated water leaks into the environment. By
contrast, with an intermittent water supply, when the water is
turned off, pressure drops within the pipe and material that
surround the water pipe leak into the pipe [17]. In neighbor-
hoods where feces is disposed untreated into the environ-
ment, the surrounding material that is drawn into the water
pipe when the water is not running is often contaminated
with the community’s fecal stream. An intermittent water
supply is a contaminated water supply [18]. Indeed, this con-
nection between a dense population’s fecal stream [19] and
their water supply creates a remarkably efficient man-made
pathway to transmit typhoidal Salmonella throughout a com-
munity [20].

Studies of the water supply in urban settings with a high
incidence of typhoid fever have identified high concentrations
of § Typhi and S Paratyphi in the water. In a year-long study
when researchers collected weekly water samples from the 10
water sources most commonly used by communities near Patan
Hospital in Kathmandu, Nepal, 77% of the drinking water sam-
ples had S Typhi deoxyribonucleic acid (DNA) and 70% had
S Paratyphi DNA detectable through quantitative real-time
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polymerase chain reaction [21]. When multiple members of a
single household in these neighborhoods were diagnosed with
typhoid fever, 80% of the strains of the second infection in the
household were genetically distinct from the initial household
strain [22]. This suggests that new cases were arising from the
diverse strains in the environment, rather than proximal per-
son-to-person transmission. These findings emphasize the cen-
trality of water contamination in driving the high incidence of
typhoid fever in Kathmandu.

Interventions to improve water distribution can reduce
the risk of typhoid. The Karnataka Urban Water Sector
Improvement Project upgraded water delivery to a nearly con-
tinuous water supply for 81000 consumers in specific wards in
Hubli and Dharwad, adjacent cities in Karnataka state, India
[18]. Researchers compared water contamination and health
outcomes among households in these intervention wards with
households in nearby matched communities that continued
to receive water intermittently. Seventy percent of both inter-
vention and control households had no connection to sewers.
Before the project, water ran an average 5-6 hours per day in
both intervention and control areas [17]. After the intervention,
households located in wards that received the continuous water
supply were much less likely to have Escherichia coli detected in
their drinking water (0.7%) compared with households in the
intermittent water supply communities (31.7%) [18]. In the
3 years after the intervention, households in the continuous sup-
ply wards were 42% less likely to report at least 1 case of typhoid
fever compared with households in the control wards [23].

Taken together, these data suggest that intermittent water
supply in low-income cities, through pipes with numerous
breaks that course through environments heavily contaminated
by human feces, provides a remarkably efficient conduit for
typhoidal Salmonella transmission.

BARRIERS TO IMPROVING URBAN DRINKING WATER
QUALITY

The best approach to reducing the burden of typhoidal
Salmonella and other waterborne diseases would be to upgrade
the supply of drinking water so that all households received safe
drinking water 24 hours a day. However, there are substantial
barriers to realizing this optimal solution within the next sev-
eral years. Substantial funding is required to build and operate
water treatment plants, pumps, pipes, and water meters and to
pay the salaries of the administrative and technical personnel
to operate them. Although these costs are often seen as pro-
hibitive to extending water services to low-income communi-
ties, the poor are willing to pay for water [24]. In fact, because
low-income households are so ill-served by current utilities,
the poor typically end up paying 10-20 times more per liter
for water than do wealthy residents of their same city [24, 25].
Providing excellent water service to low-income communities is

rarely a priority for city politicians [26], especially when many

of those communities are located in areas not designated for
housing, and when politicians receive financial kickbacks from
tanker truck operators and other informal providers of water
services to these communities [24, 27-29].

Increasing populations in neighborhoods with poor water
and sanitary infrastructure increases the number of people at
risk for typhoid fever. Between 1990 and 2012, the number of
urban slum residents in Asia increased by 100 million [30].
Although economic growth is expected to support improved
infrastructure in many cities, the urban poor, especially those
who live in informal settlements, are the last group who will
receive high-quality water infrastructure and so will continue
to be at risk for typhoidal Salmonella infection.

The enormous population growth of Asian cities places an
additional barrier to optimal water service. Between 2015 and
2040, the population in Asian cities is projected to increase by
1 billion people [31]. These larger urban populations markedly
increase demand for fresh water. Climate change is projected to
further decrease the availability of fresh water and increase the
frequency of extreme weather events that threaten water sup-
plies and urban infrastructure [32-34]. Even at the current level
of service, which leaves many residents without a reliable con-
venient water supply or a sewer connection, many large Asian
cities including Chennai, Delhi, Lahore, and Dhaka are unsus-
tainably drawing substantially more groundwater from nearby
aquifers than is being replenished [35-38]. Because available
water supplies are limited, as populations grow, per capita water
consumption will decrease [32, 39]. This trend conflicts with
aspirations for municipal systems to provide abundant water on
demand in every resident’s home 24 hours a day, 7 days a week.

Thus, although there is a compelling public health case for
upgrading drinking water supplies across low-income country
cities, costs, political disincentives for such investments, and
physical limitations on the amount of available water mean that
suboptimal water distribution will continue to support ongoing
transmission of typhoidal Salmonellae especially in low-income
urban communities for the coming years.

HOUSEHOLD-LEVEL INTERVENTIONS

Because of the difficulty in public provision of safe drinking
water, several groups have advocated that households take
their own steps to disinfect their drinking water [40]. These
approaches include chlorine disinfection, filters, sunlight, and
ultraviolet light. Although trials of the impact of household
water treatment on enteric fever have not been reported, in ran-
domized controlled trials, households given household water
treatment technology and supplies have drinking water less
contaminated with human fecal organisms and report less child
diarrhea compared with controls [41]. The main drawback to
household-level water treatment is that it shifts the responsibil-
ity of water treatment on to the households with the least capac-
ity to implement. Indeed, fewer than 10% of African households
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in the bottom 40% of the income distribution report treating
their drinking water with a microbiologically effective approach
[42]. Even with intense behavior change, promotion, and subsi-
dizing water treatment products, only a small minority of at-risk
households consistently implement water treatment [43].

THREAT OF WORSENING ANTIMICROBIAL
RESISTANCE

In the pre-antibiotic era, in one hospital in Indonesia, 26% of
patients hospitalized with blood culture-confirmed typhoid fever
died [44]. The typhoidal Salmonellae often killed previously healthy
people in the prime of their life. Resistance to available antibiotics
is increasingly common among strains of typhoidal Salmonella
[45-47]. Indeed, we face the imminent threat of the emergence
of strains of S Typhi and S Paratyphi that are resistant to all avail-
able antimicrobials and thus a scenario of markedly increasing
fatalities from the typhoidal Salmonellae. Resistant strains are
spreading much more rapidly than either the development of new
antimicrobial drugs [48, 49] or the improvement in water and san-
itary infrastructure across low-income communities.

In the face of worsening antimicrobial resistance, effective
development and deployment of vaccines against the typhoidal
Salmonellae are a critical intermediate strategy. Even older
vaccines provide a substantial level of protection [50]. Newer
conjugate vaccines against S Typhi are expected to provide pro-
tection to a larger proportion of people who receive vaccine and
provide protection that is substantially longer lasting than the 2
to 3 years of older vaccines and so could become an important
element of an ongoing public health strategy to prevent enteric
fever [51].

ENGINEERING SYSTEMS TO INTERRUPT
WATERBORNE TRANSMISSION

Nevertheless, vaccines are an incomplete strategy. The approach
that eliminated typhoid fever as a major public health problem
from Europe and North America did not depend on vaccine.
Even the newer conjugate vaccine recently endorsed by the
World Health Organization does not protect against S Paratyphi
(or against other waterborne diseases including hepatitis E,
hepatitis A, cholera, or cryptosporidiosis). The optimal long-
term solution requires separating the human fecal stream from
drinking water in communities globally.

The last 150-year history of global urban development
provides compelling evidence that the capital, energy, and
water-intensive 19th century approaches used by high-income
water-rich countries to separate drinking water from human
feces will not inevitably diffuse to low-income informal settle-
ments. Although continued economic growth is projected to
provide additional resources, with decreasing per capita water
availability, resource-intensive systems that mix feces with
water and then pump this slurry to a distant treatment plant
may be an impractical model for impoverished urban slums.

Because a ready solution is unavailable to this worsening sit-
uation, research to develop solutions should be a high priority.
Such research should aim to develop new methods of supplying
potable water that are effective within the severe constraints of
decreasing per capita water availability, low income, and limited
institutional capacity for governance. A number of groups have
experimented with decentralized drinking water and waste-
water treatment systems that require less energy and water
[52-55], but we do not yet have a suite of approaches that are
effective, affordable, and ready to be deployed across the range
of communities at need.

GOVERNANCE REQUIREMENTS FOR SAFE WATER

Providing safe drinking water to all residents of a city requires
both a robust engineered system and the institutional support
to finance, manage, operate, and maintain the system. Formal
assessments of municipal water services in cities in low-income
countries generally find these institutions are unable to retain
talented technical experts, have insufficient budget for main-
tenance with limited capacity to raise their own revenue, little
incentive to provide high-quality service or to extend water ser-
vices to the poor, and routine corrupt practices that undermine
equitable cost-effective service provision [24, 27, 56]. In con-
trast to a vaccine prevention strategy that is accomplished at a
national level with a single policy decision that is then rolled out
nationally, water delivery and waste management are usually
local government responsibilities. Improving both the technol-
ogy and the management of water and sanitary services requires
specific financing and intense activities in each affected city.

Providing potable drinking water to urban communities also
requires a sufficient supply of source water. Source water that
is clean enough to be used for drinking requires that discharge
from upstream communities [57] and watersheds more gen-
erally are appropriately managed to prevent excess pollution
[58]. If watersheds are not protected, then surface water coming
to cities is highly contaminated with sediments, sewage, agri-
cultural chemicals, and other pollutants. These contaminants
markedly increase the technical difficulty and costs to provid-
ing clean water. Attention to and investments in watersheds can
yield major improvements in urban water quality. Modeling
estimates suggest that in 25% of the world’s largest cities, invest-
ments to improve the watershed would completely pay for
themselves in reduced costs of water treatment in urban com-
munities [58]. However, watershed improvements are difficult
for municipal authorities to influence, because political author-
ity is not well aligned with watersheds [59].

DONORS CONTRIBUTIONTOTYPHOID CONTROL

It is much easier for an international donor to work with a small
group of national experts in immunization to add an additional
vaccine into an already functioning national system than it is
to provide support to transform engineering, financial, and
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institutional processes of water providers in each city through-
out a country. A vaccine is a simple, robust, and low mainte-
nance intervention compared with drinking water supply and
wastewater treatment, which require ongoing management and
maintenance. Although most vaccines are overseen by national
health authorities and delivered nationally, typhoid vaccine, in
the limited instances of routine use, has most commonly been
implemented subnationally. Vietnam has targeted children in
high-burden districts to receive Vi polysaccharide vaccine [60].
In China, the city of Guilin has introduced Vi vaccine [60]. In
India, the Delhi capital area offers routine vaccination [60], and
the Navi Mumbai Municipal Corporation plans to implement a
typhoid conjugate vaccine program in 2018 [61].

This subnational, indeed most commonly municipal level,
implementation may reflect the heterogeneous spatial distribu-
tion of typhoid, and the assessment of political authorities that
control measures in high-incidence areas is politically viable
and cost-effective, but this calculus may not hold nationally. If
municipal authorities continue to be the primary decision mak-
ers regarding steps to control typhoid, then public health advo-
cates will need to work with municipal authorities to provide
technical support for immunization decision making and deliv-
ery. Because immunization is a sound but incomplete solution,
it would be prudent if technical support to municipal decision
makers also addressed progressive steps to improve munici-
pal water supply and sanitation, to help municipal authorities
develop sound, long-term plans.

CONCLUSIONS

Typhoid fever continues to kill thousands of people each week.
With worsening antimicrobial resistance, this mortality bur-
den could suddenly increase. Reducing typhoid and other
waterborne diseases in urban settings requires focused effort
in neighborhoods with compromised water delivery systems.
We should shift our perspective. Instead of waiting for the
19th century approaches developed in wealthy, water-rich cit-
ies to reach high-need low-resource communities, we should
prioritize developing innovative 21st century technology and
management approaches to this complex unsolved problem.
Generating, evaluating, and improving innovative approaches
requires investing in research. Most of the needed research is
not the sort of reductionist biomedical research that captures
the imagination of microbiologists, but rather is a research
agenda that considers the broad complex system that provides
limited, unsafe, expensive drinking water to poor households.
This research agenda requires understanding available surface
water, groundwater, population growth, and climate change and
how these issues impact each city. The research should clarify
the political decisions, power dynamics, and actor incentives
that affect the engineered water system scope and performance.
The research should develop and evaluate robust innovative
strategies to support operation, maintenance, and repair of the

engineered water system in setting with severely compromised
governance. Research should ultimately include developing
approaches to collect the community’s fecal stream, treat it, and
return it safely to the environment.

Even in the most optimistic scenario with substantial com-
mitment to research, improvements in water and sanitation
will not come quickly enough to avert the risk of highly anti-
microbial resistant strains of typhoidal Salmonella in vulner-
able urban communities. We need aggressive public health
efforts that combine vaccine development and deployment
with realistic planning and commitment to improving water
and sanitation services in impoverished communities.
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