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Abstract: Manganese is an element essential in trace quantities but toxic in high concentrations. As a naturally

occurring element in groundwater and a chemical of increasing global significance due to its growing trend of

replacing lead in gasoline, vigilant assessment of its detrimental effects is essential. In response to previous

research that showed a potential link between manganese and well water, we performed a pilot ecological study

using data obtained from the North Carolina Center for Health Statistics, the North Carolina Geological

Survey, and the U.S. Census. Our pilot study investigated the relationship between logarithmically transformed

county level groundwater manganese concentrations with county level infant mortality rates (reported as

deaths/1,000) within the state of North Carolina (n = 100 counties; North Carolina 2000 popula-

tion = 8,049,313) using stepwise, multiple regression. Our model accounted for such confounders as low birth

weight, economic status, education, and ethnicity. Across North Carolina counties, for every log increase in

groundwater manganese concentration, there was a 2.074 increase in county level infant deaths per 1,000 live

births. This study is the first to show on a statewide basis adverse infant mortality effects of environmental

manganese. These pilot data argue for further research into a broad range of developmental effects and also

may be useful to regulatory agencies interested in protecting communities’ health.

Keywords: manganese, groundwater, infant mortality, ecological study

INTRODUCTION

Infant mortality within the United States is a significant

problem related to a wide range of risk factors, including

low birth weight (LBW), socioeconomic status, and eth-

nicity (Mathews et al., 2003). An additional, independent

risk factor for infant mortality includes environmental

factors to which the mother or child is exposed, such as

maternal smoking, environmental tobacco smoke, and

lead paint (Mathews et al., 2003; Rubin et al., 2007).

Recently, the transitional element, manganese, was found

to be associated with infant mortality in Bangladesh

(Mathews et al., 2003). Hafeman et al. (2007). docu-

mented a relationship between elevated levels of manga-

nese in well water and infant mortality in several of this

country’s villages. Although generally considered a neu-

rotoxin, manganese is correlated with other adverse health

outcomes, including developmental and reproductive ef-

fects in human infants and laboratory animals (Zota et al.,

2009; Sánchez et al., 1993; Grant et al., 1997; Chandra and

Shukla, 1978; Kontur and Fechter, 1985). These adverse
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effects lend biological plausibility to Hafeman and col-

leagues’ findings of higher infant mortality rates (IMR) in

villages with high levels of manganese in drinking water.

Nonetheless, because their study was cross-sectional, these

authors urged further study to explore the potential

connection between environmental exposure to manga-

nese and infant death.

During the past few decades, manganese has replaced

lead globally as the antiknock and octane booster in gaso-

line in the form of methylcyclopentadienyl manganese

tricarbonyl (MMT) (Solomon et al., 1997). Thus, investi-

gation into the potential link between manganese and ad-

verse postnatal outcomes is particularly important because

exposure to environmental sources of this element will

likely increase in the coming years (Solomon et al., 1997).

Manganese shares absorption mechanisms with iron

and is largely excreted through bile (Agency for Toxic

Substances and Disease Registry (ATSDR) Toxicological

Profile for Manganese (Draft for Public Comment),

2008). Because neonates have more difficulty excreting

bile than older individuals, this population is at greater

risk for adverse manganese effects (Roth and Adleman,

1975). In addition to reduced excretion, infants also have

an approximately tenfold increased absorption rate of

gastrointestinal manganese compared with the general

population (Sandström et al., 1986; Keen et al., 1986).

Furthermore, pregnant women have higher retention of

manganese than the general population due to late-term

anemia (Hafeman et al., 2007). The net effect of this

absorption and retention physiology makes infancy a

particularly vulnerable period for manganese toxicity.

To explore further the possible connection between

environmental manganese exposure and infant mortality,

we performed a pilot ecological study correlating

groundwater manganese concentrations and the IMR

by county (n = 100) within North Carolina (2000 census

population = 8,049,313) using data obtained from the

North Carolina State Center for Health Statistics (2009),

the North Carolina Geological Survey (Reid, 1993), and

the U.S. Census (2009). Whereas ecological studies have

built-in limitations—for example, their results cannot be

extrapolated down to the individual level—such a study

design is extremely useful in detecting potential etiologic

risk factors best seen at the population level (Gordis,

2000). In addition, our ecologic study is strengthened by

using infant mortality data from an entire state along

with controlling for important county-level confounders.

METHODS

County level data were derived from the 2000 U.S. Census

(U.S. Census Bureau) and included total county popula-

tion, total county urban population, median income of

counties, poverty rate, percent of nonwhite births, and the

percent of the counties’ population without a high school

education. Using the North Carolina Center for State

Health Statistics data combined for years 1997–2001, infant

mortality was derived by county as deaths �1 year of age

per 1,000 live births, and the percent of low birth weight

births (<2,500 g) was derived for 2001 (North Carolina

State Center for Health Statistics). Average county

groundwater manganese concentrations (lg/L) were then

obtained from the North Carolina Geological Survey

groundwater database (Reid, 1993). This database contains

5,778 total samples collected from all 100 counties in North

Carolina between 1973 and 1979, as described by Reid

(Reid, 1993).

Groundwater manganese concentrations were loga-

rithmically transformed (to the base 10) to provide a

normal distribution. Stepwise multiple regression was

performed using infant mortality or low birth weight as the

dependent variables and manganese and county factors

listed above as independent variables. Variables were ex-

cluded from the equation if P < 0.05. In the infant mor-

tality analysis, low birth weight also was included as an

independent variable. Regression coefficients and standard

errors were reported. Data were imported from Microsoft

Excel files into SPSS version 16 (SPSS Inc., Chicago, IL

60606); significance was set at P < 0.05.

RESULTS

North Carolina population and demographic data at the

county level have been previously reported (Spangler and

Reid, 2009). Significant to this study, median county

population was approximately 49,000, with 31,500 living in

urban areas. Seventy-eight percent of residents were high

school graduates. Median annual household income was

$21,578, and 9% of the population lived at or below the

poverty level (U.S. Census Bureau, 2009). Table 1 lists

descriptive characteristics of North Carolina county IMR

and LBW rates; and percent of births born to nonwhite

women compared with U.S. rates. Infant mortality (8.8/

1,000 live births), low birth weight birth rate (9.2/1,000 live
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births), and percent of births born to nonwhite women

(22.8%) were higher than the same rates nationally (6.8/

1,000 live births; 1.1/1,000 live births; and 22.8%, respec-

tively) (Mathews et al., 2003).

Table 2 summarizes the mean manganese groundwater

concentrations across North Carolina counties, and their

logarithmic transformations, which were used in the step-

wise regression model. Significantly, the logarithmic

transformations show a 2.06 orders of magnitude range

across North Carolina counties (minimum -2.52 to max-

imum -0.461).

Table 3 reports stepwise regression analysis of low

birth weight and infant mortality as dependent variables.

Median county income was negatively associated with low

birth weight (B =-0.087; P = 0.000), whereas percent of

county births born to nonwhite women was positively

associated with low birth weight (B = 0.049; P = 0.000).

Regarding infant mortality, the log of the concentration of

manganese in county groundwater (B = 2.074; P = 0.008)

and county low birth weight rates (B = 0.639; P = 0.000)

were positively associated with county-level IMR.

CONCLUSIONS

In this pilot ecological study, we have found that the

concentration of manganese in groundwater by county is

associated with county level infant mortality but not low

birth weight. Although the association between infant

mortality (as a dependent variable) and low birth weight

(as an independent variable) is well established (Mathews

et al., 2003; Collins and David, 2009), the association be-

tween the concentration of population-level groundwater

manganese concentrations and infant mortality has never

been documented. Notably, these pilot results imply that

for each order of magnitude increase in groundwater

manganese concentrations, there is a 2.074 increase in in-

fant deaths per 1,000 live births. Given that groundwater

manganese concentrations vary across North Carolina

counties by about two orders of magnitude (logarithmic

range = 2.06), our findings imply that manganese may be

associated with an increase of up to 4 infant deaths per

1,000 live births when increasing from the lowest to highest

groundwater county concentrations. This finding repre-

sents 47% of North Carolina’s current IMR.

These pilot findings confirm the work of Hafeman

et al., whose cross-sectional study showed an elevated

mortality risk in Bangladesh infants exposed to drinking

water manganese levels greater than or equal to the World

Table 1. Descriptive Statistics of Median County Level Infant

Mortality Rates, Low Birth Weight Rates, and Percent of Births to

Nonwhite Mothers in North Carolina and U.S. (2001)

Rate North

Carolina

United

States

Infant mortality (per 1,000 live births) 8.8 6.8

Low birth weight (per 1,000 live births) 9.2 1.1

Percent births to nonwhite mothers 22.8 21.6

Data from Mathews TJ et al. National Vital Statistics Reports 2003;52(2).

Table 2. Mean Concentrations of Groundwater Manganese with

Corresponding Logarithmic Transformations (to the base 10) for

All Counties in North Carolina (n = 100)

Value Concentration of

groundwater

manganese (mg/L)

Logarithmic transformation

of groundwater manganese

concentrations

Mean 0.078 -1.018

Median 0.058 -1.236

Minimum 0.003 -2.523

Maximum 0.346 -0.461

Range 0.343 2.05

Table 3. Correlates of Low Birth Weight and Infant Mortality

Rates (as Dependent Variables) by Stepwise Multiple Regressiona

B Standard

error

Significance

Low birth weightb

Median county incomec -0.087 0.024 0.000

Percent nonwhite births 0.049 0.007 0.000

Infant mortalityb

Log [Mn] groundwaterd 2.074 0.769 0.008

Low birth weight rate (%) 0.639 0.156 0.000

aStepwise regression models included the following independent variables:

county total population; percent of population at or below the poverty level;

percent urban population; percent of county without high school education;

median county income; percent of county births born to nonwhite women;

and county mean concentration of manganese in groundwater (mg/L). The

model for infant mortality also included county low birth weight rate
bLow birth weight and infant mortality rates reported as cases per 1,000 live

births
cMedian income in increments of $1,000
dLog [Mn] = logarithm (base 10) of the mean concentration of manganese

by county
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Health Organization 2003 standard of 0.4 mg/L (Hafeman

et al., 2007). Thus, our study is important in adding evi-

dence to potential causality relating environmental man-

ganese to infant mortality.

Manganese in groundwater was associated with infant

mortality but not low birth weight in our pilot study. These

results might point to a postnatal, as opposed to in utero,

effect. Such outcomes stand in contrast to studies among

laboratory animals (Sánchez et al., 1993; Grant et al., 1997),

which exhibited lower birth weight with maternal exposure

to manganese, and a similar trend in infants exposed to

high maternal blood manganese levels (Zota et al., 2009).

Nonetheless, these findings are consistent with other

studies in laboratory animals that showed postnatal

developmental effects (Chandra and Shukla, 1978; Kontur

and Fechter, 1985). In addition, the study by Zota et al.

(2009). suggests that insufficient manganese is likely a

greater expected contributor to low birth weight than

excessive manganese exposure. Alternatively, manganese

might exert its toxic effect in utero with mechanisms aside

from inducing low birth weight. It is known that manga-

nese is taken up by mitochondria, and thus concentrates in

mitochondria-rich tissue, such as the liver, kidneys, and

endocrine glands (Agency for Toxic Substances and Disease

Registry (ATSDR) Toxicological Profile for Manganese

(Draft for Public Comment), 2008). In addition, manga-

nese crosses the blood–brain barrier, and tends to accu-

mulate within the basal ganglia (Agency for Toxic

Substances and Disease Registry (ATSDR) Toxicological

Profile for Manganese (Draft for Public Comment), 2008).

Together or separately, these effects might induce devel-

opmental morbidity leading to mortality.

Infant mortality is a significant problem within the

state of North Carolina. Its 2001 rate of 8.8 infant deaths

per 1,000 live births was seventh highest in the United

States (including the District of Columbia) (Mathews et al.,

2003). The association of low birth weight to percent of

county births to nonwhite mothers and to county level

median family income largely confirms what has already

been demonstrated—i.e., higher rates of LBW among

nonwhite infants and within impoverished populations

(Mathews et al., 2003). Additionally, neighborhood poverty

during adulthood for women has been cited as an inde-

pendent risk factor for adverse infant outcomes (Collins

and David, 2009). Finally, one could argue that inhalation

of manganese dust from car exhaust in an urban versus a

rural environment might contribute to infant mortality

over and above that of groundwater exposure. However,

models controlled for county urban versus rural popula-

tions. In addition, according to the 1999 EPA National-

scale Air Toxics Assessment (Environmental Protection

Agency, 2009), North Carolina ranks 64th (Watauga

County) to 3,253rd (Hyde County) by county in mean

airborne manganese concentrations among the 3,379

counties measured. Both of these North Carolina counties

are predominantly rural.

As with all ecological studies, our pilot findings are

subject to a number of limitations (Gordis, 2000). First,

although we were able to control for many county-level risk

factors for IMR and LBW, we could not control for other

confounders, such as other environmental toxins (e.g., ar-

senic, lead, environmental tobacco smoke), which could be

linked to manganese exposure or infant mortality. These

data were not available by county for analysis. Nor were

data available of manganese industry for this three decade

period because companies may have closed during this

interval. In addition, because ecological studies compare

data at the population level, these results cannot be

extrapolated down to the individual level. For example, it

could be that no infant who died in a specific county was

ever exposed to elevated environmental manganese con-

centrations. Finally, measurement of groundwater manga-

nese levels was assessed up to three decades earlier than

infant mortality rates. Countering this concern to some

extent is the fact that this is a brief period geologically,

particularly for groundwater manganese levels, which re-

main stable for many years (Hafeman et al., 2007; van Geen

et al., 2004). The same would not be true for other envi-

ronmental exposures, such as inhalation, dust, or soil

ingestion, because manganese will likely build up in the

ambient environment with its continued use in gasoline.

This might further impact county level infant mortality

rates.

As might be expected, manganese drinking water reg-

ulatory standards vary by regulatory agencies. Interna-

tionally, the World Health Organization notes a ‘‘Health

Based Guideline’’ for drinking water of 0.4 mg/L. (Agency

for Toxic Substances and Disease Registry (ATSDR) Toxi-

cological Profile for Manganese (Draft for Public Com-

ment), 2008) In the United States, the EPA lists manganese

as a secondary (nonenforceable) standard for smell and

taste at a level of 0.05 mg/L. (Agency for Toxic Substances

and Disease Registry (ATSDR) Toxicological Profile for

Manganese (Draft for Public Comment), 2008) Sixty-three

counties in North Carolina exceeded this level in ground-

water. The EPA also has developed a ‘‘Health Action Level’’
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for lifetime exposure to manganese in drinking water of

0.3 mg/L; only one county’s groundwater (Pasquotank)

exceeded this drinking water standard. Finally, the Food

and Drug Administration has mandated a level of 0.05 mg/l

for bottled water. (Agency for Toxic Substances and Dis-

ease Registry (ATSDR) Toxicological Profile for Manganese

(Draft for Public Comment), 2008) It should be noted that

these regulatory levels are for drinking water, not

groundwater.

Still, our pilot study reinforces the findings in Ban-

gladesh, which correlated infant deaths in villages with high

levels of manganese in drinking water (Gordis, 2000).

Moreover, environmental exposure to manganese will likely

increase in the coming years given that manganese has

replaced lead in gasoline in the form of MMT (Solomon

et al., 1997). If future studies confirm these pilot findings,

our results have implications for communities and regu-

latory agencies worldwide. Thus, we urge that further

investigation be performed in communities, individuals,

and laboratory animals to evaluate the relationship between

environmental manganese exposure and adverse perinatal

and postnatal outcomes.
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