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Abstract

Lead (Pb) in public drinking water supplies has garnered much attention since the outset of the
Flint water crisis. Pb is a known hazard in multiple environmental matrices, exposure from which
results in long-term deleterious health effects in humans. This discussion paper aims to provide a
succinct account of environmental Pb exposures with a focus on water Pb levels (WLLS) in the
United States. It is understood that there is a strong correlation between WLLs and blood Pb levels
(BLLs) and associated health effects. However, within the Flint water crisis, more than water
chemistry and Pb exposure occurred. A cascade of regulatory and bureaucratic failures culminated
in the Flint water crisis. This paper will discuss pertinent regulations and responses including their
limitations after an overview of the public health effects from Pb exposure as well as discussion on
our limitations on monitoring and mitigating Pb in tap water. Increased Legionnares’ disease cases
following Flint water change and factors influencing Legionella pneumophila growth are
discussed to highlight potential association between water chemistry and L. pneumophila
outbreak. As we critically analyze these important aspects of water research, we offer discussions
to stimulate future Pb research from a new and systemic perspective to inform and guide public
health decision-making.
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Overview of Lead

Lead (Pb) is a heavy metal ubiquitous in the earth’s crust, the physical properties of which
have made it useful to mankind for centuries. It continues to be produced through a variety
of industrial processes, although less than in prior decades. Through most of the 20t
century, Pb was used extensively in gasoline, paints, pesticides, batteries and plumbing
fixtures (ATSDR, 2007). It is estimated that environmental Pb levels have increased more
than 1000-fold over the last 300 years due largely to human activities, with the greatest
increase occurring between 1950 and 2000 (ATSDR, 2007). A reason for Pb’s persistence in
the environment, despite its elimination from consumer products including piping and
plumbing fixtures, can be traced to its propensity to bind strongly to soil particles (ATSDR,
2007). A means for improving the removal of Pb in drinking water can be credited to the
Safe Drinking Water Act (SDWA), which regulates utilities with regards to Pb and other
hazards (SDWA, 1976). As an enforceable standard, the maximum contaminant level (MCL)
for Pb has been set by the USEPA at 15 ug/L in drinking water. Since the inception of the
MCL, the unenforceable maximum contaminant level goal (MCLG) has been set at 0 mg/L,
recognizing that Pb is toxic at any exposure level (USEPA, 1991, 2008; CDC, 2012).

In light of the recurring water crises in the United States, through this discussion paper we
aim to offer a succinct account of environmental Pb exposures focusing on water Pb levels
(WLLYs); its correlation with blood Pb levels (BLLs) and the associated health effects;
multiple case studies discussing water Pb crises within the United States with a focus on
Flint highlighting failures at various levels leading to water contamination of Pb and
Legionella, issues inherent to Pb sampling protocols, potential factors influencing WLLSs,
and areas of research gaps; and pertinent regulations and responses including their
limitations on monitoring and mitigating Pb in drinking water. As we critically appraise
various aspects of drinking water research, we offer discussions to stimulate future Pb
research from a new and systemic perspective to ultimately guide public health decision-
making.
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Human Health and Blood Lead Tracking

High Pb exposure through air, water, soil or food leads to high blood Pb levels (BLLS)
(ATSDR, 2007). The deleterious effects of high BLLs have been well documented as
depicted in Fig. 1. Typically, brain, kidneys, (Payton et al., 1994), cardiovascular system (Hu
etal., 1996; ATSDR, 2007) and the blood (Roels and Lauwerys, 1987) are the systems
mostly affected. With regards to the cardiovascular system both increased incidence of
hypertension (Hu et al., 1996) and increased mortality due to heart disease have been
observed (Cooper et al., 1985). Another study has shown an increase in overall and
cardiovascular mortality in men with BLLs above 2 pg/dL, a much lower level than
previously observed (Menke et al., 2006).

In children, the brain and central nervous system (CNS) are particularly highly sensitive to
Pb. This susceptibility persists throughout childhood, however ages 0-3 years tend to show
the greatest susceptibility (Chiodo et al., 2004). Children generally absorb a larger fraction
of ingested lead than adults. Due to children’s greater susceptibility and larger Pb
absorbance their exposure has typically been of greater concern (Lanphear et a/., 2005). Pb
interferes with the development of connections between neurons and neuronal migration as
well as myelin development (ATSDR, 2007). Specific neurodevelopmental problems due to
Pb toxicity include: lower 1Q scores, behavioral problems, hyperactivity, seizures and
impaired coordination (ATSDR, 2007). Studying over 1300 children in different cities,
Lanphear et al. (2005) found that an increase in BLL from 2.5 pg/dL to 10 pg/dL was
associated with a decrement in 1Q of 3.9 points. Children with chronic exposure to higher
BLLs are more likely to have lower 1Q scores. Further increases in BLLs above 10 pg/dL is
associated with additional lowering of average 1Q score. No threshold is suggested for the
effects of Pb on intellectual function in children (Lanphear et al., 2005). Nevin (2007)
reported a strong correlation between BLLs and murder rates in the U.S. over a period of
100 years. This conclusion from Nevin (2007) would seem to corroborate results from Li et
al. (2003) that causally linked increased Pb exposure to increased aggression in animal
studies.

As could be surmised health impacts from Pb exposure have economic implications.
Colborn et al. (1996) demonstrated that a five-point drop in average 1Q in a population of
100 million people would increase the diagnosis of intellectual disability from 6 million to
9.4 million, a 57% increase. Grosse et al. (2002) advanced this concept and estimated that a
5-6 point decrease in Pb levels would lead to an annual economic gain between $100 billion
and $300 billion.

Due to these wide ranging impacts on human health and the economy, it was recognized in
the 1970’s that Pb exposure needed to be tracked. BLL is an important indicator of the level
of exposure an individual has had to a source of Pb. It is also a correlated indicator of the
health risks that individuals are expected to encounter due to their exposure. Therefore, BLL
has been used as a means of describing overall exposure and defending mitigation
recommendations and decisions. The reference BLL was developed as a means of
standardizing the comparison of BLLs nationally for regulatory and mitigation purposes
(ATSDR, 2007; CDC, 2012).
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As depicted in Figure 2, prior to 1975 the reference BLL for Pb remained at 60 pg/dL which
was then revised to 30 pg/dL in 1975 by the CDC. From 1990 through 2012, the reference
BLL was 10 pg/dL, which was lowered to 5 pg/dL in 2012. In 2012, CDC decided to
establish that there is no safe BLL (CDC, 2012). These declining reference BLLS were
informed by a growing body of literature on the increasing toxicity of infinitesimal amounts
of Pb in children.

These increasing concerns over the effects of high BLLs were exacerbated by the realization
that children’s exposure was increasing nationwide. However, currently, only less than 25%
of children under the age of three are screened for BLL (Pennsylvania Department of
Health, 2014). Several studies showed 2.5% of American children aged 1-5 years had BLLs
of 5 pg/dL or higher with 97.5% having levels below that (CDC, 2012). Currently, the BLL
of a child in the United States between the ages 1 and 5 years averages 2 ug/dL (Raymond
and Brown, 2016), reduced from 16 pg/dL in 1976 (an 87.5% decrease). In the 1970’s, over
70% of children tested nationwide had BLLs over 10 pg/dL; by 2001, it was less than 1%.
These decreases coincide with the phasing out of leaded gasoline and paints (CDC, 2005).

By comparison to the national averages, in 1998, 50% of Flint residents had BLLs over 5
pg/dL and 8.4% had BLLs over 10 pg/dL. By 2013, Flint had BLLs over 5 pg/dL for 3.6%
of the population and 0.3% of residents with BLLs over 10 ug/dL. This placed Flint close to
the national average for BLL in 2013 (Drum, 2016). Therefore, Flint as with the rest of the
United States was progressing forward with Pb exposure reduction and improved public
health protections. This frames the juxtaposition of Pb exposure reduction in Flint with the
current crises and further highlights the need to examine water Pb exposure routes.

Water Lead Levels (WLLs) and Association with Blood Lead Levels (BLLS)

The elimination of Pb in gasoline and paint led to a marked decrease in average BLLs
throughout much of the developed world. Several factors may contribute to Pb
concentrations in water including the water chemistry, mineral types, water temperature,
aging infrastructure, age of water in the distribution system, and the presence or absence of
protective coatings in the pipes (Swistock and Galford, 2016; USEPA, 2016). However,
water chemistry with regards to Pb is not a simple matter (Schwake et al., 2016), considering
the complications to monitoring and health assessments when the effects of hot water are to
be accounted for. Hot water tends to have much higher concentrations of dissolved Pb than
in cold water, due to Pb leaching from plumbing fittings being enhanced in hot water (The
Cadmus Group, 2007; Masters et al., 2016; CDC, 2016). Therefore, as can be seen when just
considering a simple case of water temperature, inferences drawn from the results can be
skewed. Alternatively, it can be argued that hot water should be included in monitoring and
analysis to develop a realistic picture of Pb exposure in the home (Schwake et al., 2016).

Numerous studies have examined the potential correlation between WLL and BLL. For
example, Pocock et al. (1983) examined the link between WLL and BLL in over 900 men in
England. The researchers grouped the men into nine bins of first-draw WLLs. The first
(lowest) bin contained the men with WLL < 6 pg/dL, while the other eight bins were split
out based on increasingly higher WLLs with 50 men in each bin. The data showing a
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positive correlation between WLL and BLL were sufficient to develop a regression model,
where: BLL = 0.699 + 0.0003 * WLL; where WLL is the first draw in units of pg/dL.
Pocock ef al. (1983) also demonstrated significant inverse correlation between water
hardness (defined by amount of dissolved calcium and magnesium in water) and WLL, thus
highlighting the complexity of the link between drinking water chemistry and WLL at the
tap.

The USEPA’s Water Criteria Document (USEPA, 1986) published formulae for calculating
BLLs from WLLs based on prior research assuming linearity. Equation 1 shows a linear
relationship between WLL and BLL in children (Ryu et a/,, 1983; USEPA, 1986), and
equation 2 shows the relationship for adults as recommended by the USEPA (1986) and
adapted from Pocock et al. (1983).

BLL

Q

0.16 * Intake of Pb from water 6]

BLL =~ 0.06 * Intake of Pb from water @)

Since the 1970°s removal of Pb from gasoline and paints, Pb exposure shifted from surface
and air exposure to water exposure. This is highlighted by the USEPA’s Criteria Document
concluding that approximately 15-40% of the total human burden of Pb is likely due to
drinking water (USEPA, 1986). Lanphear et al. (1998) evaluated potential contributions of
Pb from water, soil and house dust to the BLLs in urban children. They found that an
increase in WLLs from background levels based on the USEPA standard of 15 ug/L was
associated with a 13.7% increase in the number of children estimated to have a BLL above
10 pg/dL. Increases in soil Pb levels and dust Pb levels were associated with 11.6% and
22.3% increases in children with BLL above 10 pg/dL, respectively (Lanphear et al., 1998).

Pb in water continues to pose a problem as Renner (2010) highlighted for drinking water.
Renner (2010) was able to implicate drinking water resulting in high BLLs in Washington
DC, North Carolina, and Maine from 2004 — 2010. These cases as well as Flint demonstrate
that a lack of understanding regarding the complexity of a water distribution system
(Schock, 1989; Brown et al., 2015) can also lead to increased WLLs and thereby increased
BLLs.

Preventable Water Crises in the United States

Flint Water Crisis: Pb Contamination

Flint, Michigan, is a town of 98,000 people located 66 miles northwest of Detroit in Genesee
County (US Census Bureau, 2015). It is important to remember during this discussion that
Flint residents pay on average the most for their water in the United States (Lynch, 2016).
The development of the Flint water crisis first needs to be discussed in the light of why the
decisions to change their water supply were made. The cause of the efforts to change the
water supply for Flint was economically motivated by State input due to a financial crisis in
Flint. However, Flint was not always in poor economic straits. In 1908, General Motors was
founded in Flint; after World War 11 it became a major automobile manufacturing center.
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However, by the 1980°s almost all of the automobile factories had closed and Flint sank into
a deep economic depression that persists today In 2002, after incurring 30 million dollars of
debt, an economic emergency was declared in Flint and the state of Michigan appointed an
emergency financial manager; he became the city’s chief administrator, superseding the
Mayor. The emergency was rescinded in 2004. In 2011, the state again declared a financial
emergency. Governor Rick Snyder appointed Michael Brown as the new Emergency
Manager. State officials discussed Flint Water Supply alternatives before a Flint City
Council meeting in February, 2013. The Council subsequently passed a resolution to
purchase water from the Karegrondi Water Authority (KWA) in a cost-saving move.
However, the KWA facility was not scheduled to come on-line until 2016. The Detroit Water
and Sewer Department (DSWD) objected, but offered to continue providing water to Flint
for another year. In April 2014 a notice terminating service was issued (Dixon, 2016). The
state managers and Flint City Council decided to reopen Flint’s water treatment plant
starting in 2014, using the Flint River for water, until the KWA facility was operating. The
DSWD did offer to immediately resume supplying Flint with water in February 2015 once
Flint’s water problems started to emerge (Fonger, 2015; Bosman, 2016; U.S. House
Committee, 2016).

Shortly after the switch, Flint residents began to complain that the Flint River water looked
“bad” and was causing skin problems for some children (Lin et a/.,, 2016). Some of the skin
problems could have at that time alerted experts of the increased corrosivity, but this did not
occur. In the summer of 2014, three boil-water advisories were issued as coliforms counts in
the drinking water dictated this response. In October 2014, General Motors decided to stop
using Flint water due to “rust problems” (Lin ef al., 2016); this was an obvious sign of high
corrosivity that went unanswered again. Scattered complaints of health problems continued
into 2015 (Detroit Free Press, 2015). It was obvious at this time that numerous homes had
elevated Pb levels in their drinking water (Lin et a/, 2016).

Hanna-Attisha et a/. (2016) documented that the percentage of children throughout the city
of Flint aged 1-5 with BLL above 5 pg/dL rose from a baseline of 2.4% to 4.9% in homes
with elevated WLLs. Children aged 1-5 years with BLLs above 5 pg/dL rose from 4% to
10.6% following water source change. Shortly thereafter, the water supply was switched
back to the DWSD. However, increased corrosivity of the water resulted in lasting damage
to the drinking water distribution system, thus meaning that the crisis is far from over. In
Flint drinking water, 17% of the water samples tested had WLLs above the USEPA standard
of 15 pg/L (Edwards et al,, 2015). The 90™ percentile (US EPA’s sampling comparison
point) WLL was 25.2 ug/L, which is over the USEPA standard applied to houses with
“worse case” Pb plumbing. It is being demonstrated that highly corrosive Flint water might
have favored Pb leaching from the pipe connectors used in the Flint water system. It has
since been postulated that following standard water treatment protocols (e.g., pH control, use
of anticorrosives) could have limited Pb leaching. However, this remains a point of
contention as the case of optimal corrosion control is not a well-defined concept (Shock
1989; Brown et al., 2015).
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Flint Water Crisis: Legionella Contamination

Other Water

While seeming to have been a coincidental incident, during the water crisis Flint also
endured a significant spike in Legionnaire’s disease, caused by the bacterium Legionella
pneumophila (L. pneumophilg). This demonstrates a need to understand water systems from
a systems perspective rather than from a single or class of contaminant basis.

In a one-year period spanning May 2014 to May 2015, there were 87 documented
Legionnaires’ disease cases in Flint where in an average year there are 6 to 13 cases (Fig. 3;
Schumaker, 2016). ). Not all cases are residents whose domicile falls within the city limits;
however, a complete epidemiological study would determine whether these cases resulted
from people who commuted in for work or business in Flint, thus providing the real
exposure.

It is important to note that the outbreak in Flint has not been causally linked to the water
system. However, what we know of L. pneumophila’s growth in water systems allows us to
make some inferences. Water temperature, pH, and water-metal content are factors known to
influence L. pneumophila growth in water. Studies have shown that water temperatures
between 25 and 42 °C and a pH between 6 and 8 are optimal for L. pneumophila growth and
persistence (Solimini et al., 2014). A water environment rich in other microorganisms
(particularly amoeba and protozoa) and bacterial biofilms can foster the growth and further
blooming of L. pneumophila (Taylor et al., 2009; Schwake et a/, 2016). Biofilm-embedded
L. pneumaophila are protected from free chlorine residual in the distribution system (Kuchta,
1983; LeChevallier et al.,, 1987).

For Flint water, its relatively low pH (which was not adjusted, but is a requirement as part of
the corrosion control plan for water utilities) coupled with the presence of oxidants (e.g.,
dissolved oxygen, chlorine) in the water reacting with iron (Fe) or Pb within the old pipes
led to their leaching in the form of dissolved/ionic and particulates into the water, thereby
increasing Pb and Fe concentrations in the community water supplied (Torrice, 2016). It has
also been postulated that the highly corrosive Flint water depleted free chlorine that was
added as a disinfectant (Falkinham, 2015; Torrice, 2016) further complicating the ability to
treat biofilm pathogens such as L. pneumophila (LeChevallier et al., 1988). High turbidity
(resulting from suspended particulates and organic matter) coupled with Fe leaching from
the corroded pipes might have facilitated L. pneumophila growth in the remaining biofilms
in the Flint water supplies (Schwake et a/., 2016). This has been clearly depicted in our
Graphical Abstract provided earlier. Simple measures to reduce water turbidity and
corrosivity, as mandated by the USEPA’s Lead and Copper Rule (LCR) (USEPA, 1991),
could have controlled the Legionellosis outbreaks and the associated health outcomes.

Crises in the United States

The Flint water crisis has some similarities to the D.C. water crisis of the early 2000’s.
Periodic testing of water required by the LCR showed an abnormal number of D.C. homes
with high WLLs (Cohn, 2005a). Pragmatic actions meant to safeguard public health were
not implemented; by 2003, almost half of the 6,118 homes tested had WLLs over 50 pug/L.
The cause was eventually determined to be the substitution of a disinfectant chloramine for
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chlorine. The CDC had recommended this switch in disinfectant a few years before due to
carcinogenic disinfection byproduct (DBP) concerns related to chlorine. It took
approximately a year after resuming usage of chlorine for WLLSs to begin to return to
baseline (Cohn, 2005b). In 2004, there was an increase from 2.8% to 7.6% (an increase of
4.8%), in the number of children in the affected homes with BLLs above 10 pg/dL (CDC,
2010). Federal and state authorities came under criticism for their slow action against the Pb
toxicity crisis both in the Washington DC and Flint (Leonig, 2004, 2009; Hanna-Attisha et
al.,, 2016).

There have been a large number of additional cases of elevated WLLs in the United States
since 2000; the exact causes, however, vary. In the North Carolina (NC) towns of Greenville
and Durham, numerous homes were noted to have high WLLSs starting in 2006 (Renner,
2009). Alum had been used to reduce water turbidity for years, but a switch to ferric chloride
interfered with the anti-corrosive treatment used, leading to Pb leaching from the pipes
(Renner, 2009). In Wayne County, NC, a switch in disinfectant from chlorine to chloramine
led to high tap WLLs. Routine monitoring of water sources failed to detect high WLLs; it
was realized only after several children were noted to have very high BLLs (Miranda, 2007).
In Jackson, Mississippi, fluctuating pH of the water supply increased the corrosiveness of
the water, leading to elevated WLLs in 2015 (Wolfe, 2016). Twenty percent of homes tested
had levels exceeding EPA’s action level of 15ug Pb/L. City officials indicated it to be mostly
an issue with lead pipes within residents’ homes, but have not confirmed this publicly. Prior
to 2015, there were no corrosion control measures in place, but they are now trying to find a
regimen that will stabilize water pH (Wolfe, 2016). In South Carolina, 24 different
communities were noted to have elevated Pb levels in 2005 (Fretwell, 2016). No corrosion
control plan was being implemented at the time, but has since been instituted (Fretwell,
2016). In schools in the Ithaca, NY area, elevated Pb levels were noted in most drinking
water fountains starting in 2015 (Hart, 2016). Most of these fountains received their water
supply from groundwater as opposed to a municipal water supply. The cause has not been
determined as of yet, but all of the schools affected have at least some lead pipes (Hart,
2016).

The similarities of the Flint and Washington, D.C. crises highlight two primary overlaps.
First was the choice to change a major portion of the drinking water system. In the case of
Flint it was a massive change — the complete switch of their source water. In the case for
Washington DC what was theorized as a less impactful change — changing disinfectant
chemicals. These changes highlight the second overlap: a lack of a complete understanding
of drinking water system complexity and interactions. In both cases due to the lack of
corrosion control science, what might have been something that could have been predicted
or prevented was not. In the case of Flint there was also a complex mixture of toxic metal
and pathogenic exposures (Pb and L. pneumophila), therefore highlighting a continued lack
of corrosion control and corrosion science knowledge for drinking water systems but also
the lack of knowledge in microbial dynamics and ecology in drinking water systems and
their biofilms.
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Identifying Issues Related to Pb Research in Drinking Water and Future
Prospects

The amount of Pb in our environment is markedly lower now than it was 40 years ago. This
is largely due to the elimination of leaded gasoline and paint, which has resulted in a
decrease in average BLLs of around 80%. However, Pb adheres to soil particles and persists
for long periods of time (ATSDR, 2007). This persistence makes complete elimination of Pb
from our environment difficult. This means children are now exposed to low levels of Pb in
the air and soil throughout their lives. The persistence of Pb in the environment combined
with a lack of complete abatement, especially in urban and economically disadvantaged
areas, still present a significant exposure problem. This consistent exposure continues even
when not accounting for water Pb exposure.

As of 2010, approximately 81 million homes in the United States has Pb solder, accounting
for about 77% of the total housing stock (Triantafyllidou and Edwards, 2012). Six million
homes still have Pb service lines. While the vast majority of water taps in homes now test
under the USEPA standard of 15 pg/L, only a very small percentage of homes are regularly
tested for WLLSs. It is, therefore, imperative to limit unnecessary Pb exposures, since there is
no safe threshold for cognitive effects (Lanphear et al., 2005).

Issues with Pb Sampling Protocols and Factors Influencing WLLs

The Lead and Copper Rule (LCR) is often used to demonstrate a means of protecting public
health with regards to Pb in public drinking water. The LCR was designed to determine the
health of a water system, not to identify individual portions of distribution system at high
risk (Trianatafyllidou and Edwards, 2012; USEPA, 1991). For example, the rule mandates
that only 100 homes in a large city needs to be tested in order to be compliant with the LCR,
thus resulting in less than 1 in 1000 homes being tested (USEPA, 2000). The LCR action
level of 10 pg/L applies to the 90th percentile of the sample set, but not to individual
measurements. Additional details on LCR and tap water monitoring are presented in Tables
1 and 2 (USEPA, 2008).

The ability to appropriately characterize the Pb concentration that consumers are exposed to
is a continuing debate. Research has shown that the typical sampling and analysis strategies
outlined by USEPA may not be appropriate to develop an accurate picture of the overall
water Pb exposure (EET Inc., 2015). These sampling uncertainties also need to be
considered within our lack of knowledge with regards to corrosion control and corrosion
sciences for drinking water distribution systems. This lack of knowledge in corrosion control
is especially glaring since the LCR regulates corrosion control as a means of protection from
Pb and a justification for reduced sampling in the distribution system (USEPA, 1991). To
protect consumers, a more systematic method of tap water sampling under consistent
conditions may be required (Renner, 2010; EET Inc., 2015; Goovaerts, 2016).

This lack of specific guidance on when or how to test for WLLs leaves the public drinking
water supply at risk (Renner, 2010; Goovaerts, 2016). Concerns have been raised about
WLLs in school and daycare centers, as well as BLLs in young infants, both representing
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populations most sensitive to Pb toxicity (Triantafyllidou and Edwards, 2012). When WLLs
are tested, whether at homes or schools, the measurements may not reflect the actual amount
of ingestible Pb in water (Trianatafyllidou et al., 2007). For instance, it may not take into
account the amount of Pb particulates in water—particulates that can become lodged in the
gastrointestinal system, thus causing acute Pb toxicity as the particulates dissolve in the
gastric (low pH) environment. Pb particulates can over time slowly dissolve in water leading
to chronic health effects owing to low-dose repeated exposures (Schock et al., 2008).
Research has also shown that the assay method used for Pb may not result in the most
accurate depiction of ingested Pb. Trianatafyllidou ef a/. (2007) postulated that a simulated
gastric fluid (SGF) acid digestion may allow for a more realistic picture of Pb concentration
that the exposed individual experiences. The SGF is an acid digestion protocol to mimic the
pH and conditions of the human stomach, thus giving credence to the method use.

There is also inherent sample variability in WLLs, thus requiring multiple measurements at a
given site. Schock (1990) notes that serial measurements of WLLs from the same site in a
potable drinking water system will show frequent, unpredictable spikes in WLLs. This result
has been verified by EET Inc. (2015) that demonstrated how Pb profiles could change during
the sampling event. This temporal dependency on WLLs is also highlighted by CDC’s
recommendation of running the tap for one to two minutes prior to use, if the water has been
stagnant for six or more hours (CDC, 2016). This consideration of the temporal dependency
also highlights the number and frequency of samples collected during a sampling event. First
liter sampling has traditionally been used with or without some period of temperature
stabilization for the water. First liter sampling has been shown in many cases to not represent
the entire peak Pb (high levels) in the water (Triantafyllidou et a/, 2015; EET Inc., 2015).
However, these results are still affected by large amounts of uncertainty and variability that
require more research to address.

Adding to the sample variability is the flow rate of water at time of sampling. Most testing
protocols call for lower flow rates than are generally used by consumers when using their
tap. Faster flow rates may dislodge more Pb deposits and result in both higher WLLs and
more Pb particulates. There may be ten times more Pb particulates found in water at high
flow rates than at low flow rates (Triantafyllidou et al., 2007).

These issues have continued the discussions on the effectiveness of sampling methods,
corrosion control and premise plumbing effects (Edwards and Dudi, 2004; Triantafyllidou et
al., 2007; Triantafyllidou et a/., 2015; EET Inc., 2015). A consistent sampling protocol is
needed, but research needs to verify which protocol is best and that could serve as a national
standard. This consistent sampling protocol needs to account for the current knowledge of:
(a) Pb particulates accumulating in the system; (b) SGF or other acidification in the assay;
(c) water age in premise plumbing; (d) premise plumbing flushing time prior to sampling;
and (e) number of samples to take in one sampling event.

Another factor impacting Pb concentration in potable water is temperature. WLLs tend to
increase with increasing temperature (The Cadmus Group, 2007; Masters et al., 2016). In the
presence of natural organic matter (NOM), increased reductive dissolution led to 36 times
more PbO dissolved at 20° C than at 4° C in a given exposure period (Master, 2016). This is
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further substantiated by the pipe-loop studies performed in Washington (District of
Columbia) in 2005 and in Providence (Rhode Island) in 2013, showing that about 2—-3 times
more dissolved Pb and 2-6 times more particulate Pb were observed during the summer than
in winter months (The Cadmus Group, 2007; Masters et al., 2016). NOM is virtually always
present in community drinking water, a/beit at low levels as dictated by Disinfectants and
Disinfection Byproducts Rules (DBPRs) (USEPA 1998), and therefore the potential for
elevated levels of Pb presence due to NOM-facilitated high dissolution in warm water is of
public health concern.

Potential Path Forward for Pb Sampling

An alternative approach to Pb sampling from consumer taps is to understand the sources of
uncertainty and variability that occur from the consumer’s premise plumbing. By evaluating
where the Pb service line (LSL) is and its length until reaching the main, samples from
inside the LSL can be taken, by timing when the sample is collected. While the concept is
consistent across all homes with a LSL, the actual timing will vary based on the specific
home where the sample is being collected. This allows for a more personalized and realistic
assessment of the Pb exposure from drinking water in that home.

An additional source of uncertainty in Pb sampling and quantification arises from the use of
the faucet aerator (Edwards and Dudi, 2004). To date there has not been any assessment of
the effects of the aerator being removed or not, other than an assessment of the particulates
that can be lodged in the aerator (Triantafyllidou ef a/., 2007). This has thus sparked a debate
as to whether the aerator should remain in place or be removed during Pb sampling from
faucets. The faucet aerator is used primarily to: (1) reduce actual flow rate to minimize water
use; (2) avoid splashing; (3) streamline flow from the faucet; and (4) minimize faucet noise
during use. However, the aerator may risk obscuring a realistic picture of Pb concentration in
potable water systems when engaging in standard USEPA Pb sampling protocol (Edwards
and Dudi, 2004). Recent guideline documentation from the USEPA has clarified this issue to
an extent, recommending the retention of the aerator during sample collection (USEPA,
2016). This point is also becoming increasingly moot given that modern faucets most
typically have an aerator that cannot be removed. These new faucets, however, may pose
another risk in that the aerators cannot be removed for cleaning. If the aerators are cleaned
any Pb particulates that were trapped in them would thus be removed, and thereby reducing
Pb ingestion risks.

Funding Issues Related to Pb Mitigation and Research

With this more complete understanding of the mixture of exposures that children and the
general population face with regards to Pb, federal funding must be highlighted. Specifically
the funding for prevention of Pb poisoning will be considered. The CDC and the US
Department of Housing and Urban Development (HUD) are appropriated funds annually for
Pb poisoning prevention. These funds are seeing a decline since an anomalous peak in 2009,
a result of the American Recovery and Reinvestment Act of 2009 (Fig. 4A). What can also
be seen in Figure 4A is the high degree of variability of these appropriations, making long-
term planning and abatement difficult at best, if not impossible.
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This lack of continual or sufficient funding for lead poisoning prevention is compounded via
a lack of research funding as well. Insufficient public resources devoted to Pb research may
have resulted in unintended competition between sources of Pb exposure (e.g., water versus
surfaces). A possible realization of this can be seen in a recent USEPA report suggested that
Pb in drinking water as an exposure source is becoming a more significant percentage of
total human exposure (Davis, 2010).

For the period between 2008 and 2016, Federal non-defense spending in the US accounted
for $648.87 billion of which $343.34 billion was dedicated to health research (AAAS,
2016). However, in this same time frame of Federal research or research and development
(R&D), a total of $45.96 million was spent on grants where the driving focus was Pb related
(USA Spending, 2016). Once this value is parsed further, we can Research has research
projects such as advanced batteries and other technology development. What is quite
startling is the lack of water Pb research. In total from 2008 to 2016 (years for which data
are readily available to the public), only $1,354,297 was spent on projects researching Pb in
water, whether being related to health or not. This lack of Federal R&D support tied with the
inability for long-term abatement and prevention planning (Fig. 4A) has likely resulted in
the untenable set of health impacts.

Methods for Pb Quantitation

Despite the identified uncertainties in Pb sampling protocols, Pb can be fairly easily
quantified in drinking water or other environmental samples using instrumentations such as
atomic absorption spectroscopy (AAS), inductively coupled plasma-atomic emission
spectroscopy (ICP-AES), inductively coupled plasma-mass spectroscopy (ICP-MS), laser
microprobe mass analysis (LAMMA), electron probe x-ray microanalysis (EPXMA), among
others (ATSDR, 2007). ICP-MS is preferred over other techniques due to its high resolution
and sensitivity (ng/L; using quadruple) and its potential for separating different ionic species
of Pb (Al-Rashdan et al., 1991). If inorganic lead (Pb2*) and organometallic lead are of
particular interest to be detected and measured separately, 30% methanol mobile phase is
considered optimal for chromatographic (HPLC) separation of differing Pb species, which
can be subsequently quantified using one of the above techniques, a/beit ICP-MS shows over
multiple orders of magnitude improved detection compared to other techniques that are
currently available (Al-Rashdan et al., 1991). It is imperative that the samples are subjected
to acid digestion following standard methods such as Method 3050B before being analyzed
for Pb by ICP-MS or ICP-AES (USEPA, 1996).

Placing Flint in Broader Context

Environmental Justice

Flint’s water crisis raised important questions regarding socioeconomic fairness of
America’s infrastructure. There is ample evidence that areas of low socioeconomic status are
at much higher risk of experiencing problems following environmental catastrophe. This was
very evident following Hurricanes Katrina and Andrew (Donner and Rodriguez, 2008). New
Orleans residents in the lower socioeconomic strata lived in areas more susceptible to
extreme weather than more affluent residents. More importantly, the ability of those in lower
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socioeconomic levels to recover from disaster is much less than the more affluent. It can be
argued that the physical damage incurred by Katrina was widespread, affecting all economic
strata. However, the more affluent had the resources to recover quickly and independent of
government response, while the less affluent are still rebuilding. Transportation and
financing issues are identified as the major impediments to recovery (Masozera et al., 2007).
Additionally, facilities with hazardous characteristics are more likely to be located in regions
with higher income inequality and more minority residents (Elliott ef a/., 2004). The State of
Michigan’s poor response as well as the willingness to change water suppliers without
performing an appropriate evaluation first, fits a preexisting pattern of less affluent
communities bearing the brunt of environmental problems (Fothergill and Peek, 2004).

Failure of environmental justice in Flint fits a pre-existing pattern of less affluent
communities bearing the brunt of environmental problems. One of the most egregious
aspects was the failure of the Michigan Department of Environmental Quality (MDEQ) and
Flint officials to take seriously the concerns about water quality and the health complaints
voiced by the Flint residents after the change in water supplier in 2014 (Bosman, 2016). This
led to a delay of nearly one year in beginning to remedy the situation. By April, 2015, the
U.S. EPA was aware of high WLLs in Flint drinking water (Bosman, 2016; U.S. House
Committee, 2016). According to the U.S. House Committee (2016), an EPA staff member
tried multiple occasions to get the EPA to intervene, but was unsuccessful until January,
2016. This apparently is against the spirit of the SDWA, which states that the EPA must step
in to enforce water laws once it’s clear that the state in question is failing to enforce the laws
(US EPA, 2000). The MDEQ incorrectly instructed community water suppliers to preflush
residents’ taps before testing for lead; this is a violation of the LCR (Renner, 2009; Butler,
2016; Felton, 2016). In addition, the MDEQ did not abide by the LCR’s provision to
preferentially sample homes most at risk of Pb contamination (Renner, 2009; Felton, 2016;
Goovaerts, 2016). This noncompliance, combined with slow bureaucratic reaction to a
potential Pb crisis and a marked tendency for elevated WLLs to occur mostly in poor
communities with high minority populations, support the idea that environmental justice
ideals are not being met (Bosman, 2016; Butler et al., 2016; Campbell et al., 2016). This
nonadherence to the SDWA and the LCR led to what was an avoidable delay in the
resolution of the crisis and the potential for long-term health effects for the populations
affected (Butler et al., 2016; Katner et al., 2016).

Decision Making and Policy Problem

Several decisions enabled the development of the Flint crisis. It began with the decision to
change drinking water supplier due to economic considerations. This was followed by the
decision not to add inexpensive anticorrosive agents to the water after the switch. Once
reports of water problems were encountered, inadequate water sampling procedures delayed
detection of the magnitude of the Pb problem. These combined to make many Flint residents
felt municipal and state authorities were not seriously addressing their concerns (Bosman,
2016; Butler et al., 2016; Campbell et al., 2016; Felton, 2016; Goovaerts, 2016; Hanna-
Attisha et al., 2016).
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Environmental and water policy are not simple concepts that are addressed to the best of the
regulatory agencies’ capabilities. However, what can and does often get overlooked is the
human element in policy and regulatory development. As an example that will be discussed
here is sometimes referred to as the public notification regulation in the LCR is actually the
Public Education and Supplemental Monitoring Requirements Section (40 CFR §141.85). In
Subpart | where §141.85 resides, the regulation is fairly proscriptive as to what needs to be
reported but there are essential gaps that can lead to confusing communication.

In an economically depressed community such as Flint, access to a family physician can be
challenging. This combined into a risk communications problem where vital information
could not be passed along since those channels (e.g., contact with family physician) might
be non-existent in some cases. This may be highlighting the need for other stakeholders and
experts not always engaged in policy and regulation development to be engaged such as
community organizers and activists and environmental psychologists (Tietenberg and Lewis,
2009). This may also prevent us from forgetting that not only do complex sciences need to
be addressed but that complex communities need to be accounted for as well (Smith, 2012).

Concluding Remarks

What happened in Flint, Michigan, is clearly disturbing and a reminder that even though
tremendous progress has been achieved in the fight against environmental Pb toxicity, we
cannot declare it solved. It is imperative that those in charge of private and public water
supplies need to be vigilant and systematic in their assessments of drinking water quality.

There is the hope that if Flint’s WLLs are maintained below the LCR standard that the
community’s health may not continue to be adversely affected. However, due to the very
long duration of Pb’s persistence in the body this one event’s effects will be felt for the rest
of the citizens’ lives. It is important to investigate how risk communication and regulatory
standards as well as response strategies are developed and outlined for effective health
protection based on the circumstances of the crisis. It is also important to understand that
infrastructure and public health decision-making based on economic considerations over that
of public health protection is detrimental to public health.

Flint water crisis also teaches us that our lack of funding to public health sciences and
programs is detrimental to public health. A lack of funding in corrosion science and water
based Pb exposure limited experts to a select few who could volunteer their time to react and
help. A lack of funding of the county health departments further limits the capabilities of
public health first responders and experts. Without the response and efforts of the Genesee
County Health Department and their volunteer academic experts this crisis could have been
even worse for the citizens of Flint. These conclusions seem obvious in funding public
health research and first responders improving public health. However, since the Flint water
crisis does not exist in a vacuum and is not the first of its kind, this conclusion needs to be
stated.

Human health is affected by a spectrum of risks from a spectrum of hazards. Focusing on the
chemical hazard of current greatest concern, or microbial agent in current vogue leads to a
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boutique approach to research. Rather since humans are exposed to a spectrum of hazards as
is highlighted in both Pb and L. pneumophila affecting Flint in the same water crisis.
Therefore, this spectrum of realistic exposures, hazards and risks needs to be understood to a
greater degree for public health and safety.
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1)

2)

3)

4)

5)

6)

Highlights:

A succinct discussion on environmental lead (Pb) exposures with a focus on
Pb in drinking water is presented.

Water Pb level (WLL) is a strong correlate for blood Pb level and associated
health effects.

Multiple cases of water Pb crises for the United States are presented
including the Flint crisis.

Pertinent regulations/responses and their limitations for monitoring/
mitigating WLLSs are critiqued.

Potential role of water chemistry influencing Legionnaire’s disease outbreak
is highlighted.

Issues in Pb sampling protocols, factors influencing WLLs and future
prospects are discussed.
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Fig. 1.
Known effects of different blood lead levels on human health (Adapted from ATSDR, 2007).
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Fig. 2.

Evolution of reference blood lead levels (BLLs) considered safe by The Centers for Disease
Control and Prevention (CDC) over the past six decades (Adapted from Lanphear et al.,
2005; ATSDR, 2007; CDC, 2012; Drum, 2016; Raymond and Brown, 2016).
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Fig. 3.

Legionnaires’ disease (LD) cases (represented by the width of bubble) in Genesee County
reported for 2010 through 2015 showing significant rise in LD cases following the switch of
water from Detroit-supplied Lake Huron to Flint River in April 2014 (Adapted from:
Schumaker, 2016).
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Fig. 4.

Ug Federal funding for lead poisoning prevention from CDC Healthy Homes/Lead
Poisoning Prevention Program (A) (Adapted from: https://www.cdc.gov/nceh/information/
healthy _homes_lead.htm); and US Federal research expenditures related to Pb for the period
2008-2016 (B) (data sources: AAAS, 2016; www.usaspending.gov).
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