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Abstract
Lake Atitlan, Guatemala acts as a sink for wastewater discharge and as a source of
drinking water. The populations living in the lake basin are primarily indigenous with a large
percentage (70%) living in poverty. Wastewater effluent entering the lake poses an immediate
health risk to those using it as a drinking-water source. Additionally, the lake is surrounded by
three volcanoes and the water has concentrations of naturally occurring arsenic above the
recommended reference level of 10 µg/L. Arsenic is acutely poisonous at high concentrations
and has carcinogenic and neurological effects when chronically exposed at low concentrations.
The goal of this thesis is to improve the health of communities living around the lake by
informing policy surrounding the lakes management. This is done by quantifying the burden of
disease due to low-level arsenic exposure and acute diarrheal disease using disability adjusted
life years (DALYs), the hazard quotient (HQ), and the relative health indicator (RHI) method in
three municipalities; Santiago Atitlán, San Lucas Tolimán, and San Pedro La Laguna. Diarrhea
was used as an endpoint for diarrheal disease and arsenic-induced lung and skin cancer were
used as endpoints for low-level arsenic exposure.
The results of the assessment indicated that policymakers should prioritize microbial
contamination mitigation strategies and treatment to improve public health. For a scenario where
a 3-log pathogen removal and some residual chlorine was considered, the absolute difference
was 14.79. The RHI associated with reducing the mean concentration of arsenic in the lake (18
µg/L) to the MCL resulted in a 2.67E-4 reduction in RHI. Policy could focus on increasing

vii

awareness, sponsoring treatment technologies in schools, and exploring options for the
construction and operation a treatment plant.
The results of the DALY assessment found that diarrheal disease had the largest
contribution to the total burden of disease (0.227 per person-years) (99%<) and that children <5
years of age carry the largest disease burden associated with diarrhea (90%). Additionally, even
at low concentrations (<30 µg/L), arsenic exposure poses an excessive lifetime risk for the
development of cancer (2.01E-4 per person-year DALYs). The HQ was determined to be ≥ 1 for
all scenarios considered, meaning that there is a heightened risk for the development of noncarcinogenic effects of arsenic exposure such as decrease in IQ. Although the DALY results
should not be directly compared due to the nature of each disease (i.e., chronic versus acute
effects) they show that both contaminants are above the tolerable burden of disease and must be
mitigated.
Drinking-water treatment plants are needed to fully improve and protect the health of
population. However, they are expensive and take time to develop and fund. More research is
needed on low-cost, culturally appropriate technologies for the region for drinking-water
treatment plants with specific processes for pathogen reduction and arsenic removal. Arsenic and
pathogen removal can occur simultaneously and a potential water treatment process would
include oxidation by ozone, coagulation and flocculation, filtration, and chlorination.
The burden of disease can be immediately mitigated by focusing interventions on the <5
age group as they are most at risk of the non-carcinogenic effects of arsenic and diarrheal
disease. Point of use treatment in the home (boiling, sand filters) and at schools are important
starting points in combatting the effects of diarrheal disease. Locals should continue to be

viii

engaged on the importance of drinking water and sanitation to improve health and should be part
of the decision-making process of constructing and operating a drinking-water treatment plant.
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Chapter 1 Introduction
1.1 Motivation
Access to safe drinking-water is a human right (WHO, 2017a); however, in many
developing countries safely managed water services are limited. The Joint Monitoring Program
(JMP) estimated that in 2017 only 56% of Guatemalans had access to a safely managed drinkingwater source (JMP, 2019). Safely managed water is defined by the JMP as water that can be
accessed on premises, available when needed, and is free from contamination (WHO, 2017a).
Guatemala is a country of 16,672,956 people as of 2016, with land area of 108,928 km2.
There are four distinct ethnic groups recognized by the Guatemalan constitution: Garifuna,
Maya, Mestizos, and Xinca. The country is divided into 22 departments including the
Department of Sololá which accounts for less than 1% of the nation’s territory (PAHO and
WHO, 2017). Lake Atitlán (the focus of this thesis research) is located in highlands of
Guatemala in the Department of Sololá; the populations living around the lake are largely (95%)
indigenous people (Ferrans et al., 2018). The economic reality for those residing in the basin
shows that 70% live in poverty of which 32% are estimated to live in absolute poverty. This
coincides with the national trend where indigenous populations suffer rates of poverty 1.7 times
higher than nonindigenous populations (PAHO and WHO, 2017). Additionally, the national
extreme poverty rate has increased by 8.1 percentage points between 2006 and 2014 to 23.4%.
Furthermore, in 2014 the Department of Sololá had the second highest poverty incidence,
approximately 80% (PAHO and WHO, 2017).
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Infectious and deficiency diseases are the leading cause of death in children under five in
Guatemala. This disease burden is directly correlated with sanitation and clean water (PAHO and
WHO, 2017). The age-standardized all-cause summary exposure value (SEV) for unsafe water,
sanitation and handwashing in Guatemala is 40.4% - <46.1% (GHM, 2020a). Additionally, the
SEV for unsafe water source in Guatemala is 25.2% - <37.4% (GHM, 2020b). SEV is a risk
metric accounting for extent of exposure and severity of the risks contribution to the burden of
disease on a scale of 0 (safest) to 100% (highest risk). In the Lake Atitlán basin an estimated
81% of the population is living in poverty and 50.2% of children under eight experience chronic
malnutrition (AMSCLAE, 2019a). The population may also be at risk for contracting microbial
diseases and suffering from diseases related to chronic exposure to low levels of arsenic.

Figure 1.1 Map of municipalities surrounding Lake Atitlán (in blue). Adapted from
https://www.gifex.com/fullsize/2011-11-22-14972/Municipios_de_Solola.html
Lake Atitlán (Figure 1.1) has an area of 541 km2, maximum depth of 330 m, a total
volume of 24.2 m3, and a hydraulic residence time of approximately 80 years. Non-disinfected
wastewater effluents are discharged into the lake raising questions concerning the adequacy of

2

the lake as a source of drinking-water (AMSCLAE, 2019a). Additionally, the volcanic soils and
geology of the basin cause the concentration of naturally occurring arsenic in lake and ground
water to exceed national and global safe standard of 10 µg/L (Ferráns et al., 2018; Perez-Sabino,
2015). Despite the health risks, at least 80,000 persons in three of the largest municipalities (San
Pedro La Laguna, Santiago Atitlán, and San Lucas Tolimán) rely on it as the sole source of
drinking-water (AMSCLAE, 2019b). They are located on the south shore of the lake, #5, #6, and
#7 in Figure 1.1.
1.2 Goal and Objectives
The overall goal of this thesis research is to improve the health of the communities living
around Lake Atitlán by informing future research and public policy. The specific objective is to
quantify the burden of disease associated with ingestion of drinking-water contaminated with
naturally occurring arsenic and excreta-related pathogens. This objective will be met by
calculating recognized health indicators like the daily adjusted life year (DALY) for each
contaminant of interest, the hazard quotient (HQ) for arsenic, and the relative health indicator
(RHI). Additionally, potential, and appropriate solutions to reduce risk associated with exposure
to these pollutants will be discussed, taking into consideration the developing context of the
basin.
1.3 Organizational Overview
This thesis relies on data collected by researchers over the past 10 years. No data were
collected as part of this research. The thesis begins with a literature review (Chapter 2) outlining
the prevalence and health effects of contaminants of interest and studies that have compared the
burden of disease associated with heavy metals and bacterial pathogens. The methods used to
estimate the burden of disease are provided in Chapter 3 and the results of these estimates are

3

discussed along with a brief discussion of potential solutions in Chapter 4. The thesis concludes
with conclusions and recommendations for future research and the community (Chapter 5).
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Chapter 2 Literature Review
2.1 Naturally Occurring Arsenic
2.1.1 Arsenic in the Environment and Effects on Health
Arsenic is a naturally occurring element common throughout the world, prevalent in the
earth’s crust (about 1.8 ppm), especially along active tectonic plate boundaries (Ravenscroft et
al., 2009). Groundwater, soil, and sediments commonly contain inorganic arsenic compounds
(CDC, 2009). It is considered by some to be one of the biggest threats to human health by direct
or indirect ingestion such as consuming rice grown in arsenic-contaminated water (MoralesSimfors et al., 2020; Ravenscroft et al., 2009).
Arsenic is regularly found in groundwater at concentrations exceeding World Health
Organization (WHO) guidelines of 10 µg/L. The WHO has not quantified the global burden of
disease associated with inorganic arsenic; however, the ingestion of contaminated water is
estimated to account for 1.5–6.7 DALYs per 1,000 population globally (Fewtrell et al., 2005).
Groundwater is a common source of drinking water worldwide and thus it is important because it
is more likely to contain arsenic concentrations higher than the WHO guideline and more likely
to be acutely poisonous (WHO, 2017a). Although levels may be raised through anthropogenic
activities such as mining, no such activities exist around the Lake Atitlán basin.
Concentrations, speciation, and mobilization of arsenic in groundwater is heavily
influenced by pH and the availability of oxygen (Figure 2.2 and 2.3). Inorganic As(III), As(V)
and their compounds are carcinogenic (Bjørklund et al., 2019; CDC, 2009; IRIS, 1991).
According to Ravenscroft et al. (2009) there are four main conditions that indicate the dominant
5

species of arsenic present in groundwater. Table 2.1 shows that the mobilization mechanism of
arsenic can also be predicted given the water type. The groundwater and lake water sampled
around the basin falls in the “near-neutral” type indicating that As(III) is the dominant species
and is primarily mobilized through reductive-dissolution mechanisms. Additionally, water
samples collected from various locations in Lake Atitlán had a higher concentration of
manganese and bicarbonate that coincided with a higher concentration of arsenic. Sulfidic
minerals are also present in volcanic regions that allow for arsenic to be released in oxidizing
conditions. The weathering of volcanic rocks also contributes to the presence of arsenic in
ground and surface waters (Bundschuh et al., 2010).
Table 2.1 Dominant species of arsenic in groundwater by water type and characteristics
(Ravenscroft et al., 2009)
Type
Dominant
pH
Rich in
Low in
Mobilization
Form of As
Mechanism
NearAs(III)
6-8
Bicarbonate,
Oxidized species Reductiveneutral
iron, and/or
dissolution
manganese
Alkali-oxic As(V)
≥8
Dissolved
Iron and
Alkalioxygen and/or manganese
desorption
nitrate and
sulphate
AcidAs(V)
<1-6
Sulphate and
No correlation
Sulphidesulphate
iron
oxidation
Geothermal No
No
No correlation No correlation
No
correlation
correlation
correlation

Figures 2.1 and 2.2 show that arsenic speciation is dependent on whether the arsenic
occurs in the +3 or +5 form, the dominant species are typically H2AsO4- and HAsO4-2 in surface
water because conditions are aerobic. The net charge of As(V) in the neutral pH region is
negative (-1 or -2) (USEPA, 2003). This suggests that removal of As(V) in surface water will be
a higher priority than the removal of As(III). Conversely, Figure 2.1 shows that in a near-neutral
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anoxic environment, such as groundwater, H3AsO3 will be the dominant species and removal of
As(III) is a priority. Removal techniques specific to either species is discussed in Section 2.1.2.

Figure 2.1 Speciation of As(III) reprinted from USEPA (2003) arsenic treatment technology
evaluation handbook for small systems (pH of 6-9 is shaded)

Figure 2.2 Speciation of As(V) reprinted from USEPA (2003) arsenic treatment technology
evaluation handbook for small systems (pH of 6-9 is shaded)
Long term exposure to arsenic often leads to Arsenicosis, a catch-all term for the many
health impacts that arsenic exposure has. Symptoms of Arsenicosis include painful skin lesions,
increased risk for diabetes, high blood pressure, and several types of cancers that typically take
2-10 years to manifest (CDC, 2009; Ravenscroft et al., 2009). Conjunctivitis melanosis and
7

hyperkeratosis are the most observed symptoms (Das et al., 1996). Additionally, children and
fetuses exposed to low levels of arsenic may be at a higher risk of experiencing negative impacts
to their physiological neurodevelopmental processes, potentially affecting intelligence and
memory later in life (Bjorklund et al., 2019). Some studies suggest toxicity occurring in vitro in
concentrations as low as > 0.2 µM (Tsuji et al., 2019). A linear dose response curve for inorganic
arsenic is difficult to create because its effects are dependent on lifestyle, exposure dose, and
endpoint indicators for long-term low-dose exposure may not be solely the result of arsenic
ingestion. A 2019 study determined an overall lack in dose-response relationship between
bladder and lung cancers and a lifetime exposure to drinking water contaminated with less than
100 µg/L (Tsuji et al., 2019). It is estimated that the carcinogenic risk in concentrations as low as
2 µg/L and 0.2 µg/L are 1 in 10,000 and 1 in 100,000 respectively (IRIS, 1991).
Drinking water with inorganic arsenic concentrations ≥200 µg/L is known to be acutely
poisonous and is strongly correlated with the development of cancer. However, the correlation
between ingesting water with lower concentrations and the development of cancerous endpoints
are less clear. Chronic low-dose exposure cannot be directly linked to a cancerous endpoint. A
likely threshold for the development of skin lesions and skin cancer as a result of drinking water
contaminated with 50-100 µg/L of arsenic was determined (Tsuji et al., 2019) and is consistent
with findings presented in Fewtrell et al. (2005). Furthermore, communities that experience high
rates of malnutrition experience toxic effects of long-term exposure at the lower end of the
threshold due to decreased methylation capacity, a metabolic process that allows the body to
excrete arsenic in the form of less toxic compounds, dimethylarsinic acid and
monomethylarsonic acid in urine (Ravenscroft et al., 2009).
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Exposure early in life increases the likelihood of developing cancer (Fewtrell et al., 2005;
Lotter et al., 2014; Tsuji et al., 2019). Although inhalation and dermal routes of exposure to
arsenic have negative impacts on health, ingesting it in drinking-water is closely linked to skin
and lung cancer. The method of toxicity is thought be by indirect influence on DNA replication,
however the exact mechanism is not yet known. Arsenite is believed to cause cell transformation
but not mutation (USEPA, 2001).
The burden of disease disproportionally affects the world’s poor who are less likely to
have drinking-water treatment facilities, be educated on the importance of WASH habits on
health and are more likely to drink well-water and untreated surface water. Developing countries
may have a national drinking-water standard that is higher than the 10 µg/L considered safe by
the WHO or may not have one at all. Drinking groundwater that may be less contaminated with
excreta-related pathogens can increase the risk of arsenic poisoning if concentrations are high.
Similarly, the consumption of lake water with arsenic levels as high as 30 µg/L is more
economically viable than purchasing bottled water. The painful skin lesions resulting from
chronic exposure not only make it more difficult to work, but they also contribute to social
isolation (Ravenscroft et al., 2009; Mazumber et al., 1998). Children who grow up drinking
contaminated water may face further challenges in finding work as they are at a higher risk of
intellectual impairment.
2.1.2 Strategies for Mitigating Naturally Occurring Arsenic
Bangladesh has attempted to solve its arsenic problem through a variety of methods.
Point of use water filters have been distributed and used but have failed for a quarter of the
population using them in the long-term. High cost of replacing broken parts as well as taste and
odor complaints were the primary reasons for abandoning household systems. Of those still using
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their filters, 90% were achieving some arsenic removal (Johnston et al., 2020). Community
treated water systems have a higher success rate due to cost-sharing, constant maintenance, and
relative ease of water quality monitoring when compared to household systems (Anstiss and
Ahmed, 2006; USEPA, 2003; Johnston et al., 2010; Sarkar et al., 2010). An entire manual has
been written describing the technologies used in rural communities and households throughout
Bangladesh and India and how they have been adapted to reduce construction and operation and
maintenance costs, as well as energy requirements (Ahmed, 2006). Bundschuh et al. (2010)
argues that the arsenic situation in Latin America is comparable to that in Southeast Asia yet few
publications were identified that address the problem.
The lowest-tech solution is to find an alternative source of drinking-water. This can
include collecting rainwater or drilling a deeper well (Anstiss and Ahmed, 2006; USEPA, 2003).
However, these solutions have their own limitations and considerations. The collection of
rainwater may only be appropriate where precipitation sufficiently meets the needs of the
community and where it is culturally appropriate. Additionally, the design and construction of an
appropriately sized catchment and storage system must be considered. Using rainwater as an
alternative source of drinking-water will be free of arsenic but introduces the potential for
contamination through inappropriate storage and drawing practices (Mihelcic et al., 2009).
Digging deeper tubewells1 often yields water with lower concentrations of arsenic but it
is not guaranteed. In parts of Bangladesh tubewells sampled at a depth of 67 m or greater had an
arsenic concentration below 50 µg/L. Additionally, tubewells sampled with a depth 17-67 m
were found to have the highest arsenic concentration (Jakariya, et al., 2003). The cost of the new
well must be considered against the geology of the region. It is important to note that in the case

1

A tubewell is a groundwater well technology common for tapping deep aquifers. It can be operated
manually or fitted with a pump to draw water to the surface.
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of abandonment of groundwater for arsenic free surface water, additional treatment must be
considered as it is more likely to be contaminated with bacterial pathogens and anthropogenic
contaminants.
If abandoning the contaminated source is not an option, treatment must be considered.
Oxidizing As(III) to As(V) drastically improves removal efficiency for non-membrane and
filtration removal processes. This is because when they complex with elements at a neutral pH,
As(III) is net neutral while As(V) is negatively charged (see Figures 2.1 and 2.2). Accordingly,
As(III) is more likely to move through the treatment system because the complexes it forms are
more stable than As(V) and will not react with the adsorption or ion exchange media in use
(USEPA, 2003). The oxidation process presents an initial hurdle for the selection of a treatment
process. The addition of an oxidizing agent introduces added cost for purchasing, transporting,
and storage. Additionally, technicians must be trained in the safe handling of oxidizing agent and
its potential effect on pH. Filtration, coagulation, and adsorption media do not have to be
synthetic, in fact a review of technologies used in rural Latin America pointed to the use of
geological material and minerals, soils and sediment, and clays for arsenic removal. Organic
materials like milled bones, sedges, and sorghum biomass have also shown promising results in
laboratory batch scale experiments specifically for arsenic removal but have not been tested in
real long-term situation (Bundschuh et al., 2010).
Arsenic removal can also be accomplished with low-cost sand filters. These are
comprised of two concrete, brick, or clay chambers stacked atop each other. The top chamber
contains the sand filter; a bed of course gravel topped with finer sand that can be sourced locally.
Surface or ground water is pumped over top of this chamber and the water flows through the
filter by gravity. The second chamber located below acts as a cistern from which water can be
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collected by the community. The advantages of a sand-filter are that they are relatively low cost
due to the ability to source all materials locally, they are not complicated to understand, and they
provide around 80% arsenic removal (Harun and Kabir, 2012; Tobias and Berg, 2011). This kind
of filtration requires media to contain some iron-based sorbent for the arsenic to be adsorbed
(USEPA, 2003). Local filtration media should be tested for oxidized iron content and
supplemented as needed. Additionally, source waters with higher concentrations of iron-oxides
can have better removal because arsenic readily adsorbs to iron minerals and precipitate out
(Ravenscroft et al., 2009).
Household sand filters are used in areas of Vietnam where existing home wells were
retrofit to remove arsenic at levels up to 1000 µg/L (Tobias and Berg, 2011). Disadvantages of
sand filters are the frequency at which the sand must be replaced (three months for household
systems), the taste and odor that may result from the lack of maintenance, the distance that some
community members must travel to the community filter (up to two km in Bangladesh), and the
challenge of finding a pond that can provide water year round so that the system isn’t abandoned
in the dry season (Harun and Kabir, 2012; Jakariya et al., 2003; Tobias and Berg, 2011).
Additionally, arsenic must compete with other anions for adsorption sites. Phosphate
concentrations above 0.3 mg/L reduce adsorption capacity by 30% with each 0.5 mg/L increase
(USEPA, 2003). Spent sand media is considered non-regenerative and must be safely disposed.
The efficiency and complexity of arsenic filters can be increased by changing the
filtration media from locally sourced sand to iron and aluminum oxide media. Arsenic is
removed through an oxidation/filtration process that includes adsorption and co-precipitation
with iron. Iron is oxidized either mechanically or chemically and As(III) is oxidized through the
addition of chlorine, As(V) then adsorbs to the oxidized iron. The water passes through a

12

granular media to filter out the precipitated iron-arsenic particles (EPA, 2003). This treatment is
particularly useful for water that has a higher dissolved iron concentration such in West Bengal,
India. In that case community pumps were retrofitted with oxidation/filtration systems that
physically aerated the water as it entered the filtration column. Iron in the water was oxidized to
ferric oxide and activated alumina, which can be regenerated, was used as the filtration media
(Sarkar et al., 2010).
These filters were successful in lowering the concentration of arsenic below India’s MCL
of 50 µg/L, were instantly accepted, and had been under use by the community for five years (at
the time of publication). Operation and maintenance costs were cut by implementing the use
regenerative filter media that locals were trained to regenerate after breakthrough was reached.
Additionally, locals were trained to routinely test water quality and clean the filters as necessary.
Although the filters decrease concentrations at or below the MCL the community still faces risks
to their health. The MCL for the region was set at 50 µg/L, well above the threshold for the
development of Arsenicosis. Additionally, the filters had to be backwashed every other day to
ensure adequate flow. The system included local workers who were trained in regenerating spent
media and safely discarding the sludge produced by the filter. It is important to note that in this
scenario, a centralized location for sludge disposal was created and maintained by the local water
committee and will not always be feasible. Safe disposal of spent media is an important
consideration when determining appropriate technology.
Coagulation and flocculation can also be used to remove arsenic. This is a physicalchemical process whereby dissolved arsenic is adsorbed to the destabilized metal in a coagulant.
The flocs are then removed by filtration or settling. Adsorption efficiency is dependent on the
coagulant chosen (iron-based or aluminum-based) as well as pH. This process may produce or
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consume alkalinity depending on the coagulant chosen. It is helpful to have a skilled operator to
make any pH adjustments prior to distribution (USEPA, 2003). Aluminum sulfate (i.e., alum) is
commonly used in developed countries as a coagulant due to its low cost but may not be a likely
option for developing regions. Ferric salts have been found to remove arsenic at a higher
efficiency than aluminum (Sarkar et al., 2010; USEPA, 2003).
A community led example of the coagulation and flocculation method in India and
Bangladesh is the use of fill and draw units. These are large (600-L) tanks that are equipped with
mixing paddles, a sludge withdrawal pipe, and either a handle or a generator for mixing. Water is
pumped into the tank, dosed with a coagulant, and hand mixed. A smaller auxiliary sand filter
then receives the treated water and filters out flocs prior to collection (Ahmed, 2001). The solid
waste produced is transported to a processing center or landfill. These options will not be
available to every developing community, particularly those in rural areas where the cost of
transportation may be high enough to make dumping the sludge into the environment a more
viable option. The filter used in Sarkar et al. (2010) had a coagulation and flocculation
component as well. The basic removal methods are often combined and modified to fit the
situation.
In Bangladesh, a two-bucket system was developed for household arsenic removal. The
buckets function as batch reactors. Sachets of a coagulant and an oxidant are added to water in
the first bucket and left to react for a period of time (5-10 minutes). The water is then poured into
a second bucket containing local sand wrapped in cloth which acts as a filter (Ravenscroft et al.,
2009).
Membrane filtration is another technology to consider. It can be implemented as a standalone solution for arsenic mitigation. Unlike with coagulation and flocculation, and filtration
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processes, high removal rate can be achieved without chemical addition. Membrane filtration has
high up-front and operational costs. Reverse osmosis does not require that As(III) be oxidized,
although better removal will be achieved if it does undergo oxidation. Alternatively water can be
passed through the membrane multiple times to better remove As(III). The process is insensitive
to fluctuations in pH and has the added benefit of removing suspended particles, minerals,
salinity, pathogens, and viruses. Reverse osmosis is a pressure driven process (Bundshuh et al.,
2010; USEPA, 2003).
In developing settings, membrane filtration is often found at the household level and is a
result of third-party funding due to the high capital cost (Johnston et al., 2010). However,
emerging technology is making it less expensive and more attractive to low- and middle-income
regions. Some of the disadvantages of membrane filtration are the potential for biomass growth
on its surface, membrane fouling especially in the presence of chlorine, production of rejected
water, and high level of skill required for backwashing (Bundshuh et al., 2010; USEPA, 2003).
The technologies discussed in this section and their main mechanisms are summarized in Table
2.3 along with some advantages and disadvantages.
Table 2.3 Summary of arsenic removal technologies
Mechanism of
Technology
Advantages
Disadvantages
removal
Filtration
Sand filter Many filtration media to
Variable efficiency
(sorption)
Emerging filtration
choose from – may be
based on media
media
sourced locally
selected
Low-tech
Provide some level of
pathogen removal
Emerging media can be
regenerated

Growth of
biofilm/microorganisms
May become clogged
Taste/odor
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Table 2.3 Continued
Mechanism of
removal
Coagulation and
flocculation

Technology

Advantages

Disadvantages

Fill and draw units
(community or
household)

High removal efficiency

pH may need to be
adjusted

Batch reactors

Membrane
filtration

Oxidant can be locally
sourced

Added cost of
purchasing chemicals

Removes turbidity

Fate of sludge produced
Addition of chlorine also
Dependent on water
disinfects
chemistry
Low-tech
Reverse osmosis High removal efficiency
High As(III) removal
(community or
achieved without requires multiple passes
household)
addition of chemicals
Membrane fouling can
Emerging As(III) removed without
occur
membrane
oxidation
High cost
technologies
Suspended solids
Production of rejected
removal
water
Pathogen removal
Skilled operators
Insensitive to pH
required
Simple operation

2.1.3 Arsenic in the Lake Atitlán Basin
Guatemala has no national safe drinking-water standard for arsenic and instead leaves the
decision to each individual district (USACE, 2000). The Lake Atitlán basin is situated within the
Sololá District where the MCL for arsenic is 10 µg/L (Pérez-Sabino et al., 2015). A 2014 study
sampled various locations around Lake Atitlán to estimate the amount of arsenic present. The
communities living in the Lake Atitlán basin rely on groundwater and lake water as a source of
drinking-water. There are however no water treatment plants located in the basin. This water is
thus not likely to be treated by individual households to meet the department standard (INE,
2019). A 2018 study found that over 70,000 residents in at least five municipalities rely on the
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lake as their primary source of drinking-water and that 90%-100% of inhabitants consume lake
water in three municipalities, San Lucas Tolimán, Santiago Atitlán, and San Pedro La Laguna
(Ferrans et al., 2018).
Few studies have been conducted to determine levels of arsenic in and around the lake
basin. Studies estimating the burden of disease due to arsenic ingestion in the basin do not exist.
The State University of New York, Oneonta (SUNY) has collecting dissolved water quality data
from 2013-2019, (including arsenic) from in and around the lake. Water quality samples from the
lake were taken at 0-310 m below water surface level at 5-15 m increments. The stratification of
arsenic concentration shows little variance at each interval. The level of arsenic in the lake itself
has increased from an average of 11.4 µg/L in 2013 to 14.85 µg/L in 2018. Samples were also
collected from private and public groundwater wells. Samples collected from Cero de Oro, Santa
Catarina groundwater hot spring, Xebec hot spring, Pozo Puente Ubico, Pozo Estadio Pana,
Regis, Posada Don Rodrigo, and La Porta hotel exhibited arsenic concentrations ranging from 13
µg/L-350 µg/L.
All arsenic samples collected by SUNY, Oneonta are reported as dissolved
concentrations after samples were passed through a 0.45 µm filter in the field into new HDPE
bottles. Samples were acidified on-site with concentrated, high-grade nitric acid to
approximately pH 2 and analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).
Samples collected from 2013-2017 were analyzed at the Geological Sciences Department at the
University of Colorado, Boulder. Samples collected 2018-2019 were analyzed at Activation
Laboratories, Ancastor in Ontario, Canada. It is unclear why SUNY, Oneonta changed
laboratories. Arsenic levels below 0.03 µg/L were reported as “non-detect”.
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A 2015 study (Pérez-Sabino et. al., 2015) determined levels of arsenic and mercury in 10
locations in the lake, two tributary rivers, and two samples entering and leaving a wastewater
treatment plant at the north end of the lake, “Los Cebollales”, in Panajachel. Sampling occurred
four times over the course of a year, 2-3 months apart. Each 1-liter sample was collected at a
depth of 30 cm and analyzed using atomic absorption spectroscopy at the Universidad de San
Carlos (Guatemala City) according to the methods specified in part 3114C of Standard Methods
for the Examination of Water and Wastewater, 20th edition (APHA, 1999). arsenic in the lake
was recorded on average between 16-29 µg/L over the course of the year. All lake samples
consistently tested above the department MCL except for one. Samples collected around the
wastewater treatment plant had reported concentrations that ranged from 17-107 µg/L and
samples collected in tributaries ranged from non-detect to 25 µg/L. The results of these studies
indicate that residents that rely on the lake for drinking-water are at risk of chronic exposure to
arsenic.
Figure 2.3 was created in ARCGIS to provide an overview of the arsenic concentration in
the basin. The circle and star markers indicate data sampled by Perez-Sabino et al. (2015) and
SUNY, Oneonta, (2013-2019) respectively. Orange markers indicate arsenic concentrations
exceeding 10 µg/L and green markers indicate arsenic concentrations below 10 µg/L. The
majority of the data is collected from locations in the north, especially around the city of
Panajachel which has exhibited the highest arsenic concentrations. It is important to note that all
samples taken from the lake itself exceeded the WHO guideline of 10 µg/L.
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Figure 2.3 Arsenic data points collected by SUNY (2013-2019) (star shape) and Perez-Sabino
(2005) (circles). Green indicates less-than 10 µg/L; while orange indicates greater-than 10 µg/L
A 2014 study measured arsenic groundwater concentrations and conducted a risk
assessment in the Department of Chimaltenango, Guatemala (Lotter et. al., 2014). The
Department of Chimaltenango is adjacent and located east of the Department of Sololá. Recall
that Guatemala is divided into 22 departments, which are further divided into municipalities.
Samples were collected from home faucets known to draw groundwater and tested using ICPMS in accordance with USEPA Method 200.8. Cerro Alto was the only area within the
department to report elevated levels of arsenic due to its proximity to tertiary volcanic rock layer,
similar to the Lake Atitlán basin. The risk assessment was made for carcinogenic and
noncarcinogenic effects by calculating USEPA excess cancer risk (ECR) and hazard quotient
(HQ) respectively. Central tendency exposure (CTE) and reasonable maximum exposure (RME)
values were used to calculate a range of risk. The lifetime ECR for Cerro Alto was determined to
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be 9.5×10-4 using the CTE and 5.8×10-3 using the RME. This means that the risk of developing
cancer related to ingesting arsenic contaminated drinking-water is between one and six in every
1,000 individuals exposed (Lotter et al., 2014).
2.2 Microbial Contamination
2.2.1 Microbial Contaminants in the Environment and Effects on Health
In 2017 the WHO estimated that 29% of the global population did not use safely
managed drinking-water services that were located on the premises, available when needed, and
free from chemical or microbial contamination (WHO, 2019a). Additionally, it was estimated
that in 2012 1.9 billion people worldwide drank water that is considered unimproved or
improved but contaminated with fecal coliforms (WHO, 2014). Unimproved water and sanitation
account for an estimated 1% of global burden of disease in 2010 (Lim et al., 2012). Infectious
diseases caused by protozoa, bacteria, viruses, and helminth pathogens are the most prevalent
health risk associated with drinking-water (Herschy, 2012). Consumption of unsafe drinkingwater and poor sanitation habits are linked to diseases such as cholera, diarrhea, dysentery,
hepatitis A, typhoid, and polio (WHO, 2019a). Infections by helminths such as intestinal worms,
schistosomiasis, and trachoma also affect millions worldwide (WHO, 2019b).
Furthermore, it is estimated that globally, 26% of the population drinks water that is
contaminated with fecal indicator bacteria; in Latin America it is roughly 15% (WHO, 2014). In
2017 the WHO estimated that inadequate sanitation caused 432,000 diarrheal deaths annually,
60% of the world’s total diarrheal deaths. Additionally, 673 million still practice open defecation
which contributes to the reintroduction of pathogens into a community (WHO, 2019b). The
second column of Table 2.4 shows the major diseases associated with specific microorganisms
that are important in developing countries.
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Table 2.4 Microorganisms and related diseases important to developing countries
Microorganism
Major disease
Major reservoirs and primary
sources
Bacteria
Salmonella typhi
Typhoid fever
Human feces
Salmonella paratyphi
Paratyphoid fever
Human feces
Other Salmonella
Salmonellosis
Human and animal feces
Shigella spp.
Bacillary dysentery
Human feces
Vibrio cholera
Cholera
Human feces and freshwater
zooplankton
Enteropathogenic E. coli
Gastroenteritis
Human and animal feces
Yersinia enterocolitica
Gastroenteritis
Human and animal feces
Campylobacter jejuni
Gastroenteritis
Human and animal feces
Legionella pneumophila and
Acute respiratory illness
Thermally enriched water
related bacteria
(legionellosis)
Leptospira spp.
Leptospirosis
Animal and human urine
Various mycobacter
Pulmonary illness
Soil and water
Opportunistic bacteria
Variable
Natural waters
Enteric viruses
Enteroviruses
Polio viruses
Poliomyelities
Human feces
Coxsackie viruses A
Aseptic meningitis
Human feces
Coxsackie viruses B
Aseptic meningitis
Human feces
Echo viruses
Aseptic meningitis
Human feces
Other enteroviruses
Rotaviruses
Adenoviruses
Hepatitis A virus
Hepatitis E virus
Norovirus

Encephalities
Human feces
Gastroenteritis
Human feces
Upper respiratory and
Human feces
gastrointestinal illness
Infection hepatitis
Human feces
Infectious hepatitis;
Human feces
miscarriage and death
Gastroenteritis
humans only reservoir;
transmitted person to person;
foodborne; and waterborne

Modified from Ashbolt, (2004)

21

Table 2.4 Continued
Protozoa
Acanthamocha castellina
Balantidium coli
Cryptosporidium homonis,
C. parvum
Entamoeba histolytica
Giardia Lamlia
Naegleria fowleri

Amoebic
meningoencephalitis
Balantidosis (dysentery)
Cryptosporidiosis
(gastroenteritis)
Amoebic dysentery
Giardiasis (gastroenteritis)
Primary amoebic
meningoencephalitis

Human feces
Human and animal feces
human, and other mammal feces;
transmitted in water
Human feces
Animal feces; transmitted in
water
Warm water

Helminths
Ascaris lumbricoides

Ascariasis

Human feces

Modified from Ashbolt, (2004)
Many of the pathogens listed in Table 2.4 can be found in mammalian excreta, and the
majority require a human host. All are transmitted through the fecal-oral rout, highlighting the
need for sanitation facilities, hygiene habits, and proper disposal of fecal matter. Gastroenteritis,
marked by watery diarrhea, is caused by bacteria, enteric viruses, and protozoa. The fecal-oral
transmission rout is best defined by the F-diagram depicted in Figure 2.4. This figure shows how
fecal matter can enter a person’s mouth by fluids, fields, flies, and fingers. Traditionally,
interventions anywhere along the F-diagram will reduce exposure and block fecal pathogens
from being consumed (Mihelcic et al., 2009).
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Figure 2.4 F-Diagram source: artwork by Linda Phillips. Reproduced from Mihelcic et al.
(2009); with permission from ASCE (Appendix A).
Infections of Cryptosporidium have been reported around Lake Atitlán (Laubach et al.,
2004). There are 13 distinct species but human and cattle infections are predominantly caused by
C. hominis and C. parvum, respectively. Generally, infections include an onset of self-limiting
diarrhea that can persist in immunosuppressed person for over one month (Herschy, 2012).
Cryptosporidium is highly infective and resistant to oxidizing disinfectants used in conventional
water treatment processes. UV light irradiation and membrane filtration processes are more
effective at inactivation and removal as a result of their small size. Due to their persistence in the
drinking-water, fecal indicator bacteria like E. coli or thermotolerant coliforms are not
recommended for the prediction of Cryptosporidium. In 1988 it was estimated that 2-31% of
children in Latin America were infected with Cryptosporidium. A 2004 study found that 29-35%
of children in the lake basin were infected (Laubach et al., 2004).

23

2.2.2 Strategies for Mitigating Microbial Pathogens in Drinking-water
The WHO recommends protection of source water from fecal contamination over
treatment (Herschy, 2012). If treatment is required, conventional water treatment can be used
that consists of mechanical separation, coagulation and flocculation, chemical purification,
disinfection processes, biological processes, aeration, and or the use of a membrane technology
(Mihelcic et al., 2009). Disinfection can be achieved through the addition of chlorine, ozonation,
UV light, or heat. It should be noted that chlorination is effective in removing viruses and
bacteria but is not a viable option for protozoan cysts. Biological processes also contribute to
disinfection by organisms’ consumption of organic matter and predation, as well as natural die
off of organisms. Aeration provides oxygen required for some chemical disinfection processes
and desired organisms (Mihelcic et al., 2009). The conventional method can be scaled down to
accommodate a developing setting, particularly when a centralized distribution system is not
feasible.
It is important to note that although chlorination is an effective disinfectant, its use can
result in the production of carcinogenic disinfection-by-products (DBP). The presence of natural
organic matter (NOM) further contributes to their formation. NOM is present in all surface- and
groundwater and fluctuations in the lake occur with the periodic algal blooms caused by
wastewater discharge (Fabris et al., 2008). Effective coagulation and flocculation are important
in the removal of NOM (Ghernaout et al., 2014).
Household treatment of drinking-water can be done to effectively decrease the risk of
enteric pathogens. A WHO study (WHO, 2014) found that in 67 countries where the survey was
conducted, boiling is the most used method (21% of study households). Other methods in the
study included filtration, chlorination, and solar disinfection (WHO, 2014). Although boiling is
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very effective in immediately disinfecting water, it does not provide a residual disinfectant and is
easily re-contaminated through storage and handling. Household filtration is a the second-most
common treatment process after boiling in South East Asia and Western Pacific regions (WHO,
2014). Household chlorination was reported as the second-most common in Latin America &
Caribbean and African countries after boiling (WHO, 2014).
2.2.3 Presence of Microbial Pathogens and Fecal Indicators in Lake Atitlán
The Autoridad para el Manejo Sustentable del Lago Atitlán y su Entorno (AMSCLAE,
Panajachel) has published water quality reports for the lake basin and its tributary rivers since
2012 (available at https://www.amsclae.gob.gt/estudios1/). The 2019 report focused on sampling
water from known drinking-water intakes for the municipalities of Santiago Atitlán, San Lucas
Tolimán, and San Pedro La Laguna and summarized E. coli concentrations from 2016 to 2019.
Samples were taken bi-annually in the dry season (March) and in the rainy season (September)
as concentrations are typically higher in the dry season. It is unclear if multiple samples were
taken at each intake point and averaged, or if the reported concentration is from a single sample
at each point. Samples were tested in situ for pH, electric conductivity, and total dissolved solids
as well as transported at 10oC to the University of San Carlos (Guatemala City) where they were
tested for E. Coli as well as total coliforms within six hours of being sampled. Analysis was done
in accordance with procedures outlined in POE-17 “Analisis microbiolobico de aguas: metodo
filtracion por membrana” using PetrifilmTM as the growth media (AMSCLAE, 2019a).
In the previous paragraph, POE stands for “Procedimientos operativos estándar” or
standard operating procedure. For measurement of E. coli and total coliforms, the sample is
passed through a 47-mm diameter filter with a pore size of 0.45 µm. The sample is then swabbed
onto a growth media and left to incubate 22-24 hours at 35 ± 0.5oC. Colonies of a dark red color
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and a metallic sheen must be counted. If at least five such colonies are present the sample is
further verified to be contaminated with fecal coliforms. The colonies are transferring to 2%
brilliant green bile lactose broth and lauryl sulfate broth and left to incubate 24-48 hours at 35 ±
0.5oC. If gas is produced the colonies have undergone fermentation confirming that presence of
total coliforms. E. coli is identified by being left to incubate for 24 hours at 44.5 ± 0.2oC. There
should be no indicator bacteria per 100 mL of tested sample to satisfy the drinking requirement
(Hernandez, 2003).
Over the four years only samples taken from the communities of Chukumuk and La
Cumbre showed E. coli concentration at or below two colonies per 100 mL throughout both wet
and dry seasons. The national potable water standard for Guatemala is non-detectable in 100mL
of water (COGUANOR, 1999). San Pedro La Laguna and San Chipój, San Lucas Tolimán
reported 0-50 colonies per 100 mL, varying with the season. El Relleno in San Lucas Tolimán
and Xechivoy and San Antonio Chacayá located in Santiago Atitlán had concentrations up to 140
colonies per 100 mL. The full report is available online at
https://www.amsclae.gob.gt/estudios1/, sample locations and most recent E. coli concentrations
are shown in Figure 2.5. Findings around the lake for 2016-2019 are included in Table 2.5. There
is no spatial trend for the data, concentrations are consistently above 0 colonies per 100 mL for
most of the sample locations.
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Table 2.5 E. coli concentrations in the south shores of Lake Atitlán at drinking water intake
points modified from AMSCLAE (2019a)
Concentration of E. Coli (UFC/100mL)
2016
2017
2018
2019
Location
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
El Relleno
25
140
20
40
0
100
San Chipoj
40
4
50
0
0
20
6
San Pedro
20
0
0
0
50
10
San Antonio Chacaya
0
0
30
48
8
8
4
Xechivoy
30
110
40
30
70
180
10
Chukumuk
0
0
0
0
0
0
0
La Cumbre
0
2
0
0
1
2
0

Figure 2.5 Autoridad para el Manejo Sustentable del Lago Atitlán y su Entorno (AMSCLAE)
fecal coliform sample locations and E. coli concentrations for 2019 wet and dry seasons
It is well known that wastewater is inadequately treated or not treated at all in the lake
basin, but no further reports were identified in this research quantifying levels of fecal
contamination. A site visit by the thesis author in 2018 confirmed that raw sewage was being
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released directly into Lake Atitlán. A 2017 study estimated the management of wastewater in the
basin by identifying wastewater quantity, quality, availability of wastewater treatment plants
(WWTPs) and their removal efficiencies by reviewing four reports and dissertations relevant to
the lake (Ferrans et al., 2018). An estimated 55% of the population is served by wastewater
collection systems but 35% of this is lost through leakage or direct discharge into the
environment.
The remaining 20% is treated by one of 12 WWTPs. The treated wastewater is estimated
to be used for crop irrigation (33%), discharge to lake (4%), discharged to tributary rivers (47%)
that discharge to the lake, and infiltration into soils (16%). Removal rates were estimated for
2015 using data available from AMSCLAE. At the time of the study two of the 12 WWTPs were
not functioning. Coliform removal was considered negligible: all effluent concentrations were
higher than 5.0E+03 MPN/100 mL. Additionally, the treatment plants are under designed and
would not be able to treat the volume of wastewater produced by the population. Inadequate and
discontinuous management of the WWTPs is a large factor in the management of wastewater in
the lake basin. Elections occur tri-annually, shifting local power and management of WWTPs.
Often the new local government will neglect the previous management programs, making
continuous and improved management difficult (Ferrans et al., 2018).
There are currently 18 WWTPs in the basin. Since 2017, six new plants have been built.
Of these, only 10 operate consistently and none practice disinfection (Oakley, 2021). None of the
treatment plants are designed to remove nutrients and pathogens which is of particular concern
because the lakes is used as a source of drinking-water. Table 2.6 lists the technologies used in
the basin as well as the number of currently operational and non-operational plants. Only one
plant includes disinfection but it is non-operational.
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Table 2.6 Wastewater treatment technologies used in Lake Atitlán (Oakley, 2021)
Technology
Operational (#)
Technology
Nonoperational (#)
Lagoons
1
Imhoff tank with
2
percolating filter
Sequencing batch
1
Activated sludge with
1
reactor
wetland
Activated sludge
3
Activated sludge
2
Upflow anaerobic
4
UASB with
1
sludge blanket
percolating filter and
(UASB)
chlorination
Percolating filter with
1
Prefab UASB
1
lagoon
Anaerobic filter with
1
artificial wetland

For some, the energy requirement is too high for an area that receives a discontinuous
supply of electricity, the selected technologies require constant monitoring by highly skilled
operators, and provisions were not made for the continuous training of locals. Therefore, when
the original operators decide to pursue a different career the WWTP is at high risk of functioning
incorrectly. Lack of resources to upgrade or repair WWTP have left some in disrepair after
storms battered the region (personal site visit of thesis author, 2018). A 2004 study examined the
risk factors associated with the prevalence of Cryptosporidium in San Antonio Palopó and Santa
Catarina Palopó located in the east and northeastern shores of Lake Atitlán, respectively
(Laubach et al., 2004). 100 children were selected from the cities between 2001 and 2002. Each
child was experiencing watery diarrhea and samples were collected. Slides were prepared by
mixing fecal samples with PVA, dried at room temperature, and transferred to a laboratory at
NSU. Cryptosporidium oocysts were identified by staining with Kinyoun’s modified acid-fast
stain. Samples were considered negative if no oocysts were detected after 20 minutes of scanning
using oil immersion light microscopy (Laubach et al., 2004).
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The 2004 study found a high incidence rate of Cryptosporidium in both cities, a
combined 32%. It was less prevalent in males than in females and overall lower in the 2-5 year
range for males. The prevalence of infection differed between the wet and dry seasons as with
the prevalence of E. coli in the previous study. January (dry season) recorded 29% infections
while June (wet season) reported 35%. Researchers determined this difference to be statistically
insignificant (Laubach et al., 2004).
2.3 Quantifying Burden of Disease
Quantifying the burden of disease is crucial to understanding the impact on a community.
Interventions can then be prioritized by policymakers and community members. Metrics such as
health-adjusted life years (HALYs) were created to compare unrelated diseases more equally.
HALYs combine morbidity and death impacts through the computation of quality-adjusted life
years (QALY) and disability-adjusted life years (DALY) (Naughton and Mihelcic, 2017).
QALYs are however more difficult to compute in a developing setting because they rely on
obtaining disease outcome information. This data is often nonexistent or sparsely collected in
developing settings. Other methods to quantify the burden of disease include the USEPA HQ and
relative health indicator (RHI) (Seidel et al., 2014; USEPA, 2009).
2.3.1 DALY
A DALY represents the loss of the equivalent of one year of full health. The sum of
DALYs estimates the total number of years of life lost due to illness, disability, or premature
deaths. Simply put, DALY is equivalent to the sum years of life lost (YLL) and years of life
lived with a disability (YLD). This method allows for a more equal comparison between
conditions that cause premature death and those that do not cause death but result in disability
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(WHO, 2020). This method involves age-weighting, a practice that has been criticized for putting
more value on younger ages (Naughton and Mihelcic, 2017).
DALYs are computed using a common endpoint indicator, for arsenic it may be skin
lesions or a type of cancer (lung, bladder, skin). DALYs attributed to exposure to microbial
pathogens may use gastroenteritis or diarrhea as an endpoint indicator. Lindqvist et al (2019)
determined that it is possible to assess and compare risk between chemical and microbiological
contaminants in food using DALYs. However, risk estimates could vary depending on how
DALYs were calculated using a dose-response curve or a linear extrapolated benchmark dose
represented as the no-observed adverse effect level (NOAEL). Given that low-dose arsenic
exposure does not have a recognized dose-response curve, DALYs would have to be calculated
using the latter NOAEL.
2.3.1.1 Burden of Disease from Exposure to Low-Level Arsenic in Drinking-water
Zhang et al. (2018) estimated the cancer risk of consuming low levels of arsenic in
drinking-water in the Xi’an city (China) with DALYs. Additionally, DALYs for exposure to
trihalomethanes (THM) were computed and compared. Samples were collected from selected
washrooms around the city after running the tap for five minutes. THM and arsenic samples were
collected in clean glass vials and polyethylene vials, respectively. Vials containing THM samples
contained ascorbic acid to prevent the formation of THM in transit. All samples were stored in
4oC and transported to the laboratory for analysis within 24 hours.
Mathematical models suggested by the National Research Council in Canada and the
USEPA were then used to estimate the incidence and prevalence rate of lung and skin cancers.
Researchers noted that lung and skin cancer were used as endpoint indicators for the DALY
calculation because definite evidence is lacking between the relationship between low-level
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arsenic exposure and these cancers (Zhang et al., 2018). The risk of contracting skin cancer was
one order of magnitude greater than the lung cancer risk for the entire population. The risk level
for contracting cancer for men was 4-8 orders of magnitude greater than for women. Risk was
found to increase with age. Age specific DALYs were calculated using the mean values of the
total cancer risks, men were found to suffer 2-10 times more DALYs than women (Zhang et al.,
2018). Skin and lung cancers accounted for 72.07% of the disease burden in the city of Xi’an.
Zhang et al. (2020) estimated the burden of disease in another Chinese city, referred to as
XP. The approach was similar to that of Zhang et al. 2018, except a Monte Carlo simulation was
used to calculate the average daily dose of the population. Visceral carcinoma (lung, bladder, and
liver cancers) was used as the endpoint indicator and the average arsenic concentration in
drinking-water was 8.23 µg/L. Incidence rates of the cancers were highest in men and increased
with age for both sexes. Skin cancer had the highest risk rate followed by lung cancer and
bladder cancer. The mortality burden was much higher than the morbidity burden. The burden of
disease was highest for the age range of 60-65 years (Zhang et al. 2020).
Few studies have estimated the burden of disease for chronic exposure to low-level
arsenic because the connection between exposure and disease is not well understood (Tsuji et al.,
2019). Additionally, lifestyle can be a confounding factor in the endpoint (Zhang et al., 2018;
Zhang et al., 2020). For example, smoking raises the risk of contracting lung cancer within a
population but can also result from chronic exposure to arsenic. In contrast, many studies have
quantified the burden of disease for high concentration of arsenic in drinking-water. Especially in
areas that have attracted global attention such as India and Bangladesh. Table 2.7 summarizes
studies that used DALYs, their area of study, endpoint indicators used, and average arsenic
concentration.
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Fewtrell et al. (2005) estimated the global burden of disease of skin lesions due to
elevated levels of arsenic. This study only considered arsenic concentrations greater than 50
µg/L. This metric narrowed the scope of countries included in the estimation to Argentina, Chile,
Mexico, Bolivia, Peru, Romania, Hungary, Thailand, Bangladesh, India, Nepal, and China.
Bangladesh was found to have the highest number of DALYs per 1,000 population. Skin lesions
were considered as non-fatal, eliminating YLL from the DALY calculation. In this study one
DALY was equivalent to one YLD (Fewtrell et al., 2005).
Table 2.7 Summary of studies determining DALYs for arsenic exposure from drinking-water
Location
Average
Endpoint
DALY
Authors
arsenic
Indicator
Concentration
(µg/L)
XP, China
8.23
Visceral
20.58 personZhang et al.,
carcinoma
year
2020
(lung, bladder,
(3.35x10-5 per
and liver
person-year)
cancers)
Xi’an, China
1.00
Lung cancer
32.62 personZhang et al.,
Skin cancer
year
2018
(4.77x10-6 per
person-year)
Argentina,
50-350
Skin lesions 1.5-6.7 per 1000
Fewtrell et al.,
Chile, Mexico,
population
2005
Bolivia, Peru,
Romania,
Hungary,
Thailand,
Bangladesh,
India, Nepal,
and China
2.3.1.2 Burden of Disease from Microbial Contamination of Drinking-water
The global burden of disease is estimated by the WHO using DALYs and includes data
specific to the consumption of unsafe water. This is often estimated using diarrheal disease as an
endpoint. Historically, the burden of disease attributed to diarrheal disease was among the top
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three risk contributors to the global burden of disease, especially in developing regions (Ashbolt
et al., 2004). A review of seven studies estimating the global burden of disease from 1976 to
2001 found that mortality had shrunk by a factor of 2.6. However, morbidity remained relatively
constant in developing countries (Boutayeb, 2010).
Lim et al. (2012) estimated the global burden of disease for 20 age groups, both sexes,
and 187 countries. The purpose was to create a comparative risk assessment between 67 risk
factors using data collected by independent researchers, WHO, censuses, and surveys among
other sources. DALYs were calculated for unimproved water and sanitation exposures assuming
the outcome of intestinal infectious disease collected mainly through population surveys and
censuses. Between 1990 and 2010 the combined DALYs for women and men attributed to
unimproved water and sanitation dropped significantly from 52,169 to 21,187 thousand. DALYs
specific to unimproved water sources went from 21,172 to 7,775 thousand. Sanitation ranked 26
in global risk factor in 2010 and unimproved water and sanitation represented 0.9% of the global
burden of disease. Additionally, women and men shared a similar percentage of the global
burden of disease attributed to unimproved water and sanitation 49% and 51%, respectively. In
children under 5, unimproved sanitation and unimproved water each accounted for less than 2%
of the disease burden (Lim et al., 2012).
A study (GHM, 2012) estimated the YLDs and uncertainties for 1,160 conditions
resulting from 291 diseases and injuries in the global burden of disease studies done between
1990 and 2010. YLD attributed to diarrheal disease for all ages increased from 7,654 thousand to
8,045 thousand. This corresponds to 144 and 117 per 100,000 population, respectively. Here
diarrheal diseases include cholera, other salmonella infections, shigellosis, enteropathogenic and
enterotoxigenic E. coli infections, campylobacter enteritis, Guillain-Barre syndrome, amoebiasis,
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cryptosporidiosis, rotaviral enteritis, and “other” diarrheal diseases. Diarrheal disease in fact
ranks 20 in leading causes of YLDs for Central Latin America (GHM, 2012).
2.3.1.3 Comparing Arsenic and Microbial DALYs
No studies were identified that compared DALYs between diseases caused by microbial
pathogens and diseases caused by heavy-metal exposure through drinking-water. This is assumed
to be because directly comparing DALYs would result in the misleading conclusion that the need
for removal of microbial pathogens far outweighs the need to remove arsenic. Microbial
pathogens often result in acute diseases while exposure to arsenic is chronic and long term, and
often the endpoint (e.g., cancer) not manifesting for many years. Furthermore, the number of
DALYs will be higher for an acute endpoint such as gastroenteritis than for a chronic endpoint
such as skin cancer. However, it is possible to compare chemical and microbial risk with careful
assumptions. For example, Lindqvist et al (2019) explores the topic in relation to risk associated
with food. Specific to chemical risk analysis done with food, DALYs are not used often because
the exposure relationship to chronic effects are poorly defined and use of DALYs require an
estimation of the effect on a population. They are thus used to indicate the rank order, not the
absolute risk of the contaminants of interest and are useful in prioritizing interventions to reduce
risk (Lindqvist et al., 2019).
2.3.2 Hazard Quotient
The HQ is a metric used by the USEPA to assess the risk of developing noncancerous
health effects associated with exposure to a chemical contaminant. HQ compares the estimated
chronic daily intake to the chemical’s reference dose (RfD) (USEPA, 2005). The RfD is an
estimate of exposure to a population that will likely not result in negative health impacts over a
lifetime. The RfD can be found on the USEPA IRIS website
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(https://cfpub.epa.gov/ncea/iris2/chemicallanding.cfm?substance_nmbr=278). The RfD for
arsenic is 3E-4 mg/kg-day (IRIS, 1991). The HQ cannot be calculated for diarrheal diseases.
This metric best serves to further contextualize the risk associated with a chemical contaminant.
2.3.3 Relative Health Indicator
Seidel et al. (2014) developed the Relative Health Risk Indicator (RHI) approach to
quantifying health risks. The goal of the report was to help water utilities identify meaningful
risk reduction strategies across the US in drinking-water through the implementation of RHI
monitoring (Seidel et al., 2014). Unlike DALYs, the RHI can be more accurately compared
across microbial and chemical contaminants. The method combines carcinogenic and noncarcinogenic effects of a chemical contaminant using cancer slope factors and toxicity values
established by the USEPA IRIS. The output is thus an estimation of risk associated with each
individual contaminant that can be ranked. Utilities are able to track contaminants of interest,
establish a baseline, and estimate the impact of changes to their treatment processes by
manipulating variables in the equations developed. Additionally, relative health improvements
can be estimated over time by using historical water-quality monitoring data and progress can be
tracked.
The RHI method can be used to directly compare the benefits associated with reducing
risk for different contaminants. Whereas the DALY allows direct comparison between the risks
associated with contaminants, the comparison is complicated when trying to compare chronic
carcinogenic effects to acute non-carcinogenic effects. RHI can be used to prioritize health
interventions by the total impact it would have on public health and are more valuable in terms
of informing policy. DALYs for microbial contaminants are expected to be larger than those
with chronic carcinogenic effects, however the potential impact to health of reducing exposure to
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the carcinogenic endpoint may be greater than that associated with the former. This method
requires a large amount of data but can be roughly estimated for the lake with some assumptions.
2.4 Knowledge Gaps
It is well-documented that Lake Atitlán is contaminated with naturally occurring arsenic;
however, no efforts have been made to quantify the burden of disease associated with arsenic
exposure. Studies have demonstrated that arsenic is present in the lake at concentrations high
enough to impact health but have not framed their findings as a public health issue. Furthermore,
viable alternatives for treatment of arsenic found in drinking-water in the basin have not been
considered.
Similarly, the contamination in the lake by fecal related pathogens are known to originate
from treated and untreated wastewater being discharged into the lake. Studies concerning the
issue are focused on preventing wastewater from reaching the basin by exploring designs for
additional treatment plants. The studies are operating under the correct assumption that the
drinking the lake water is having a negative impact on public health, but no studies exist on the
estimated health burden. Reporting the impact of ingesting untreated water in terms of its effects
on the local populations has the potential to impact local policy and communicate the urgency of
the situation to locals. Additionally, there are no studies that compare the risk associated with
arsenic and fecal related pathogens in Lake Atitlán.
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Chapter 3 Methods
3.1 DALY Calculations
There are two steps to accomplish the goals specified in Chapter 1: data collection and
health indicator calculations. Data on arsenic and fecal related pathogen concentrations in Lake
Atitlán were found by searching Google Scholar and Web of Science. Variants of phrases such
as “Arsenic contamination in Lake Atitlán”, “water quality lake Atitlán”, and “fecal
contamination in Lake Atitlán” were searched in English and Spanish to find water quality data.
Additionally, personal correspondence with personnel at SUNY, Oneonta provided the author
with unpublished water quality data. Methods with which to compare the health risks associated
with ingesting microbial and arsenic contaminated water were found by searching variants of
“chemical and microbial risk comparison” and personal correspondence with University of South
Florida faculty.
The burden of disease cannot be reliably determined for the entire lake basin. This is
because insufficient data exists to accurately determine the amount of people relying on the lake
as their sole source of drinking-water. Similarly, there is little data on the concentration of
arsenic in private or public wells. Therefore, the burden of disease associated with ingesting low
levels of naturally occurring arsenic and microbial contaminants was determined for three
municipalities located on the south shore of Lake Atitlán where data did exist; San Lucas
Tolimán, Santiago Atitlán, and San Pedro La Laguna.
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3.1.1 Data Used in Sections 3.1.2 and 3.1.3
The three municipalities of interest are estimated to source 90%-100% of their drinkingwater directly from the lake. Populations for the municipalities were obtained through the
Guatemala 2018 census (INE, 2019). Data are stratified by age groups of five years from 0-4 to
100+ and are provided in Appendix B. Table 3.1 provides a brief summary of the total
populations living in the three areas of interest.
Table 3.1 Population of each municipality along Lake Atitlán of interest from 2018 census
(INE,2019)
Municipality
Total Population
Men
Women
San Lucas Tolimán
29,772
14,723
15,049
San Pedro
10,705
5,202
5,503
Santiago Atitlán
41,877
20,575
21,302
The concentration of arsenic around the lake basin was narrowed down to most
accurately estimate the concentration ingested by three municipalities of interest (Table 3.2).
Each arsenic concentration is listed along with the year the sample was collected, location, and
the study that collected it. These samples were selected because they represent arsenic
concentrations from samples collected within the lake is a source of drinking-water, as well as
two wells located in San Pedro and Santiago Atitlán.
Water quality data in terms of level of contamination by fecal indicator bacteria exists
and was briefly discussed in Chapter 2.2.3. Water samples taken on the south shores of the lake
exhibited the presence of E. coli indicating contamination by mammalian excreta.
Concentrations of E. coli were not used to estimate incidence of diarrheal disease. Incidence of
illness and death due to diarrhea in the municipalities of interest was estimated from studies and
global information centers that tracked this information. The data and methods used are
discussed in Section 3.1.2.
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Table 3.2 Concentration of arsenic (µg/L) in lake basin used in DALY calculation
Year
2014
Location
24.9
17.1
15.7
17.5
Panajachel
28.2
17.3
17.3
13
Quiscab
29.7
18.1
6.4
13.4
Jaibalito
27.8
18.6
14
14.5
Centro Lago
28.5
19.0
14.6
16.1
Bahia
29.6
18.7
15.1
16.5
San Pedro
28.7
18.7
13.9
16.5
Santiago
29.1
19.2
17.4
18.2
San Lucas
Santa
107
19.9
14.4
18.2
Catarina
22.9
19.6
17.4
18.4
Tzanpetey
2013
2014
2015
2016
2017
2018
2019
Lake
11.4
12.80
12.7
13.5
Lake
12.4
Lake
14.85
San Pedro
Cistern
7.2
6.68
Cero de Oro
well
22.4

The chronic daily intake (CDI) (mg/kg/d) of arsenic for males and females was estimated
using Equation 3-1 (Zhang et al., 2018). This calculation is required to calculate the incidence of
arsenic-induced skin and lung cancers. Children are not included in this calculation as cancers
associated with low-level arsenic exposure are chronic and would not immediately present itself
in children.

CDI =

CW * IRW * EF * ED
BW * AT

Equation 0-1

In Equation 3-1, the CDI is a function of concentration (Cw) (mg/L), ingestion rate (IRw)
(L/d) assumed to be 2 L/d (USEPA, 2011), exposure frequency (EF) (d/yr), exposure duration
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(ED) (yr), body weight (BW) (kg), and average time (AT) (d). Cw is the concentration of arsenic
in drinking-water and varies with time and location. Concentrations in Table 3.2 were used to
run a Monte Carlo simulation in the statistical software R, available at https://www.rproject.org/. This was done by creating a “for loop” with five columns and 10,000 rows. The
columns correspond to a randomized bodyweight with a mean of 50 kg for women and 70 kg for
men, and assuming a standard deviation of 5. Bodyweights were assumed from a USEPA (2011)
bodyweight as it was done in an arsenic groundwater contamination study done in
Chimaltenango, Guatemala (Lotter et al., 2014). Each row represents a randomized Cw
parameterized by the mean and standard deviation of the recorded samples. The output is 50,000
possible CDI values and the mean is carried forward as the dose of arsenic ingested for each sex.
The Monte Carlo simulation was done primarily to adhere to methods described in Zhang
et al. (2018). Additionally, the CDI was calculated using the mean and 95th percentile arsenic
concentration in the lake for comparison. Bodyweights were held constant in these calculations.
CDI calculated with the mean arsenic concentration was within 5% of those calculated with the
Monte Carlo simulation. The 95th percentile yielded values nearly twice that of the Monte Carlo
and could represent the worse-case scenario. Inputs and justification for this calculation are
included in Appendix C.
A flow chart was created to outline the processes involved calculating DALYs for lowlevel arsenic exposure and diarrheal disease (Figure 3.1). The process for calculating DALY for
diarrheal disease resulting from exposure to fecal related pathogens is summarized by the
leftmost half of the diagram enclosed in the dotted boundary. Concentrations of fecal related
pathogens were not needed for estimations of incidence because relevant data exists on
incidences of infection and death due to diarrhea in the region. Rates of disease associated with
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arsenic ingestion had to be estimated based on the arsenic concentration in drinking-water. As a
result, calculating DALYs involved extra steps summarized on the rightmost half of the diagram
denoted with an arrow labeled “Arsenic”.

Figure 3.1 Simplified flowchart of DALY calculation for diarrheal disease (left) and exposure to
arsenic (right)
3.1.2 DALY Calculation Arsenic
Following the estimation of the CDI it is converted from units of mg/kg/d to units of
µg/kg/d and is referred to as exposure dose in subsequent equations. Incidence rates of skin
cancer and lung cancer were then estimated. Incidence rates for skin and lung cancers were not
available for the region; therefore, they were determined using methods described in Zhang et al.
(2018) for low-level arsenic exposure. Incidence and DALYs were stratified by gender and 21
age groups: i.e., 0-4, 5-9, 10-14… 95-99, 100 and over. Equation 3-2 was used to calculate
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incidence rates of lung cancer. Equation 3-3 was used to estimate prevalence rates of skin cancer
and converted to incidence using Equation 3-4.
h(x,d) = k(q1d + q2d2) * (x-m)k-1 * H(x-m)

Equation 0-2

P(x,d) = 1 – exp[-(q1d + q2d2) * (x-m)k * H(x-m)

Equation 0-3

h = ln

1 − P ( x, d )
1 − P( x + t , d )

Equation 0-4

These equations use age (x) (yr), exposure dose (d) (µg/kg/d), a dimensionless Heaviside
function (H) where H(x-m) = 0 if x < m and H(x-m) = 1 if x>m. Dimensionless factor q1, q2, and
k are non-negative parameters and are included in Appendix D (Zhang et al., 2018; Zhang et al.,
2020). Additionally, the estimated incidence rates are included in Appendix E.
DALY = YLL + YLD

Equation 0-5

DALY(c,s,a,t) = YLL(c,s,a,t) + YLD(c,s,a,t)

Equation 0-6

YLL = ∑ xnxPx(1-Sx)(ex* – Td)

Equation 0-7

YLD = ∑ x,ynxPx[(1-Sx)DWyLy+ Sx(DWyLy + PseqDWseq(ex* – TC))]

Equation 0-8

Equation 3-5 shows that a DALY is equal to the sum of the YLL and YLD and Equation
3-6 specifies that they can be calculated with respect to cause (c), age (a) (yr), sex (s), and year
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(t). YLL is a function of the number of people in the age group (nx), incidence rate (Px)
(incidence per age group), Survival rate (Sx) (rate of survival per age group), standard life
expectancy (ex*) (yr), and time to death (Td) (yr) (Equation 3-6). Survival rate was estimated by
subtracting the ratio of mortality to incidence from one (Zhang et al., 2018). Mortality and
incidence for skin and lung cancers were derived from the Institute for Health Metrics and
Evaluation’s Global Health Data Exchange available at http://ghdx.healthdata.org/ (Table 3.3)
(IARC, 2021).
Table 3.3 Survival rates for skin and lung cancers in Guatemala as a proportion calculated from
data gathered from IARC, 2021
Age
Lung cancer
Skin cancer
Age
Lung cancer
Skin cancer
Range
Range
Male Female Male Female
Male Female Male Female
0-4
1.0000 1.0000 0.6148 0.7397 45-49
0.0843 0.1177 0.3511 0.4789
5-9
1.0000 1.0000 0.6081 0.7307 50-54
0.0832 0.1170 0.3236 0.4398
10-14
0.2157 0.2433 0.5685 0.7032 55-59
0.0706 0.1082 0.2923 0.3963
15-19
0.3672 0.3895 0.6519 0.7609 60-64
0.0299 0.0685 0.2471 0.3439
20-24
0.2941 0.3180 0.6115 0.7327 65-69
0.0000 0.0268 0.2236 0.3067
25-29
0.2293 0.2614 0.5757 0.7105 70-74
0.0000 0.0000 0.1618 0.2299
30-34
0.1454 0.1767 0.5046 0.6464 75-79
0.0000 0.0000 0.0594 0.1117
35-39
0.1025 0.1377 0.4365 0.5743 80-84
0.0000 0.0000 0.0000 0.0052
40-44
0.0490 0.0853 0.3782 0.5197 85+
0.0000 0.0000 0.0000 0.0000
Survival rates are given on a scale of 0.00 (rate of mortality >> rate of incidence) to one (rate of
incidence >> rate of mortality). Each intermediate value represents the proportion of people
who survive the disease at a given age group and can be converted to a percentage by
multiplying by 100%.
Similarly, YLD is a function of nx, Px, Sx, ex*, disease phase (y), disease disability weight
(DWy), duration of disability phase (Ly) (yr), proportion of consequence of disease (Pseq), and
time to cure (TC) (yr) (Equation 3-7). Lung and skin cancer have a TC equivalent to 6.00 and 5.00
yrs, respectively. This approach to calculating DALYs is made to represent four distinct disease
phases: diagnosis and treatment, remission, pre-treatment, and terminal. Values for Ly and TC
were replicated from Zhang et al (2018). Values for DWy were available from Zhang et al (2018)
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but were instead updated using a more recent global burden of disease study, GHM (2020c) for
relevance. Values for Ly and DWy are summarized in Table 3.4.
Table 3.4 Disability weights and length of disease for lung and skin cancer for each phase of
disease
Diagnosis &
Remission
Pre-Treatment Terminal
Cancer Treatment
LD
DW
LR1 /LR2 DW
LM
DW
LT
DW
Lung
0.5
0.288 5.50/0.0
0.049
0.25 0.451 0.083
0.54
Skin
0.08
0.288 4.92/0.59
0.049
0.25 0.451 0.083
0.54
Length of disease taken from Zhang et al., 2018
Disease Weight taken from GHM, 2020c
Due to a lack of information on the proportion of individuals living with symptoms of
lung cancer, the Pseq and DWseq values for skin cancer grade I disfigurement were used in both
calculations, 0.25 and 0.016 respectively (Soerjomataram et al., 2012). It is important to note that
these values are not specific to Guatemala.
3.1.3 DALY Calculation for Diarrheal Disease
DALYs attributed to diarrheal disease were estimated for the region using Equation 3-5.
YLL was estimated using Equation 3-8 and is a function of the number of deaths associated with
the disease for an age group (N) and a standard loss function specifying the years of life lost for a
death at an age group (L). The WHO global burden of disease 2010 L values were used in this
calculation and are summarized in Table 3.5 (WHO, 2018). YLD was estimated using Equation
3-9 and is a function of incidence at age group (I), disability weight (DW) (0.188), and average
duration of the case until remission or death (L) (yr), here assumed to be a bought of diarrhea
lasting one week (0.02 years).
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YLL(c,s,a,t) = N(c,s,a,t) * L(s,a)

Equation 0-8

YLD = I(c,s,a,t) * DW(c,s,a) * L(c,s,a,t)

Equation 0-9

Table 3.5 Standard loss function for diarrheal disease from WHO, 2018
Age range
Years of life lost
Age range
Years of life lost
neonatal
86.01 45 - 49
39.43
Post neonatal
85.68 50 - 54
34.72
1-4
83.63 55 - 59
30.1
5-9
78.76 60 - 64
25.55
10 - 14
73.79 65 - 69
21.12
15 - 19
68.83 70 - 74
16.78
20 - 24
63.88 75 - 79
12.85
25 - 29
58.94 80 - 84
9.34
30 - 34
54 85 - 89
5.05
35 - 39
49.09 90 - 94
5.05
40 - 44
44.23 95 - 99
5.05
Because no records exist for incidence of diarrhea in the municipalities of interest, data
were extrapolated from a study that collected data in neighboring districts from 2012-2016
(Arvelo et al., 2019). This study found the highest incidences of diarrhea in the age group 0-4
years with 1,584 cases per 10,000 children and in general incidence at a rate of one in 15
persons. These observations were applied to the study populations in San Lucas Tolimán,
Santiago Atitlán, and San Pedro La Laguna and are summarized in Table 3.6.

46

Table 3.6 Incidence of diarrhea for municipalities of interest by sex and age (persons) (data from
Arvelo et al., 2019)
San Lucas Tolimán
San Pedro La Laguna
Santiago Atitlán
Age
Men
Women
Men
Women
Men
Women
0-4
234.12
256.61
68.90
75.56
280.68
307.61
5-9
103.40
113.33
27.93
30.60
121.00
132.73
10 - 14
109.20
119.73
27.47
30.07
126.33
138.53
15 - 19
112.53
123.33
31.87
35.00
142.87
156.67
20 - 24
100.80
110.53
32.20
35.27
142.20
155.87
25 - 29
83.33
91.40
30.13
33.00
129.53
142.07
30 - 34
68.80
75.47
24.20
26.60
103.93
114.00
35 - 39
62.53
68.60
22.93
25.13
96.53
105.87
40 - 44
46.07
50.53
19.00
20.80
81.33
89.20
45 - 49
39.33
43.07
20.73
22.67
65.67
72.00
50 - 54
30.53
33.53
17.73
19.47
53.27
58.40
55 - 59
24.87
27.33
16.07
17.67
40.07
43.87
60 - 64
19.87
21.80
11.80
12.93
33.27
36.53
65 - 69
16.27
17.87
9.40
10.27
26.27
28.87
70 - 74
13.00
14.20
8.00
8.80
20.80
22.87
75 - 79
8.40
9.27
4.80
5.20
15.33
16.87
80 - 84
4.87
5.40
3.73
4.07
8.40
9.27
85 - 89
2.47
2.73
2.53
2.80
4.20
4.67
90 - 94
1.67
1.80
0.67
0.67
1.53
1.67
95 - 99
0.13
0.20
0.33
0.33
0.73
0.87
100+
0.00
0.00
0.00
0.00
0.00
0.00
Similarly, incidence of mortality due to diarrhea was not available. Therefore,
countrywide statistics were applied to estimate mortality in each age group. In 2004, the
mortality rate due to diarrheal disease for children under the age of five was 32 in 1,000 and the
general mortality rate was 42.9 per 100,000 population (PAHO, 2007). Although the burden of
disease has fallen in the past 10 years, the 2004 rate was chosen to represent the percentage of
diarrheal incidences because they are specific to Guatemala. Additionally, the high rate of
poverty, majority indigenous populations, and lack of drinking- and waste-water
treatment facilities in the basin have a direct negative impact on health and were factored into the
decision. Estimates of mortality are summarized in Table 3.7.
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Table 3.7 Mortality due to diarrhea in municipalities of interest by sex and age (calculated using
data from PAHO, 2007)
Age
San Lucas Tolimán
San Pedro La Laguna
Santiago Atitlan
Men
0-4
5-9
10 - 14
15 - 19
20 - 24
25 - 29
30 - 34
35 - 39
40 - 44
45 - 49
50 - 54
55 - 59
60 - 64
65 - 69
70 - 74
75 - 79
80 - 84
85 - 89
90 - 94
95 - 99
100+

47.30
0.67
0.70
0.72
0.65
0.54
0.44
0.40
0.30
0.25
0.20
0.16
0.13
0.10
0.08
0.05
0.03
0.02
0.01
0.00
0.00

Women
6.24
0.73
0.77
0.79
0.71
0.59
0.49
0.44
0.33
0.28
0.22
0.18
0.14
0.11
0.09
0.06
0.03
0.02
0.01
0.00
0.00

Men
13.92
0.18
0.18
0.21
0.21
0.19
0.16
0.15
0.12
0.13
0.11
0.10
0.08
0.06
0.05
0.03
0.02
0.02
0.00
0.00
0.00

Women
15.26
0.20
0.19
0.23
0.23
0.21
0.17
0.16
0.13
0.15
0.13
0.11
0.08
0.07
0.06
0.03
0.03
0.02
0.00
0.00
0.00

Men
56.70
0.78
0.81
0.92
0.92
0.83
0.67
0.62
0.52
0.42
0.34
0.26
0.21
0.17
0.13
0.10
0.05
0.03
0.01
0.00
0.00

Women
62.14
0.85
0.89
1.01
1.00
0.91
0.73
0.68
0.57
0.46
0.38
0.28
0.24
0.19
0.15
0.11
0.06
0.03
0.01
0.01
0.00

3.2 HQ Calculation
HQ is calculated for adult men, women, and children using Equations 3-10 and 3-11.
Bodyweight (kg), ingestion rate (L/d), and RfD (mg/kg-d) are summarized in Table 3.8.
The bodyweights and ingestion rates used in the HQ calculations are assumed from
USEPA Exposure Factors Handbook (USEPA, 2011). Guatemalan bodyweights and ingestion
rates are typically smaller than in the US but this approach has been done in a study assessing
arsenic exposure in Chimaltenango, Guatemala (Lotter et al., 2014). The mean arsenic
concentration in the lake was assumed to be the concentration of arsenic ingested in the average
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daily dose, 18.9 µg/L. Additionally a standard deviation of 6.90 µg/L (calculated excluding an
arsenic concentration of 107 µg/L) was applied and calculated to yield the upper and lower limits
of potential exposure. Finally, a worse-case scenario was calculated assuming the highest
concentration of arsenic found in the lake (30 µg/L).

HQ =

ADD =

ADD
RfD

Equation 0-10

C * IR
BW

Equation 0-11

Table 3.8 Bodyweight, ingestion rate, and RfD values used in hazard quotient calculation
Person
Bodyweight (kg)
Ingestion rate (L/d) RfD (mg/kg-d)
Men
70
2
3.00E-4
Women
50
2
3.00E-4
Children
36
1
3.00E-4
Infants
10
0.5
3.00E-4
Bodyweights and ingestion rates taken from USEPA, 2011
RfD taken from USEPA, 2005
3.3 RHI Calculation
The RHI for microbial and arsenic contamination was roughly estimated using methods
described in Seidel et al. (2018). A baseline RHI was calculated for arsenic and microbial
contamination in Lake Atitlán using water quality data from the literature (AMSCLAE, 2019b;
Perez-Sabino, 2014; SUNY, 2013-2019). Then RHI were calculated for scenarios where both
contaminants are effectively treated using methods described in Sections 3.3.1 and 3.3.2. The
baseline and improved RHI were compared by calculating the absolute difference (Alfredo et al.,
2017) and percent reduction. These calculated values are assumed to represent the potential
impacts on public health.
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3.3.1 RHI Calculation for Arsenic
The cumulative RHI for a chemical contaminant, arsenic, is the sum of its non-cancer and
cancer RHI (Equation 3-12). Equations 3-13 and 3-14 define the individual RHI’s as the product
of their respective toxicity, severity, and exposure. Values for cancer and non-cancer severity
were assumed from Seidel et al (2014). Exposure (mg/L) is the concentration of arsenic in the
lake. For the baseline calculation it was assumed to be the mean concentration of arsenic in the
lake (0.018 mg/L). In the improved scenario this was reduced to the MCL of 0.010 mg/L.
Cumulative RHI = Non-Cancer RHI + Cancer RHI
Equation 0-12

Non-Cancer RHI = Non-Cancer Toxicity * Non-Cancer
Severity * Exposure

Equation 0-13

Cancer RHI = Cancer Toxicity * Cancer severity *
Exposure

Equation 0-14

Non-cancer and cancer toxicity were calculated using Equations 3-15 and 3-16. Daily
intake and bodyweight were assumed to be 2 L/d and 70 kg, respectively. RfD, cancer slope
factor, and uncertainty factor were assumed from USEPA IRIS for arsenic. Initially, bodyweight
and daily intake were varied to represent men, women, and children but the percent reduction
remain unchanged. For this reason, only one bodyweight was included in this analysis. Inputs to
the analysis are summarized in Table 3.9.
Non-Cancer Toxicity =

0.01∗𝐷𝑎𝑖𝑙𝑦 𝑖𝑛𝑡𝑎𝑘𝑒
𝐵𝑊∗ 𝑅𝑓𝐷∗𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟

Equation 0-15
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Cancer Toxicity =

Cancer Slope Factor *Daily intake

BW

Equation 0-16

Table 3.9 Values input for arsenic RHI analysis from Seidel et al. (2018)
Variable
Non-cancer
Cancer
Severity
0.056
Exposure (mg/L)
0.018 and 0.01
RfD (mg/kg/d)
3.00E-04
Uncertainty
3
Slope Factor
-

0.29
0.018 and 0.02
1.5

3.3.2 RHI Calculation for Microbial Contamination
Equation 3-17 was used to determine microbial RHI notice it does not include
carcinogenic effects. Acute gastrointestinal illness is used as the endpoint indicator. Three risks
are considered. “Source/treatment risk” encapsulates risk associated with the quality of the water
source offset by any treatment it undergoes before distribution. “DS risk” is for risk present in
the distribution system. “TCR risk” is risk indicated by water quality after treatment. Severity
was assigned a value of 0.188, the disability weight used in the diarrheal DALY calculation. The
baseline RHI was calculated assuming no treatment and was compared to an improved scenario
where a 3-log removal of pathogens and some residual chlorination is achieved.
Microbial RHI = (source/treatment risk + DS risk + TCR
risk) * severity

Equation 0-17

RHI = (a*(Pṡ[TCRp]) + b*(Pṡ[sourcep] * TRTMT) +
Equation 0-18
c*(Pṡ[DS ClN] * MBDS-N)) * severity
Equation 3-18 is an expanded formula for RHI where weighting factors a, b, and c are
introduced and were assumed from Seidel et al (2018). These values represent weighting for the
US and are not specific to Guatemala, however they are used due to lack of country specific data.
In Equation 3-18 Pṡ[TCRp] represents risk post-treatment and is a ratio of samples testing
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positive to negative for total coliforms. In the baseline scenario this was equivalent to the second
term in Equation 3-18 (Pṡ[sourcep], risk associated with water quality) because no treatment
currently exists for the lake water. In the improved scenarios it is assigned a value of 0.25,
assuming 25% of post treatment samples are positive for total coliforms. Data from AMSCLAE
(2019b) showed that 28 out of 47 lake-water samples tested positive for concentrations of E. coli.
Thus, a value of 0.596 was assigned to Pṡ[sourcep] for all scenarios. TRTMT is a treatment
credit applied to the source risk corresponding to 1 (no treatment) to 0.001 (3-log removal).
Pṡ[DS ClN] represents risk present in the distribution system characterized by the percent
of samples testing negative for residual chlorine. No treatment exists in the baseline scenario
thus it is assigned a value of 1 (100% samples test negative for chlorine). A value of 0.25 is
assigned in the improved scenario. The risk in the distribution system is multiplied by MBDS-N
which corresponds to the number of main breaks the system experiences here assumed to be 4.
Table 3.10 summarizes the inputs to the microbial RHI analysis.
Table 3.10 Values input for microbial RHI analysis from Seidel et al. (2018)
Parameter
Baseline
Improved
Severity
0.188
a
404
b
66.6
c
0.237
Pṡ[TCRp]
0.596
Pṡ[sourcep]
0.596
TRTMT
1
Pṡ[DS ClN]
1
MBDS-N
4

0.188
404
66.6
0.237
0.50
0.596
0.001
0.25
4
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Chapter 4 Results and Discussion
4.1 Arsenic DALY Results and Discussion
To estimate the disease burden associated with arsenic exposure, DALYs were stratified
into 20 age groups in Figure 4.1a. The YLDs were not clearly visible and were plotted separately
in Figure 4.1b. The total DALYs attributed to lung and skin cancers was 16.53 person-years. The
average individual DALYs lost was determined by dividing the total estimated DALYs by the
total population (82,350) and is 2.01E-4 per person-year, 4.98E-3 times greater than the
reference level of 1.00E-6 recommended by the WHO (WHO, 2017b).
This result is similar to other studies quantifying the burden of disease for arsenic
exposure. Two studies in China found that exposure to arsenic concentrations in drinking-water
below 10 µg/L resulted in DALYs of 3.35E-5 per person-year and 4.77E-6 per person-year
(Zhang et al., 2020; Zhang et al., 2018). The average individual DALYs produced for Lake
Atitlán are greater than those in China because the concentration of arsenic was much higher.
The mean concentrations of arsenic analyzed in Zhang et al. (2018) and Zhang et al. (2020) were
1.00 ± 1.21 µg/L and 8.23 ± 0.34 µg/L, respectively. The mean concentration of arsenic in the
lake for this study was 18.91 ± 14.16 µg/L which results in an increased burden of disease.
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DALYs, YLLs or YLDs (person-year)

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Age (years)
YLL

YLD

Figure 4.1a Arsenic DALYs stratified by age, YLLs, and YLDs (YLDs expanded in Figure 4.1b)

YLDs (person-year)

0.03
0.025
0.02
0.015
0.01
0.005
0

Age (years)
YLD
Figure 4.1b Arsenic YLDs stratified by age
In 2014 the burden of disease in the US due to arsenic exposure through drinking-water
was 3.1 DALYs for a 70-year lifespan or 9.4E-9 per person-year (Seidel et al., 2014). The
similarity in the magnitude of the estimated DALYs for Lake Atitlán and the US help to support
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this study’s results. On average, it is reported that US residents ingested arsenic concentrations
below 10 µg/L and the most affected people were those who drank groundwater (Seidel et al.,
2014). A developing country is expected have a higher burden of disease associated with arsenic
exposure when compared to the US because cancer is positively correlated with malnutrition
(Ravenscroft et al., 2009).
The age groups with the highest DALYs were ages 70-74 (1.81 person-years), 65-69
(1.73 person-years), and 60-64 (1.67 person-years) and made up 31% of the burden of disease.
Ages 0-4 had the lowest impact, 0 person-years. This is because older age groups have lower
survival rates, as estimated with Equations 3-2 and 3-3, and higher incidence rates of cancer,
estimated from global cancer data base, than children and young adults (IARC, 2021).
Figures 4.2a-b were created to visualize the burden of disease that each cancer
contributed. The largest burden was estimated to be associated with skin cancer, which made up
71% of DALYs (11.72 person-years), while lung cancer contributed 29% of DALYs (4.81
person-years). Lung cancer impacts higher age ranges than skin cancer. Figure 4.2b was created
because YLLs associated with both cancers are much greater than YLDs and are not clearly
visible in Figure 4.2a.
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DALYs, YLLs or YLDs (person-year)

1.2
1
0.8
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YLL skin cancer

YLL lung cancer

YLD skin cancer

YLD lung cancer

DALYs, YLLs or YLDs (person-year)

Figure 4.2a Arsenic DALYs stratified by age, cancer type, YLLs, and YLDs (YLDs expanded in
Figure 4.2b
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Figure 4.2b Arsenic YLDs stratified by age and cancer type
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Figures 4.3a shows that men carried the largest burden of disease (83%). Men are
disproportionally affected by low-level arsenic exposure for both lung and skin cancer. The
difference may be attributed to rates of incidence, survival rates, bodyweight, and/or lifestyle.
For lung cancer, the estimated incidence rates for men were on average four orders of
magnitudes larger than for women and survival rates were on average 30% lower. With respect
to skin cancer, incidence for men is on average seven times that for women and survival rate was
30% lower. Figure 4.3b shows DALYs associated with lung cancer for women because they are
not visible in Figure 4.3a due to their small magnitude.
9.00E-01
8.00E-01
7.00E-01
6.00E-01
5.00E-01
4.00E-01
3.00E-01
2.00E-01
1.00E-01
0.00E+00

Total DALY skin cancer Men

Total DALY Lung cancer men

Total DALY skin cancer women

Total DALY Lung cancer women

Figure 4.3a Arsenic DALYs stratified by age and cancer type (Total DALYs due to lung cancer
for women expanded in Figure 4.3b)
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1.00E-04
0.00E+00

Total DALY Lung cancer women

Figure 4.3b Arsenic DALYs due to lung cancer for women stratified by age
Survival rates for each cancer were gathered from a global database that reflect the real
rates for Guatemala (IARC, 2021). These show that men have lower survival rates in all age
groups when compared to women, but do not expand on why. Furthermore, in this thesis the
incidence rates were estimated using methods described in Zhang et al. (2018) which assign
higher non-negative parameters to calculations done for men.
The mortality burden (YLL) associated with low-level arsenic ingestion was estimated to
be greater than the morbidity burden (YLD). Mortality makes up 98% (16.27 person-years) of
the estimated burden of disease indicating that more people die prematurely from skin and lung
cancer than live with the associated illnesses, such as skin lesions, and shortness of breath. As
mentioned previously, the age groups most affected by skin cancer were those 60-74 years of
age, different from that most affected by lung cancer ages 65-79. This could be due to
differences in the nature of the disease.
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Uncertainty exists for the arsenic DALY assessment due primarily to the lack of sitespecific data. The methods used to estimate prevalence, incidence, and mortality are subject to
margins of error. The equations were developed based on high-level arsenic exposure data in
Taiwan (Zhang et al., 2018) and subsequently may not accurately reflect the effects of low-level
arsenic exposure. Further uncertainty arises in that the dose-response relationship between cancer
and low-level arsenic is not fully understood and the estimated values may not accurately
describe the risk present in the three municipalities. Tabulated YLL, YLD, and DALY values for
arsenic are included in Appendix F.
4.2 Diarrheal DALY Results and Discussion
Similar to arsenic, the DALYs for diarrheal disease was stratified into 20 age groups
(Figure 4.4a-b). The total DALYs attributed to diarrheal disease was estimated to be 18,660.94
person-years. The average individual DALYs lost for diarrheal disease was estimated as 0.227
per person-year, 2.27E+5 times the reference level. These results are similar to those estimated
for the 2019 global burden of disease due to diarrheal disease, approximately 0.010 per personyear (WHO, 2021). The difference can be accounted for when considering that the global burden
of disease includes data from developed countries where diarrheal disease is not a significant
contributor to the burden of disease. Figure 4.4a illustrates that YLL dominates the total burden
of disease, YLD is not visible until ages 90-99. For this reason, YLDs were plotted separately in
Figure 4.4b for clarity.
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DALYs, YLL or YLD (person-year)
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Figure 4.4a Diarrheal DALY’S stratified by age, YLL, and YLD (logarithmic scale) (YLDs
expanded in Figure 4.4b)
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Figure 4.4b Diarrheal YLDs stratified by age (logarithmic scale)
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For the burden of disease associated with diarrheal disease, infants between 0-4 years
carried the largest burden, 90% of total DALYs (16,861.73 person-years). A recent global
burden of disease study determined that diarrheal disease was the three most infectious disease
for children under five years old, and in the top 10 for adolescents (GHM, 2020c). The burden
decreases exponentially with age because adults are more likely to survive bouts of diarrhea;
therefore, rates of incidence decrease and the survival rates increase. For example, in contrast to
the burden of disease associated with arsenic exposure, those aged 50-99 contributed less than 50
person-years to the total DALY. Figure 4.5a-b illustrates the trend, note that ages 0-4 were
excluded for clarity. DALYs for that age group are 16,861.73 person-years, YLL is 16,857.13

DALYs, YLL or YLD (person-year)

person-years, and YLD is 4.60 person-years.
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Age (year)
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Total YLD

Figure 4.52a Diarrheal DALYs stratified by age, YLL, and YLD (linear scale) (YLDs expanded
in Figure 4.5b)
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Figure 4.5b Diarrheal YLDs stratified by age (linear scale)
The burden of disease for diarrheal disease was found to be shared more evenly between
sexes, men make up 57% (10,722.03 person-years) and women 43% (7,938.91 person-years)
(Figure 4.6). This is consistent with findings in other global burden of disease studies (e.g.,
GHM, 2020; Lim et al., 2012). Conceptually, men and women would suffer roughly the same
rates of diarrhea attributed to an unimproved water source with variations due to bodyweight and
ingestion rate. The pathogens that cause the disease act acutely with little variation in duration of
disease. The mere presence of enteric bacteria increases the likelihood of illness because they
indicate the presence of pathogens. The same cannot be said about arsenic exposure because
many factors affect the probability of developing cancer and cancer type. Tabulated YLL, YLD,
and DALY values for diarrheal disease are included in Appendix G.
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Figure 4.6 Diarrheal DALYs stratified by age and sex excluding ages 0-4
4.3 DALY Discussion
The results of the DALY calculations were as expected, the burden of disease due to
diarrheal disease is 1,128.6 times greater than that of low-level arsenic ingestion. This indicates
that public interest will likely prioritize solutions to diarrheal disease over arsenic-induced
cancer. However, this does not mean addressing exposure to arsenic should be ignored. DALY
results for a chronic, cancerous endpoint are difficult to directly compare to results for an acute
non-cancerous endpoint. These results quantify the burden of disease for each individual
contaminant yet do little in helping prioritize interventions. As mentioned, the average individual
DALYs lost due to arsenic ingestion is estimated to be greater than the WHO reference level
indicating an excessive lifetime risk of developing cancer (WHO, 2017b). In both cases mortality
was the largest contributor to DALYs indicating that more people die prematurely than live with
the disease.
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A direct comparison between the age groups most effected by low-level arsenic exposure
and least effected by diarrheal disease does not add much to the discussion. Figure 4.7 shows the
contribution to total DALYs from each disease. The results were expected show diarrheal disease
largely impacting younger populations and arsenic-induced cancer affecting older populations.
Ages 60-75 were most affected by the development of cancer, and each age group contributed
<30% of the total burden of disease. This percentage continually rises as the population ages and
the age groups after 85 contribute >50% of the total burden of disease. In 2019 the World Bank
estimated that in Guatemala 82% of women and 72% of men were expected to survive to the age
of 65. Additionally, life expectancy at birth was 77 and 72 for women and men, respectively
(World Bank, 2021). The rise in the total disease burden at these age groups then may be
increasing as population decreases.
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Arsenic DALYs

Diarrheal DALYs

Figure 4.73 Percent contribution of DALYs attributed to age groups most affected by arsenic and
least affected by diarrheal disease
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There is value in presenting the results of the DALY calculations together. The impact on
health posed by both contaminants has been quantified for the first time in the three
municipalities studied. Independent of each other the conclusions drawn should be that treatment
is required for the source water. Although these DALYs should not necessarily be used to
prioritize interventions, they definitively illustrate the need for treatment. As mentioned
previously, microbial and arsenic treatment can occur simultaneously. Additionally, the results of
the DALYs for this side of the basin can provide a reference point for future studies that quantify
the burden of disease associated with drinking well-water high in naturally occurring arsenic in
the rest of the basin.
There are several uncertainties with the diarrheal disease estimate. Site specific data were
not available for the three municipalities, incidence rates were inferred from a separate study in
the neighboring district of Quetzaltenango, Guatemala, and mortality rates were adopted from a
2007 PAHO country report (Arvelo et al., 2019; PAHO, 2007). The Arvelo study was only able
to collect information for people experiencing diarrhea who sought treatment at a local hospital.
Potentially there are more unreported cases where the illness was treated at home, treated at a
local healer, or went untreated. Additionally, recall that in this analysis DALYs were calculated
assuming that all non-fatal incidences lasted 1 week and were assigned a uniform moderate
disability weight of 0.188. This assumption discounted any long-term effects of early childhood
diarrhea caused by enteric pathogens or intestinal parasites. Giardia lamblia and
Cryptosporidium parvum are present in children under five years of age living in the lake basin
(Arvelo et al., 2019; Laubach et al., 2004). The estimation of diarrheal DALYs considered all
reported instances of illness regardless of etiology. Not all may be attributed to consuming lake
water. Other routes of exposure are by children playing in dirt contaminated with fecal matter,
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and chickens spreading fecal matter by way of tracking it into town on their feet (Laubach et al.,
2004). Undercooked meats, consumption of unsafely stored rainwater, or insufficient sanitation
habits could inflate the number of DALYs, however there are no studies quantifying to what
extent.
4.4 Hazard Quotient Results and Discussion
Although DALYs due to low-level arsenic exposure are lower when compared to those
due to diarrheal disease, the results of the HQ calculation further supports the need to mitigate
arsenic exposure. Values greater than one indicate an increased risk of developing noncarcinogenic health effects, however it is unknown by how much the risk is increased. An HQ
that is double or triple the reference cannot be mistaken for double or triple the risk. It is solely
an indicator of increased risk. In some cases risk increases linearly while increasing
exponentially in others. This analysis showed that the potential to develop non-carcinogenic
disease exists even at the lowest arsenic concentration for all persons (Table 4.1). The highest
risk is present in infants and women in the upper limits of the calculation.
Table 4.1 Results of hazard quotient calculation for arsenic
Person
Lower
Median
Upper
Men
1.08
2.39
Women
1.51
2.43
Children
1.05
1.69
Infants
1.89
3.04
Lower concentration is 11.34 µg/L
Median concentration is 18.24 µg/L
Upper concentration is 25.14 µg/L
Worse case concentration 30.0 µg/L from Perez-Sabino et al., 2015

2.39
3.35
2.33
4.19

Worse Case
2.86
4.00
2.78
5.00

The results of the DALY calculations suggest that the contaminant of priority for the
younger populations are those related to diarrheal disease. However, the HQ results serve to
further contextualize the risk posed to the younger population from arsenic exposure. Children
and infants are generally defined here by bodyweight and ingestion rate, not by age. This group
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is most at risk to develop neurological impediments and subsequent drops in IQ from arsenic
exposure (Bjorklund et al., 2019). A study standardized to the US found that children exposed to
≥ 5 µg/L arsenic in drinking-water were correlated with a 5-6-point drop in IQ (Wasserman et
al., 2014). The drop in IQ has the potential to be larger in a developing setting due to
malnutrition and the resulting decreased methylation capacity in the population (Ravenscroft et
al., 2009).
It is difficult to say how accurate the HQ is for the “infants” group. They are defined as
having a bodyweight of 10 kg and an ingestion rate of 0.5 L/day but not enough is known about
baby and toddler feeding habits in the region. The results may be an overestimation if mothers
breastfeed their infants for longer than six months as recommended by the WHO (WHO, 2003).
A10 kg infant can be anywhere from 6-months to 1-years old in developed countries. A 2002
study found that Guatemalan breastfeeding habits are dependent on the existence of probreastfeeding programs in the area, availability of the mother, and insufficient milk. In mothers
living around Guatemala City, 67% of infants less than 1-month of age and 82% of infants 1-2
months of age were fed using a bottle (Dearden et al., 2002).
4.5 RHI Results and Discussion
The results of the RHI calculations are nuanced. If they are interpreted using the percent
difference method mitigating arsenic contamination would result in a larger health impact than
mitigating microbial disease. Reducing the concentration of arsenic in the lake down to the MCL
would result in a 44% difference in RHI. Achieving a 3-log removal of microbial contaminants
would result in a 28% difference in RHI. The opposite is true if only the difference is
considered. The microbial RHI difference is greater than the arsenic RHI difference, indicating a
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larger potential impact on public health. Results of the initial analysis are summarized in Table
4.2.
Table 4.2 Results of RHI calculations
Contaminant
Baseline RHI
Improved RHI
Difference
% Difference
Arsenic
6.00E-4
3.33E-4
6.04E-4
44
Microbes
52.89
38.09
14.79
28
There are uncertainties with the calculation. The arsenic RHI calculations were done
assuming an arsenic concentration of 18 µg/L however samples have tested as high as 30 µg/L.
If the RHI is recalculated at this higher concentration the percent difference becomes 67% and
the difference becomes 6.04E-4.
Additionally, uncertainty with the microbial RHI exists in defining the Pṡ[TCRp] value.
Recall that this value represents the percentage of treated samples that test positive for total
coliforms. In the US, it is taken from six-year reporting data. Changing this value has a large
impact on the RHI due to its weight (a = 404). In this analysis it was assumed to be 0.50 because
Seidel et al (2018) included a value for Pṡ[TCRp] equal to 0.50 for a system described as “rural
developing”. Values in Seidel et al (2018) were nearer to 0.001 for the US. Changing the
Pṡ[TCRp] value to 0.25 yields a percent difference of 64% and a difference of 33.78. If the value
is changed to 0.1, the percent reduction becomes 86% and the difference is 45.24. This indicates
that the efficiency of the treatment plant to remove pathogens plays the largest role in deciding
which intervention should be prioritized.
More uncertainty exists with the microbial RHI values than with the arsenic RHI values,
especially when trying to compare the percent difference. Slightly altering values changes the
intervention prioritization. Simply comparing the RHI using absolute difference paints a clearer
picture. Additionally, it is a method recognized by the literature (Alfredo, et al., 2017) and for
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this reason it was chosen to represent the results of the RHI assessment. Microbial contamination
should be prioritized because it has a larger potential impact on public health.
4.6 Technological Solutions
Challenges and opportunities exist for reducing the impact on the health of the
communities. Many WWTPs have been constructed around the basin in an effort to mitigate
infectious disease and cyanotoxins caused by wastewater discharge, yet untreated and
inadequately treated wastewater continues to pollute the lake. Currently, 18 WWTPs exist in the
basin, only 10 operate consistently, and only one was designed with disinfection. However,
disinfection does not occur in the WWTP due in part to high cost of chemicals, lack of qualified
personnel, adequate laboratories, and the absence of an interdisciplinary public health regulatory
agency (Oakley, 2021). Additionally, inadequate and discontinuous management of existing
WWTPs has been identified as a leading factor in their failure as well as being poorly designed
or designed using the wrong technology (Ferrans et al., 2018) (discussed in greater depth in
Chapter 2). The un- or semi-treated wastewater entering the lake threatens health not only with
the introduction of fecal pathogens such as Giardia, cysts, and Cryptosporidium parvum oocysts,
but also with the associated cyanobacteria blooms that can produce cyanotoxins (Oakley, 2021).
Given the state of wastewater treatment in the basin it is of public interest to consider
drinking-water treatment plants. The USEPA requires treatment of all surface water sourced for
drinking-water through the Surface Water Treatment Rule of 1989 and has additional
requirements for systems treating greater than 10,000 persons, to ensure drinking-water is free of
pathogens (Table 4.3) (USEPA, 2020). Additionally, the WHO defines clean water as being
acceptable for life-long consumption without adverse health effects and suggests drinking-water
treatment plants where drinking-water is unsafe. As noted previously, DALYs per person-year
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attributed to arsenic and diarrheal disease were greater than the reference level, indicating the
need for treatment (WHO, 2017b).
Table 4.3 Minimum inactivation requirements for safe drinking-water (USEPA, 2020)
Contaminant
Log10 inactivation
Treatment
Viruses

≥ 4.0

Removal and/or inactivation

Giardia cysts

≥ 3.0

Removal and/or inactivation

Cryptosporidium oocysts

≥ 2.5

Removal and/or inactivation
with O3 or UV.

A majority of homes in the three municipalities are connected to a centralized piping
system. A treatment plant could theoretically be constructed at or near the sites of water intake.
Table 4.4 summarizes how drinking-water is distributed to residents as reported in the 2018
census and indicates the wide availability of indoor plumbing (INE, 2019).
Table 4.4 Distribution method of drinking-water from Lake Atitlán for populations
municipalities of interest and percent of people sourcing drinking-water from spring source
(INE, 2019)
Municipality
Indoor
Outdoor
Public Faucet
Spring
plumbing
plumbing
San Lucas
68%
18%
1%
11%
Tolimán
San Pedro La
90%
7%
1%
0%
Laguna
Santiago
59%
38%
1%
0%
Atitlán
Additionally, arsenic removal and water treatment can occur simultaneously with
technologies such as coagulation and flocculation, and various forms of filtration. Water
treatment involves an oxidation stage that would oxidize As(III) to As(V), improving arsenic
removal. Ozone can be used as an oxidant with the added benefit of providing disinfection of
pathogens, namely Cryptosporidium. Removal credits for various filtration processes are
summarized in Table 4.5 indicating the expected removal of pathogens (USEPA, 2006).
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Disinfection can follow the removal process to ensure the inactivation of pathogens that were not
removed and to maintain a residual in the distribution system.
Table 4.5 shows that filtration would achieve the desired Cryptosporidium removal
(Table 4.3) and chlorine could be used as the disinfectant and residual. Note that
Cryptosporidium would continue to be infectious in the filter backwash if not inactivated by
ozonation. A modular system combining oxidation, coagulation/flocculation, filtration, and
disinfection would best suit the municipalities. Modularity would allow the project to continue to
develop as needed and provide benefits to portions of the basin’s population at a time. Success in
a municipality may lead to increased interest and adoption in communities around the lake.
Table 4.5 USEPA filtration credits for pathogen removal (USEPA, 2006)
Log10 Removal Credit
Process
Cryptosporidium
Giardia cysts
Viruses
oocysts
1
Conventional filtration
2.5
2.0
Direct filtration1
2.0
1.0
2
Slow sand filtration
2.0
2.0
Diatomaceous earth
2.0
1.0
2
filtration
1
Treated turbidity ≤ 0.5 NTU
2
Treated turbidity ≤ 1.0 NTU

3.0
2.5
3.0
3.0

More information on temporal ambient water quality must be collected to guide decision
making on the disinfectants used. Chlorine is a common disinfectant and has the added benefit of
residing throughout the distribution system. However, water with high natural organic matter
(NOM) may lead to the formation of carcinogenic disinfection-by-products. NOM exists in all
surface and water bodies and increases seasonally with algal bloom and die off. It is highly
variable and dependent on location, season, and geology and concentrations are comparable even
between low (<1 NTU) and high (>1 NTU) turbidity waters (Fabris et al., 2008).
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Effective coagulation and flocculation are increasingly important in the removal of NOM
(Ghernaout et al., 2014). Lake Atitlan experiences periodic algal and cyanobacteria blooms
resulting from wastewater discharges; the cyanobacteria blooms are capable of producing
cyanotoxins, which may cause liver damage, (Oakley, 2021). If operated or designed
ineffectually, public health could be further threatened by carcinogenic disinfection-by-products,
arsenic, and potentially carcinogenic cyanotoxins, the drinking-water treatment plant needs to be
well designed to handle fluctuations in NOM.
Additionally, Cryptosporidium parvum is resistant to chlorine disinfection and is present
in the lake. In 1993 Milwaukee suffered one the largest public health disasters in history
resulting from Cryptosporidium parvum infection despite the existence of WWTP and drinkingwater treatment plant. Lake Michigan served as a sink for treated wastewater and as a source for
the drinking-water treatment plant (Oakley, 2021). Even if the WWTPs were functioning in Lake
Atitlán, public health would not be guaranteed.
An alternative to chlorination would be disinfection through ozonation which has been
proven to be effective in deactivating Cryptosporidium parvum, at appropriate contact times;
ozonation can also oxidize cyanotoxins so they can be removed in coagulation/flocculation. 99%
inactivation of Cryptosporidium parvum can be achieved at a contact time of 19 min-mg/L at
15°C (USEPA, 2006). Ozonation does not require the import and storage of a chemical
compound such as chlorine but does require a constant supply of energy. Table 4.6 summarizes
the contact times required to achieve 99% removal of various pathogens for chlorination and
ozonation at near neutral pH.
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Table 4.6 Contact time values for 99% inactivation at 15°C and neutral pH for free chlorine,
chlorine dioxide, and ozone (USEPA, 2006)
Pathogen
Free Chlorine
Chlorine dioxide Ozone
(min-mg/L)
(min-mg/L)
(min-mg/L)
Giardia cysts
83
19
0.95
Viruses

4

16.7

0.6

Cryptosporidium

-

536

19

Table adapted from USEPA, 2006
Free chlorine assumes a free residual concentration of 2.0 mg/L
Further information is needed on land available for use, the water needs of the
municipalities, and willingness of users to pay for water treatment services. Figure 4.8 is a
process diagram of a drinking-water treatment plant that uses ozonation, coagulation and
flocculation, and chlorination. The diagram is based on the drinking-water treatment plant used
in Milwaukee where Cryptosporidium is a contaminant. Influent water is initially dosed with
ozone which serves to inactivate protozoan cysts and oxidate As(III) to As(V) before a coagulant
is added. Mixing and flocculation occurs in the flocculation chamber before being decanted into
a sedimentation basin. Flocs are able to settle out prior to entering a filtration chamber that
continues to remove flocs as well as other contaminants. The fully filtered water can then be
chlorinated and sent through the distribution system.

Figure 4.84 Simplified process diagram for water treatment of arsenic and microbial pathogens
with ozonation
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4.7 Social Considerations
The needs of the community should be prioritized in any improvement project. The longterm success of a drinking-water treatment plant in the basin relies on public acceptance and
funding. Efforts should be made to understand community perception of illness and their
subsequent priorities. As a third party, it is difficult to understand what illnesses are most
prevalent in their daily lives and if they are related to drinking-water. Similarly, the knowledge
each community has on the quality of drinking-water and its effect on health is unknown.
The goal of implementing a drinking-water treatment plant would be to improve the
health of the population, which involves understanding how the community regards health in
relation to drinking-water (Kleinman et al., 1978). Medical anthropologists should be engaged to
assist and provide consultation on how to gain public acceptance and trust, especially when so
many WWTPs in the basin have ended in failure. The community must be able to supply enough
revenue to maintain a system. Perhaps they would be more willing, if financially capable, to fund
larger portions if the outcome is tied to direct health benefits.
Another approach to protecting public health could be behavioral change in children’s
drinking habits. Children under five contribute 90% of the total diarrheal DALYs and are most at
risk for the development of non-carcinogenic effects of low-level arsenic exposure.
Breastfeeding infants for the recommended six months would protect them from untreated water
and have the added benefits associated with breastmilk (WHO, 2003). The current breastfeeding
habits of mothers in the area must be known to determine how effective this intervention could
be. Mothers may already be breastfeeding their children for the recommended interval due to
cultural norms or the cost of baby formula. However, in Guatemala City, 67% of infants less
than 1-month of age and 82% of infants 1-2 months of age were fed using a bottle (Dearden et
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al., 2002). If similar habits are observed in the basin, this kind of intervention has the potential to
have a larger impact on health than if breastfeeding occurs for longer periods of time.
Additionally, focusing on point of use treatment of water for the age groups carrying the
largest burden of disease can be done by implementing clean water programs at local schools.
AMSCLAE has proposed a basin-wide education initiative that would cover the topic of water
quality and health in formal and informal settings (AMSCALE, 2019c). The burden of disease
attribute to communicable diseases could be reduced significantly by targeting schools (Jasper et
al., 2012).
A goal of this thesis was to inform policy surrounding the management of the lake as a
drinking-water source. The results of this assessment should be taken by policymakers to
promote the implementation of drinking-water treatment plant. The health effects associated with
acute and chronic diseases are difficult to compare and prioritize. The results of the DALY
calculations should not be interpreted to prioritize one intervention over another. Instead, they
independently quantify the burden of disease for each contaminant and definitively show the
need for the treatment of drinking-water.
The results of the RHI calculations estimate that a greater reduction in public health risk
can be gained through the implementation of microbial contamination mitigation and treatment.
In all scenarios considered, the absolute difference in microbial RHI were greater than arsenic
RHI. If interpreted using percent difference, arsenic would be prioritized but this method is
unrecognized. Policymakers should interpret the RHI results by prioritizing microbial
contamination mitigation in the communities though informational outreach, wastewater
treatment, and drinking-water treatment.
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Chapter 5 Conclusion and Recommendations
5.1 Conclusion
The goal of this thesis research was to improve the health of the communities around
Lake Atitlán by informing future research and public policy with regards to the lake being used
as a drinking-water source. The specific objective was to quantify the burden of disease
associated with ingesting naturally occurring low level arsenic and excreta-related pathogens
through the use of DALYs and HQ. The focus was narrowed to three municipalities, Santiago
Atitlán, San Lucas Tolimán, and San Pedro La Laguna, because they intake 90-100% of their
drinking-water from the lake. The knowledge gaps identified and addressed in this study were:
•

Studies exist showing arsenic concentrations in the lake high enough to cause adverse
effects on the people, yet no studies attempted to quantify the burden of disease.

•

Untreated wastewater entering the lake contains excreta-related pathogens known to
effect human health, yet no studies have estimated the burden of disease caused by fecal
contamination. Nutrients in wastewater can also promote cyanobacteria blooms
producing cyanotoxins, which pose additional risks to public health from drinking
untreated lake water.
The calculations showed that low-level arsenic exposure poses an excessive lifetime risk

for the development of cancer (2.01E-4 per person-year) and primarily affects those 60-74 years
old (31% of total arsenic DALYs). Skin cancer contributed the majority (71%) of the total cancer
burden and men are disproportionally affected (4-7 times greater) by arsenic inducted cancer
than women. DALYs from diarrheal disease (0.227 per person-years) contributes to a large
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burden of disease (>99%) of the total burden of disease when compared to that of arsenic
exposure. Ages 0-4 carried the largest (90%) burden of disease. Men and women were
proportionally affected by diarrheal disease. Both contaminants pose a threat to health greater
than the upper limit of tolerable burden of disease (1.00E-6 per person-years) defined by the
WHO (WHO, 2017b).
The HQ also showed that the population is at risk of developing non-carcinogenic
adverse health effects due to low-level arsenic exposure, especially in young children. Men had
the smallest HQ (1.08-2.86) at all concentrations followed by children (1.05-2.78), women (1.514.00), and infants (1.89-5.00). This is especially concerning for the infants and children group
who are at risk for developing neurological impediments.
5.2 Recommendations for Community and Future Research
Access to safe drinking-water is a human right officially recognized by the United
Nations through Resolution 64/292 and steps need to be taken to improve public health in the
Lake Atitlán basin. Children consuming lake water are most at risk of its deleterious chronic and
acute effects. Interventions such as point of use filters at schools and boiling drinking-water in
the home targeting these lower age groups can immediately lessen the burden of disease.
Providing clean water and sanitation curriculum in schools can also reduce the cases of diarrhea
and mitigate the non-carcinogenic effects of arsenic ingestion.
To fully ensure the health of the population the treatment of wastewater and drinkingwater must occur. It is not enough to rely on the implementation of one to improve public health.
If the WWTPs currently existing around the basin began operating efficiently the lake would still
continue to be threatened by pathogens due in part to the fact that they were not designed to
include disinfection. Additionally, complete inactivation or removal of Cryptosporidium through
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WWTP processes is not guaranteed as experienced in Milwaukee (Wisconsin) in 1993. Its small
size makes it difficult to remove with filtration processes and its resistance to chlorine make it
persist in the environment. Additionally, humans and livestock can be reservoirs adding to its
persistence as people can become infected through drinking contaminated water or coming into
contact with animal feces. Furthermore, eutrophication resulting from wastewater discharge
poses a less-immediate threat to health. Nutrient removal from wastewater effluent treated only
by primary and secondary treatment is difficult to achieve even in the US and would likely
continue to impact the quality of the lake.
The implementation of WWTPs that are designed to adequately remove pathogens and
nutrients would improve the health of the lake and thus the health of the communities that rely
on it, however it would not fully protect their health. For this reason, drinking-water treatment
plants should be considered in conjunction with WWTPs. However, there is no evidence to
suggest that WWTPs around the basin will ever be operating at a capacity to remove or
inactivate all pathogens. This research emphasizes the need for drinking-water treatment plants
because it is likely that the lake will continue to be polluted with wastewater.
Future research can be done to more accurately represent the burden of disease due to
diarrhea in the region by surveying the municipalities. The exposure assessment would improve
if more accurate bodyweights were used and if low-level arsenic exposure was better understood.
The bodyweights used in this analysis were reflective of those in the US. The populations around
the lake are more likely to be stunted due to malnutrition early in life, recall that an estimated
50% of children under eight years old experience chronic malnutrition (AMSCLAE, 2019a).
Conversely, obesity has become a growing concern in Guatemala an estimated 56% of women
and 47% of men are considered overweight or obese however it is unclear as to how much it has
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impacted the lake Atitlán region (PAHO and WHO, 2017). Additionally, more research must be
done to understand the effects of low-level arsenic exposure. The methods used in this analysis
were created using data from high-level arsenic exposure which has a different dose-response
relationship.
Furthermore, surveying residents for information on their perception of their drinkingwater quality, knowledge surrounding arsenic exposure, and willingness to pay for services could
be beneficial in establishing a sustainable fee for operation and maintenance. It is likely that the
population does not know much about arsenic exposure because the burden of disease is so low
and likely do not have personal experience with related diseases. More research is needed to
understand what technologies will be culturally accepted by the community. There is a growing
body of research studying the use of organic waste products as filtration media in water
treatment. drinking-water treatment plants in the basin could benefit from using some such
material as it could be less expensive and contribute to its sustainability.
This study was focused on the health risks associated with drinking lake water. There is
an unknown percentage of the population that relies on groundwater as their primary source of
drinking-water. Concentrations of arsenic in groundwater vary widely from non-detect to >300
µg/L (SUNY, 2013-2019). The burden of disease experienced by these populations could be
completely different because groundwater is less likely to be polluted with fecal related
contaminants. The impact to health could become acute at these higher concentrations of arsenic.
Future research should be done to determine the burden of disease associated with drinking wellwater and formulating appropriate solutions.
In summary, the burden of disease can be reduced by prioritizing the following:
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1. Treat drinking-water consumed by children <5 years through point of use
methods to immediately reduce the largest burden of disease (diarrheal disease).
2. Implement technology in schools to disinfect and remove arsenic from drinkingwater to mitigate the effects of diarrheal disease and chronic arsenic exposure.
This may also aid in point 3 by increasing knowledge on drinking-water.
3. Continue to engage locals on the importance of drinking water and sanitation on
personal health, AMSCLAE has a workplan but how well has it worked?
4. Work to implement a drinking-water treatment plant in one of the larger cities
such as Santiago Atitlán and continue to develop drinking-water treatment plants
in neighboring municipalities depending on funding and success of initial project.
5. Work on managing wastewater treatment in the basin.

80

References
Ahmed, M. F. (2001). An overview of arsenic removal technologies in Bangladesh and India.
In Proceedings of BUET-UNU international workshop on technologies for arsenic
removal from drinking water, Dhaka (pp. 5-7).
Alfredo, K. A., Seidel, C., Ghosh, A., Roberson, J. A. (2017). Using a relative health indicator
(RHI) metric to estimate health risk reductions in drinking water. Environmental
Monitoring and Assessment, 189(3), 124. DOI: 10.1007/s10661-017-5815-8
Autoridad para el Manejo Sustentable del Lago Atitlán y su Entorno (AMSCLAE). (2019a).
Plan de Manejo Integrado de la Cuenca del Lago de Atitlán. Retrieved December 28,
2020 from: https://amsclae.gob.gt/descargas/pdemanejo/
AMSCLAE. (2019b). Informe Monitoreo de la Salubridad de Fuentes de Agua Para Consumo
Humano, 2019. Retrieved December 28, 2020 from: https://www.amsclae.gob.gt/wpcontent/uploads/2019/10/iadica2019.pdf
AMSCLAE. (2019c) Estrategia de Intervención de Educación Ambiental en la Cuenca del Lago
Atitlán. Accessed May 5, 2021 from https://www.amsclae.gob.gt/wpcontent/uploads/2019/04/estrategiaeducacion.pdf
American Public Health Association (APHA), American Water Works Association (AWWA),
Water Environmental Federation. (1999). Standard Methods for the Examination of
Water and Wastewater, 20th edition.
Anstiss, R. G. and Ahmed, M. (2006). A Conceptual Model to be Used for Community based
Drinking-water Improvements. Journal of health Popular Nutrition, 24(3), 262-266.
PMID: 17366766; PMCID: PMC3013245.
Argos, M., Kalra, T., Rathouz, P. J., Chen, Y., Pierce, B., Parvez, F., Islam, T., Ahmed, A.,
Rakibuz-Zaman, M., Hasan, R., Sarwar, G., Slavkovich, V., Van Geen, A., Graziano, J.,
& Ahsan, H. (2010). Arsenic exposure from drinking water, and all-cause and chronicdisease mortalities in Bangladesh (HEALS): A prospective cohort study. The Lancet,
376(9737), 252–258. DOI: 10.1016/S0140-6736(10)60481-3
Arvelo, W., Hall, A.J., Henao, O., Lopez, B. Bernart C., Moir J. C., Reyes, L., Montgomery S.
P., Morgan O., Estevez A., Parsons M. B., Lopez M. R., Gomez G., Vinje J., Gregoricus
N., Parashar U., Mintz E. D., McCracken J., Bryan J.P., Lindblade K. A. (2019).
Incidence and etiology of infectious diarrhea from a facility-based surveillance system in
81

Guatemala, 2008–2012. BMC Public Health, 19(1340). https://doi.org/10.1186/s12889019-7720-2
Ashbolt, N. J. (2004). Microbial contamination of drinking water and disease outcomes in
developing regions. Toxicology. 198(1-3), 229–238.
Bjørklund, G., Tippairote, T., Rahaman, M. S., & Aaseth, J. (2020). Developmental toxicity of
arsenic: a drift from the classical dose–response relationship. Archives of Toxicology,
94(1), 67–75. https://doi.org/10.1007/s00204-019-02628-x
Boutayeb A. (2010). The Burden of Communicable and Non-Communicable Diseases in
Developing Countries. Handbook of Disease Burdens and Quality of Life Measures, 531–
546. https://doi.org/10.1007/978-0-387-78665-0_32
Bundschuh, J., Litter, M., Ciminelli, V. S. T., Morgada, M. E., Cornejo, L., Hoyos, S. G.,
Hoinkis, J., Alarcon-Herrera, Ma. T., Armienta, M. A., Bhattachraya, P. (2010).
Emerging mitigation needs and sustainable options for solving the arsenic problems of
rural and isolated urban areas in Latin America: A critical analysis. Water Research, 44,
5828-5845.
Center for Disease Control (CDC). (2009). Fact Sheet on Arsenic. Retrieved September 4, 2020
from: https://www.epa.gov/sites/production/files/201403/documents/arsenic_factsheet_cdc_2013.pdf
Comisión Guatemalteca de Normas Ministerio de Economía (COGUANOR). (1999). Norma
técnica Guatemalteca COGUANOR NTG 29001: Agua para consumo humano (agua
potable). Especificaciones. Retrieved January 28, 2020 from
https://www.mspas.gob.gt/images/files/saludabmiente/regulacionesvigentes/AguaConsu
mo
Das, D., Samanta, G., Mandal, B. K., Chowdhury, T. R., Chanda, C. R., Chowdhury, P. P., Basu,
G. K., & Chakraborti, D. (1996). Arsenic in groundwater in six districts of West Bengal,
India. Environmental Geochemistry and Health, 18(1), 5–15. DOI: 10.1007/BF01757214
Dearden, K., Altaye, M., Maza, I. D., Oliva, M. D., Stone-Jimenez, M., Morrow, A. L., &
Burkhalte, B. R. (2002). Determinants of optimal breast-feeding in peri-urban Guatemala
City, Guatemala. Revista Panamericana de Salud Pública, 12, 185-192.
Fabris, R., Chow, C. W., Drikas, M., & Eikebrokk, B. (2008). Comparison of NOM character in
selected Australian and Norwegian drinking waters. Water research, 42(15), 4188-4196.
Ferráns, L., Caucci, S., Cifuentes, J., Avellán, T., Dornack, C., & Hettiarachchi, H. (2018).
Wastewater Management in the Basin of Lake Atitlan: A Background Study. United
Nations University Institute for Integrated Management of Material Fluxes and of
Resources (UNU-FLORES).
82

Fewtrell, L., Fuge, R., & Kay, D. (2005). An estimation of the global burden of disease due to
skin lesions caused by arsenic in drinking water. Journal of Water and Health, 3(2), 101–
107. DOI: 10.2166/wh.2005.0011
Ghernaout D., Moulay S., Messaoudene N. A., Aichouni M., Naceur M. W., Boucherit A.
(2014). Coagulation and Chlorination of NOM and Algae in Water Treatment – A
Review. International Journal of Environmental Monitoring and Analysis. Special Issue:
Environmental Science and Treatment Technology. 2(3), 23-34. doi:
10.11648/j.ijema.s.20140203.14
Global Health Metrics (GHM). (2012). Years lived with disability (YLDs) for 1160 sequelae of
289 diseases and injuries 1990–2010: a systematic analysis for the Global Burden of
Disease Study 2010. The Lancet, 380(9859), 2163–2196.
GHM. (2020a). Unsafe water, sanitation, and handwashing – Level 2 risk. Retrieved January 12,
2021 from: https://www.thelancet.com/pb-assets/Lancet/gbd/summaries/risks/watersanitation-handwashing.pdf
GHM. (2020b). Unsafe water source – Level 3 risk. Retrieved January 12, 2021 from:
https://www.thelancet.com/pb-assets/Lancet/gbd/summaries/risks/unsafe-watersource.pdf
GHM. (2020c). Global burden of 369 diseases and injuries in 204 countries and territories,
1990–2019: a systematic analysis for the Global Burden of Disease Study 2019. The
Lancet, 396(10258), 1204–1222. https://doi.org/10.1016/S0140-6736(20)30925-9
Harun, M. A. Y. A., and Kabir, G. M. M. (2012). Evaluating pond sand filter as sustainable
drinking water supply in Southwest coastal region of Bangladesh. Applied Water Science,
3, 161-166. DOI: 0.1007/s13201-012-0069-7
Hernandez, R. E. (2003). Propuesta para la Elaboración del Manual de Procedimientos
Normalizados de Análisis Microbiológico en Aguas Para el Laboratorio de
Microbiología de la Facultad de Química y Farmacia de la Universidad de El Salvador
[Thesis: Universidad de El Salvador]. Retrieved December 30, 2020 from:
http://ri.ues.edu.sv/id/eprint/5678/1/10122384.pdf
Herschy R.W. (2012) Water Quality for Drinking: WHO Guidelines. In: Bengtsson L.,
Herschy R.W., Fairbridge R.W. (eds) Encyclopedia of Lakes and Reservoirs.
Encyclopedia of Earth Sciences Series. Springer, Dordrecht.
Instituto Nacional de Estadística Guatemala (INE). (2019). Resultados de Censo 2018. Retrieved
September 4, 2020 from https://www.censopoblacion.gt/explorador
Integrated Risk Information System (IRIS). (1991). Chemical assessment summary, arsenic,
inorganic. CASRN, (7440-38-2).
83

International Agency for Research on Cancer (IARC). 2021. Accessed March 10, 2021 from
https://www-dep.iarc.fr/WHOdb/WHOdb.htm
Jakariya, Md., Chowdhury, A. M. R., Hossain, Z., Rahman, M., Sarkar, Q., Khan, R. I., Rahman,
M. (2003). Sustainable Community-Based Safe Water Options to Mitigate the
Bangladesh Arsenic Catastrophe – An Experience from Two Upazilas. Current Science,
85(2),141–146.
Jasper, C., Le, T. T., & Bartram, J. (2012). Water and sanitation in schools: a systematic review
of the health and educational outcomes. International journal of environmental research
and public health, 9(8), 2772-2787.
WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP).
(2019). Progress on household drinking water, sanitation and hygiene 2000-2017:
special focus on inequalities. United Nations Children’s Fund (UNICEF) and World
Health Organization (WHO). New York, NY. ISBN: 978-92-806-5036-5
Johnston, R. B., Hanchett, S., & Khan, M. H. (2010). The socio-economics of arsenic
removal. Nature Geoscience, 3(1), 2-3.
Kleinman A, Eisenberg L, Good B. Culture, illness, and care: clinical lessons from anthropologic
and cross-cultural research. (1978). Annals of Internal Medicine. 88(2), 251-8. doi:
10.7326/0003-4819-88-2-251. PMID: 626456.
Laubach H. E., Bentley C. Z., Ginter E. L., Spalter J. S., Jensen L. A. (2004). A study of risk
factors associated with the prevalence of Cryptosporidium in villages around Lake
Atitlan, Guatemala. Brazilian Journal of Infectious Diseases, 8(4) 319-23.
Lim, S. S., Vos, T., Flaxman, A. D., Danaei, G., Shibuya, K., Adair-Rohani, H., AlMazroa, M.
A., Amann, M., Anderson, H. R., Andrews, K. G., Aryee, M., Atkinson, C., Bacchus, L.
J., Bahalim, A. N., Balakrishnan, K., Balmes, J., Barker-Collo, S., Baxter, A., Bell, M. L.,
Ezzati, M. (2012). A comparative risk assessment of burden of disease and injury
attributable to 67 risk factors and risk factor clusters in 21 regions, 1990–2010: a
systematic analysis for the Global Burden of Disease Study 2010. The Lancet, 380(9859),
2224–2260.
Lindqvist, R., Langerholc, T., Ranta, J., Hirvonen, T., Sand, S. (2019). A common approach for
ranking of microbiological and chemical hazards in foods based on risk assessment useful but is it possible? Critical Reviews in Food Science and Nutrition, 60(20), 3461–
3474. https://doi.org/10.1080/10408398.2019.1693957
Lotter, J. T., Lacey, S. E., Lopez, R., Set, G. S., Khodadoust, A. P., & Erdal, S. (2014).
Groundwater arsenic in Chimaltenango, Guatemala. Journal of Water and Health, 12(3),
533–542.

84

Mihelcic, J. R., Fry, L. M., Myre, E. A., Phillips, L. D., Barkdoll, B. D. (2009). Field Guide to
Environmental Engineering for Development Workers - Water, Sanitation, and Indoor
Air. American Society of Civil Engineers (ASCE).
Morales-Simfors, N., Bundschuh, J., Herath, I., Inguaggiato, C., Caselli, A. T., Tapia, J., &
López, D. L. (2020). Arsenic in Latin America: A critical overview on the geochemistry
of arsenic originating from geothermal features and volcanic emissions for solving its
environmental consequences. Science of the Total Environment, 716, 135564.
Naughton, C.N. and Mihelcic, J.R. (2017). Introduction to the Importance of Sanitation. In: J.B.
Rose and B. Jiménez-Cisneros Global Water Pathogen Project, Part 1 The Health
Hazards of Excreta: Theory and Control) 3-11
Navoni J.A., De Pietri D., Olmos V., Gimenez C., Bovi Mitre G., de Titto E., Villaamil Lepori
E.C. (2014). Human health risk assessment with spatial analysis: Study of a population
chronically exposed to arsenic through drinking water from Argentina, Science of The
Total Environment, 499, 166-174.
Oakley, S. (2021). Manejo integrado de aguas residuales dentro y fuera la cuenca del Lago
Atitlán. Agua, Saneamiento & Ambiente. 16(1), 46-63. ISSN 2222 2499
Pan American Health Organization (PAHO). (2007). Guatemala Country Profile. Health In the;
Americas 2007. Volume II – Countries 374 – 393.
PAHO. (2017). Water and Sanitation: Evidence for public policies focused on human rights and
public health results. PAHO. Retrieved December 23, 2020 from
https://www.paho.org/hq/dmdocuments/2012/Water-Sanitation-final-eng.pdf
PAHO and WHO. (2017) Health in the Americas: Guatemala. Retrieved December 28, 2020
from: https://www.paho.org/salud-en-las-americas-2017/?p=3338
Perez-Sabino, J. F., Valladares, B., Hernández, E., Oliva, B., Cid, M. Del, & Reyes, P. J. (2015).
Determinación de arsénico y mercurio en agua superficial del lago de Atitlán. Ciencia,
Tecnología y Salud, 2(2), 37–44.
Ravenscroft, P., Brammer, H., & Richards, K. (2011). Arsenic pollution: a global synthesis (Vol.
94). John Wiley & Sons.
Sarkar S., Greenleaf J. E., Gupta A., Ghosh D., Blaney L. M., Bandyopadhyay P., Biswas R. K.,
Dutta A. K., SenGupta A. K. (2010). Evolution of community-based arsenic removal
systems in remote villages in West Bengal, India: Assessment of decade-long operation.
Water Research, 44(19).
Seidel, C., Ghosh, A., Tang, G., Hubbs, S. A., Raucher, R., & Crawford-Brown, D. (2014).
Identifying Meaningful Opportunities for Drinking Water Health Risk Reduction in the
United States. [Project# 4310]. Water Research Foundation.
85

Soerjomataram, I., Lortet-Tieulent, J., Ferlay, J., Forman, D., Parkin, D., Bray, F. (2012).
Estimating and validating disability-adjusted life years at the global level: A
methodological framework for cancer. BMC medical research methodology. 12(125).
10.1186/1471-2288-12-125
State University of New York (SUNY) Oneonta Lake Atitlan Water Quality Database, 2013 to
2019.
Tobias, R., & Berg, M. (2011). Sustainable use of arsenic-removing sand filters in Vietnam:
psychological and social factors. Environmental Science and Technology. 45(8), 3260–
3267
Tsuji, J. S., Chang, E. T., Gentry, P. R., Clewell, H. J., Boffetta, P., & Cohen, S. M. (2019).
Dose-response for assessing the cancer risk of inorganic arsenic in drinking water: the
scientific basis for use of a threshold approach. Critical Reviews in Toxicology, 49(1),
36–84.
United States Army Corps of Engineers (USACE). (2000). Water Resources Assessment of
Guatemala. Retrieved July 16, 2020 from
http://www.sam.usace.army.mil/en/wra/Guatemala/Guatemala WRA English.pdf
United States Environmental Protection Agency (USEPA). (2001). National Primary Drinking
Water Regulations: Arsenic and Clarifications to Compliance and New Source
Contaminants Monitoring. Final Rule. Federal Register, 66:14:6976
USEPA. (2003). Arsenic treatment technology evaluation handbook for small systems. EPA 816R-03-014
USEPA. (2005). Human Health Risk Assessment Protocol Chapter 7: Characterizing Risk and
Hazard. Retrieved January 19, 2021 from
https://archive.epa.gov/epawaste/hazard/tsd/td/web/pdf/05hhrap7.pdf
USEPA. (2006). National Primary Drinking Water Guidelines. CFR §141. Washington D.C.
EPA 141.720.
USEPA. (2011). Exposure Factors Handbook 2011 edition (Final). Publication EPA/600/R09/052F, USEPA Office of Research and Development, Washington, DC.
USEPA. (2020). Disinfection Profiling and Benchmarking Technical Guidance Manual.
Washington, D.C. EPA 815-R-20-003
Wagner, E. G., and Lanoix, J. N. (1958). Excreta disposal for rural areas and small
communities. WHO Monograph Series No. 39. World Health Organization, Geneva,
Switzerland.

86

Wasserman, G.A., Liu, X., LoIacono, N.J. et al. A cross-sectional study of well water arsenic
and child IQ in Maine schoolchildren. (2014). Environ Health 13(23).
https://doi.org/10.1186/1476-069X-13-23
World Health Organization (WHO). (2003). Implementing the global strategy for infant and
young child feeding. Report of a technical meeting. Geneva: World Health Organization.
WHO. (2014). Preventing diarrhoea through better water, sanitation and hygiene: exposures
and impacts in low-and middle-income countries. World Health Organization.
WHO. (2017a). Safely managed drinking water - thematic report on drinking water 2017.
Geneva, Switzerland. License: CC BY-NC-SA 3.0 IGO
WHO. (2017b). Guidelines for Drinking-water Quality. WHO Library Cataloguing-inPublication Data.
WHO. (2018). WHO methods and data sources for global burden of disease estimate 2000-2016.
(Global Health Estimates Technical Paper WHO/HIS/IER/GHE/2018.4). Geneva,
Switzerland.
WHO. (2019a). Drinking-water Key Facts. Retrieved December 18, 2020 from
https://www.who.int/news-room/fact-sheets/detail/drinking-water
WHO. (2019b). Sanitation Key Facts. Retrieved December 18, 2020 from
https://www.who.int/en/news-room/fact-sheets/detail/sanitation
WHO. (2020). Disability-adjusted life years (DALYs). Retrieved December 31, 2020 from
https://www.who.int/data/gho/indicator-metadata-registry/imr-details/158
WHO. (2021). DALY estimates, 2000 – 2019. Accessed May 3, 2021 from
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/globalhealth-estimates-leading-causes-of-dalys.
World Bank, World Development Indicators (2021). Guatemala. Accessed May 10, 2021 from
https://data.worldbank.org/indicator/SP.DYN.LE00.FE.IN?end=2019&locations=GT&start=2019&view=bar
Zhang, H., Chang, S., Wang, L., & Wang, W. (2018). Estimating and comparing the cancer risks
from THMs and low-level arsenic in drinking water based on disability-adjusted life
years. Water Research, 145, 83–93.
Zhang, H., Wang, L., Wang, Y., & Chang, S. (2020). Using disability-adjusted life years to
estimate the cancer risks of low-level arsenic in drinking water. Journal of Environmental
Science and Health, Part A, 55(1), 63–70.

87

Appendix A: Copyright Permission
The permission below is for the use of Figure 2.4

88

Appendix B: Population Data Stratified by Age
Table A.1 Populations of each municipality by sex and age group
San Lucas Tolimán
San Pedro La Laguna
Santiago Atitlán
Age
Women
Men
Women
Men
Women
Men
0-4
1620
1478
477
435
1942
1772
5-9
1700
1551
459
419
1991
1815
10 - 14
1796
1638
451
412
2078
1895
15 - 19
1850
1688
525
478
2350
2143
20 - 24
1658
1512
529
483
2338
2133
25 - 29
1371
1250
495
452
2131
1943
30 - 34
1132
1032
399
363
1710
1559
35 - 39
1029
938
377
344
1588
1448
40 - 44
758
691
312
285
1338
1220
45 - 49
646
590
340
311
1080
985
50 - 54
503
458
292
266
876
799
55 - 59
410
373
265
241
658
601
60 - 64
327
298
194
177
548
499
65 - 69
268
244
154
141
433
394
70 - 74
213
195
132
120
343
312
75 - 79
139
126
78
72
253
230
80 - 84
81
73
61
56
139
126
85 - 89
41
37
42
38
70
63
90 - 94
27
25
10
10
25
23
95 - 99
3
2
5
5
13
11
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Appendix C: Input Parameters for Arsenic Assessment
Table A.2 Input parameters for chronic daily intake (CDI) arsenic assessment in R and CDI
output for men and women
Men
Women
Bodyweight (BW) (kg)
70±5
50±5
Ingestion rate (IR) (L/d)
2
2
Exposure frequency (EF) (d/yr)
350
350
Effective duration (ED) (yr)
68
75
Average time (AT) (d)
22,820
27,375
Monte Carlo CDI (µg/kg/d)
0.5510815
0.7066274
Mean Concentration CDI
0.5634226
0.7252307
(µg/kg/d)
95th Percentile CDI (µg/kg/d)
1.006293
1.295288
The chronic daily intake of arsenic was estimated using a Monte Carlo simulation to
reduce uncertainty associated with bodyweight and actual concentrations of arsenic in the lake.
No bodyweight data was obtained specific to the lake basin; therefore, a standard deviation of 5
kg was included in the assessment. Obesity is a rising concern in Guatemala, especially in
women, yet its effects on the basin’s population is unknown. The prevalence of stunting due to
childhood malnutrition in the basin is also a concern. Only 50 data points for arsenic exist in the
literature. For this reason, 10,000 possible concentrations were generated using the mean
(18.9078 µ/L) and standard deviation (14.1571 µ/L) of the existing data points. Notice that the
calculated CDI is nearly double the reference dose set by the USEPA IRIS (0.30 µg/kg/d) for
both sexes. If it had been used the outcome would have been a conservative estimate of the
burden of disease. Calculations for CDI done using a fixed bodyweight (no ±5 kg) suggest that
the mean arsenic concentration would yield similar results to the Monte Carlo while the 95th
percentile would represent the worse-case scenario. Refer to Table A.2 for all values.
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Appendix D: Dimensionless Factors in Arsenic Assessment

Table A.3 Dimensionless factor used in cancer incidence calculations (Zhang, et al., 2018)
Lung Cancer
Skin Cancer
q1

q2

k

m

Men

1.4672E-11

7.936E-10

Women

0

6.291E-11

Men

0

1.640E-12

Women

6.1194E-14

3.265E-13

Men

3.9195

2.950

Women

3.5137

3.231

Men

21.4946

6.873

Women

17.0978

9.000
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Appendix E: Estimated Incidence for Arsenic Induced Cancers
Table A.4 Calculated incidence rates of lung and skin cancers for all age groups
Women
Men
Age
Skin Cancer
Lung Cancer
Skin Cancer
Lung Cancer
0-4
0
0
0
0
5-9
4.19E-10
0
2.67E-08
0
10 - 14
2.36E-08
0
2.62E-07
0
15 - 19
1.13E-07
2.19E-12
7.70E-07
0
20 - 24
2.85E-07
5.16E-11
1.54E-06
1.81E-09
25 - 29
5.48E-07
2.25E-10
2.58E-06
4.25E-08
30 - 34
9.10E-07
5.71E-10
3.87E-06
2.07E-07
35 - 39
1.38E-06
1.13E-09
5.41E-06
5.80E-07
40 - 44
1.95E-06
1.93E-09
7.21E-06
1.25E-06
45 - 49
2.63E-06
3.00E-09
9.25E-06
2.28E-06
50 - 54
3.43E-06
4.37E-09
1.15E-05
3.77E-06
55 - 59
4.35E-06
6.06E-09
1.41E-05
5.79E-06
60 - 64
5.40E-06
8.09E-09
1.69E-05
8.42E-06
65 - 69
6.56E-06
1.05E-08
1.99E-05
1.17E-05
70 - 74
7.86E-06
1.33E-08
2.32E-05
1.58E-05
75 - 79
9.28E-06
1.65E-08
2.67E-05
2.07E-05
80 - 84
1.08E-05
2.01E-08
3.05E-05
2.65E-05
85 - 89
1.25E-05
2.41E-08
3.45E-05
3.33E-05
90 - 94
1.43E-05
2.86E-08
3.87E-05
4.11E-05
95 - 99
1.63E-05
3.36E-08
4.32E-05
5.01E-05
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Appendix F: Arsenic YLL, YLD, and DALY Tables
Table A.5 Calculated YLL, YLD, and DALY values for lung cancer
Lung Cancer
Age
YLL
YLD
DALY
Men
Women
Men
Women
Men
Women
0-4
0.00
0.00
0.00
0.00
0.00
0.00
5-9
0.00
0.00
0.00
0.00
0.00
0.00
10 - 14
0.00
0.00
0.00
0.00
0.00
0.00
15 - 19
0.00
4.68E-07
0.00
1.15E-08
0.00
4.79E-07
20 - 24
3.53E-04
1.18E-05
6.98E-06
2.36E-07
3.60E-04
1.21E-05
25 - 29
8.02E-03
4.92E-05
1.32E-04
8.37E-07
8.15E-03
5.00E-05
30 - 34
3.50E-02
1.13E-04
4.59E-04
1.51E-06
3.55E-02
1.14E-04
35 - 39
9.55E-02
2.16E-04
1.11E-03
2.57E-06
9.66E-02
2.18E-04
40 - 44
1.75E-01
3.15E-04
1.73E-03
3.20E-06
1.77E-01
3.18E-04
45 - 49
2.65E-01
4.05E-04
2.91E-03
4.54E-06
2.68E-01
4.10E-04
50 - 54
3.54E-01
4.78E-04
3.88E-03
5.35E-06
3.58E-01
4.83E-04
55 - 59
4.40E-01
5.34E-04
4.64E-03
5.82E-06
4.44E-01
5.40E-04
60 - 64
5.34E-01
5.97E-04
4.99E-03
5.76E-06
5.39E-01
6.03E-04
65 - 69
6.14E-01
6.47E-04
5.22E-03
5.45E-06
6.19E-01
6.53E-04
70 - 74
6.65E-01
6.77E-04
5.66E-03
5.21E-06
6.71E-01
6.82E-04
75 - 79
5.95E-01
5.74E-04
5.06E-03
4.42E-06
6.00E-01
5.78E-04
80 - 84
4.54E-01
4.18E-04
3.86E-03
3.22E-06
4.58E-01
4.21E-04
85 - 89
3.09E-01
2.74E-04
2.62E-03
2.11E-06
3.11E-01
2.76E-04
90 - 94
1.60E-01
1.32E-04
1.36E-03
1.01E-06
1.62E-01
1.33E-04
95 - 99
6.06E-02
5.23E-05
5.15E-04
4.03E-07
6.11E-02
5.27E-05
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Table A.6 Calculated YLL, YLD, and DALY values for skin cancer
Skin Cancer
Age
YLL
YLD
DALY
Men
Women
Men
Women
Men
Women
0.00
0.00
0.00
0-4
0.00
0.00
0.00
5-9
2.65E-03
3.46E-05
1.23E-04
2.56E-06
2.77E-03
3.72E-05
10 - 14
2.99E-02
2.24E-03
1.21E-03
1.46E-04
3.11E-02
2.39E-03
15 - 19
7.74E-02
9.44E-03
4.22E-03
8.09E-04
8.16E-02
1.02E-02
20 - 24
1.66E-01
2.55E-02
7.78E-03
1.90E-03
1.74E-01
2.74E-02
25 - 29
2.67E-01
4.70E-02
1.10E-02
3.17E-03
2.78E-01
5.01E-02
30 - 34
3.79E-01
7.72E-02
1.24E-02
4.00E-03
3.92E-01
8.12E-02
35 - 39
5.58E-01
1.30E-01
1.48E-02
5.17E-03
5.73E-01
1.35E-01
40 - 44
6.59E-01
1.67E-01
1.47E-02
5.53E-03
6.74E-01
1.72E-01
45 - 49
7.59E-01
2.10E-01
1.56E-02
6.10E-03
7.74E-01
2.16E-01
50 - 54
7.97E-01
2.38E-01
1.51E-02
6.12E-03
8.12E-01
2.44E-01
55 - 59
8.12E-01
2.59E-01
1.40E-02
5.84E-03
8.26E-01
2.65E-01
60 - 64
8.29E-01
2.80E-01
1.25E-02
5.38E-03
8.42E-01
2.85E-01
65 - 69
8.07E-01
2.88E-01
1.14E-02
4.94E-03
8.18E-01
2.93E-01
70 - 74
8.16E-01
3.08E-01
9.51E-03
4.18E-03
8.26E-01
3.12E-01
75 - 79
7.20E-01
2.87E-01
6.00E-03
2.65E-03
7.26E-01
2.89E-01
80 - 84
5.20E-01
2.24E-01
3.50E-03
1.39E-03
5.24E-01
2.26E-01
85 - 89
3.19E-01
1.42E-01
2.14E-03
8.63E-04
3.21E-01
1.43E-01
90 - 94
1.50E-01
6.58E-02
1.01E-03
4.01E-04
1.51E-01
6.62E-02
95 - 99
5.21E-02
2.53E-02
3.50E-04
1.54E-04
5.24E-02
2.55E-02
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Appendix G: Diarrhea YLL, YLD, and DALY Tables
Table A.7 Calculated YLL, YLD, and DALY values for diarrheal disease
Diarrheal Disease
Age
YLL
YLD
DALY
Men
Women
Men
Women
Men
Women
0-4
9.86E+03
7.00E+03
2.19E+00
2.41E+00
9.86E+03
7.00E+03
1.28E+02
1.40E+02
9.49E-01
1.04E+00
1.29E+02
1.41E+02
5-9
1.25E+02
1.37E+02
9.89E-01
1.08E+00
1.26E+02
1.38E+02
10 - 14
15 - 19
1.27E+02
1.40E+02
1.08E+00
1.18E+00
1.28E+02
1.41E+02
20 - 24
1.13E+02
1.24E+02
1.03E+00
1.13E+00
1.14E+02
1.25E+02
25 - 29
9.22E+01
1.01E+02
9.14E-01
1.00E+00
9.31E+01
1.02E+02
30 - 34
6.84E+01
7.51E+01
7.40E-01
8.12E-01
6.92E+01
7.59E+01
35 - 39
5.75E+01
6.31E+01
6.84E-01
7.50E-01
5.82E+01
6.38E+01
40 - 44
4.17E+01
4.57E+01
5.50E-01
6.04E-01
4.22E+01
4.63E+01
45 - 49
3.19E+01
3.49E+01
4.73E-01
5.18E-01
3.24E+01
3.55E+01
50 - 54
2.27E+01
2.49E+01
3.82E-01
4.19E-01
2.31E+01
2.53E+01
55 - 59
1.57E+01
1.72E+01
3.05E-01
3.34E-01
1.60E+01
1.75E+01
60 - 64
1.07E+01
1.17E+01
2.44E-01
2.68E-01
1.09E+01
1.20E+01
65 - 69
7.06E+00
7.75E+00
1.95E-01
2.14E-01
7.25E+00
7.96E+00
70 - 74
4.51E+00
4.95E+00
1.57E-01
1.72E-01
4.67E+00
5.13E+00
75 - 79
2.36E+00
2.59E+00
1.07E-01
1.18E-01
2.47E+00
2.71E+00
80 - 84
1.02E+00
1.13E+00
6.39E-02
7.04E-02
1.09E+00
1.20E+00
85 - 89
2.99E-01
3.31E-01
3.46E-02
3.84E-02
3.34E-01
3.70E-01
90 - 94
1.26E-01
1.34E-01
1.45E-02
1.55E-02
1.40E-01
1.50E-01
95 - 99
3.90E-02
4.55E-02
4.51E-03
5.26E-03
4.35E-02
5.08E-02
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