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Motor neuron disease mortality rates in U.S. states are associated
with well water use
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Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with an unknown cause and invariably fatal outcome.
We sought to evaluate a correlation between motor neuron disease (MND) mortality rates and residential radon levels that
was previously reported for counties in the United Kingdom. We examined the relationships between age-adjusted MND
mortality rates in U.S. states with residential radon levels, well water use, and other variables using structural equation
modeling. We observed a significant correlation between MND mortality rates and radon levels. However, in structural
equation models, radon did not have a significant, direct effect on MND mortality rates. Conversely, MND mortality rates
were significantly and directly predicted by race and by the percentage of the population of each state using well water
(»<0.001 and p=0.022). We observed similar, significant effects for well water use and MND mortality for males and
females separately (p<0.05). In conclusion, we hypothesize that the association of MND mortality rates with well water
use reflects contamination of wells with Legionella, a bacterium common in well water that is known to cause neurologic
disease. A Legionella hypothesis is a biologically plausible cause of ALS and suggests new avenues for etiologic research.
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Introduction hypotheses have been proposed for SALS, including
chronic traumatic encephalopathy among athletes,
exposure to metals, pesticides, infections, and
intense physical activity (7). These hypotheses
have received only limited support from epidemio-
logic studies. Thus, important environmental causes
of SALS likely remain to be discovered.

Insights into the etiology of many chronic
diseases have come from investigations of their
geographic distributions. Geographic investigations
in ALS have focused largely on disease clusters, e.g.
the ALS-Parkinsonian dementia complex (ALS/
PDC) on Guam (8). Conversely, the geography of
SALS has attracted comparatively little attention.
However, a positive correlation between MND
mortality rates and residential radon was reported
for counties in the United Kingdom (9). We sought
to examine that association using data from
U.S. states.

Radon is a radioactive gas that results from the
decomposition of radioactive elements, e.g. uranium

Amyotrophic lateral sclerosis (ALS) is a fatal
neuromuscular disease of adult onset characterized
by loss of upper motor neurons in the primary
motor cortex and loss of lower motor neurons in the
brain and spinal cord. Increasing muscle atrophy
and weakness progress to paralysis and death,
usually from failure of respiratory muscles. The
incidence of ALS in the U.S. is approximately
2/100,000 per year and the average time from
diagnosis to death is about three years (1).
Approximately 5-10% of ALS cases have a genetic
or familial origin (FALS). Most cases are sporadic
(SALS) and their etiology is unknown. Confirmed
risk factors for SALS include increased age, male
gender, and cigarette smoking (2,3). A leaner Body
Mass Index prior to developing ALS has been
observed in multiple cohorts (4). Additionally,
several studies suggest that military veterans have a
significantly increased risk (5,6). Diverse etiologic
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and radium, in rocks and soil. It is odorless,
colorless, and tasteless and can accumulate in
homes (10). Although most exposure to radon
occurs via inhalation, some occurs via water from
private wells (11). We report that, after adjusting for
other variables, age-adjusted mortality rates for
MND in U.S. states are not associated with
residential radon levels but are significantly asso-
ciated with the use of well water. We hypothesize
that ALS may be caused by a common bacterial
contaminant of well water, Legionella.

Methods

Age-adjusted mortality rates for MND for U.S. states
for the years 2001-2010 were obtained from CDC
Wonder and were adjusted to the U.S. 2000 popula-
tion (12). The percent of the population in each state
that was white (Hispanic or non-Hispanic) was
obtained from the Census Bureau. Because ALS
does not have a unique ICD-10 code, we used
mortality rates from motor neuron disease (MND,
G12.2). More than 90% of patients with MND have
ALS (13). Because virtually all cases of ALS will die of
their disease, MND mortality rates are widely used as
surrogates for ALS incidence rates (14). We used data
from the 47 states and District of Columbia that
reported rates to the CDC.

We examined state-wide data on race, urban/
rural residence, smoking history, radon levels in
homes, and the use of well water. Data on residential
radon levels in U.S. states were derived from the
Environmental Protection Agency. Briefly, radon
measurements obtained from >15,000 radon detec-
tors were placed in a stratified sample of 5694
homes. States received a score ranging from 0.1 to
0.6 that is proportional to the weighted average of
radon measured in all of the counties of that state, as
previously described (15).

Data on the percentage of each state that uses
self-supplied water in 2005 (non-municipal water
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from private wells or cisterns, henceforth called ‘well
water’) were obtained from the U.S. Geological
Survey (16). These data were compiled from mul-
tiple sources, including government records for well
permits, state agencies that regulate utility rates, and
bills from waste-water treatment facilities and tax
appraisers’ offices (17). The urban/rural status of
the state was measured by the population density in
urban and rural areas and the percent of the
population living in rural areas. U.S. Census
Bureau criteria were used to identify urban areas
(18). Data on smoking history were obtained from
the CDC’s Behavioral Risk Factor Surveillance
System (19). We used data for the percentage of
the population in each state that ever smoked in the
past or were presently smokers (in 2014).

Statistics

We used correlation analysis to identify potential
multivariate relationships between the five inde-
pendent variables with age-adjusted MND death
rates. Structural equations were developed using
Proc Calis in SAS v 9.4. Aggregate state data for 47
states and the District of Columbia were used to
estimate covariances (i.e. relationships) between the
independent variables and paths (i.e. prediction
estimations) from the independent variables to the
dependent variable. The full model was then
reduced by removing covariances and paths that
were not significant. This method was repeated for
age-adjusted MND death rates for males and
females separately. Reduced models were compared
to full models through general fit indices.

Results

Three states, Arkansas, Minnesota, and Nevada,
and the District of Columbia, were missing values
for at least one of the seven variables. The average
MND mortality rate in whites was 2.11 per 100,000
(SD =0.34, range 1.37-3.10) (Table I), and was

Table I. Descriptive data and correlations of independent variables and age-adjusted death rates per 100,000 people.

Radon score % White % Wells % Rural % Smoke
Mean (S8.D.) Mean (S.D.) Mean (S8.D.) Mean (S.D.) Mean (8.D.)
Total 0.359 (0.133) 0.806 (0.128) 0.176 (0.099) 0.265 (0.145) 0.415 (0.047)

Correlation (p) Correlation (p)

% White 0.600 (<.001)

% Wells 0.116 (0.438) 0.268 (0.069)

% Rural 0.179 (0.230) 0.314 (0.031)

% Smoke 0.082 (0.584) 0.210 (0.156)
MND Death Rate MND Death Rate Males
Mean (S.D.) Mean (8.D.)

Total 2.106 (0.340) 2.544 (0.395)

Correlation (p) Correlation (p)

Radon score

Correlation (p) Correlation (p) Correlation (p)

0.621 (<.001)
0.511 (<.001)

MND Death Rate Females
Mean (S.D.)

1.744 (.302)

Correlation (p)

0.696 (<0.001)

0.421 (0.003)

0.419 (0.003)

% White 0.702 (<.001) 0.661 (<.001)
% Wells 0.400 (0.005) 0.378 (0.009)
% Rural 0.379 (0.009) 0.382 (0.008)
% Smoke 0.174 (0.241) 0.169 (0.256)

0.407 (0.005)
0.702 (<.001)
0.401 (0.005)
0.360 (0.013)
0.170 (0.254)
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highest in Vermont and lowest in Hawaii. Age-
adjusted MND mortality rates were approximately
50% higher in males than in females (2.54 vs. 1.74
per 100,000). The percent of population in the state
that is white ranged from 25% (Hawaii) to 96%
(Vermont) with an average of 81% (SD = .13).
Radon scores varied four-fold and were highest in
Iowa (0.6) and lowest in Hawaii and Louisiana
(0.15). The percent of the population of each state
using well water varied 15-fold, with the highest
value in Maine (44%) and the lowest in Utah (3%).
Well water usage in Washington, D.C. was 0%.
There was a large amount of inter-correlation
between the five independent variables; six of the
10 possible pairs had p-values <0.10. All five
variables except for smoking were directly correlated
with MND death rates (p <0.05).

We used the data in Table I to build structural
equation models that test how well the five variables
predict MND death rates while incorporating their
relationships with one another. Figure 1A shows the
original path model with all potential significant
paths. Prediction paths from the independent vari-
ables to MND deaths are shown by straight arrows.
Covariances are indicated by curved double arrows.
The full model found that only race (% white)
significantly predicted MND death rates (p <0.001).
All other predictors (radon, wells, rural, and
smoking) were not significant when all paths were
included. Two of the covariances (race with % wells
and % rural) also were not significant when all paths
were considered (p = 0.233 and p = 0.234).

The reduced models for predicting MND death
rates among males and females are shown in the
lower portion of Table II. There are no differences
regarding significant paths in the three reduced
models for all individuals or for males and females
separately. Race (p <0.01) and well use (p <0.05)
are significant predictors in all models. Differences

in the strength of the parameters and the fit of the
model are very minor, indicating that the model
works well for males and females separately and for
both genders combined. The model indicates that
the MND death rate increases .0178 deaths per each
one percent increase in the white population in the
state. Similarly, the MND death rate increases by
.00783 deaths per 100,000 people for every 1%
increase in the population using well water.

Discussion

We used structural equation modeling to examine
the relationships between age-adjusted mortality
rates for motor neuron disease (MND) in U.S.
states with geographic and demographic variables,
including smoking status, rurality, residential radon
levels, and use of well water. When all potentially
significant relationships were entered into a path
model, only race (p <0.001) and the percent of the
population using well water (p = 0.022) significantly
predicted MND death rates. Separate models for
males and females were significant and were nearly
identical. Our finding that whites had a significantly
greater risk of MND mortality is consistent with
previous reports (20,21). To our knowledge, this is
the first report that mortality rates for MND in the
U.S. are statistically higher in states with higher
proportion of residents using well water.

Some epidemiologists have considered the fre-
quency of ALS to be evenly distributed within
the U.S. and elsewhere (with rare exceptions of
ALS clusters, e.g. in the Western Pacific) (22).
Conversely, other groups showed that MND mor-
tality rates in the U.S. are significantly higher in
western states and display a band of high rates in the
Midwest (23,24). However, the reasons for this
uneven geographic distribution have not been
identified.

p<.001

MND
Deaths

p<.001

p<.001 Rural

p<.001

Figure 1. Original (A) and reduced structural equation models (B) predicting MND death rates. Significant paths are solid lines.
Prediction paths are straight arrows and covariances are curved double arrows.
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Table II. Standardized coefficients from structural equation models predicting MND death rates.

Original modelf

Reduced model

Path Estimate S.E. t Estimate S.E t
Radon score 0.004 0.124 0.035
Race 0.630 0.112 5.63%* 1.709 2.67 6.41%*
Wells 0.222 0.128 1.74 0.783 0.342 2.29%
Rural 0.184 0.153 1.20
Smoking —0.202 0.139 —1.45
Covariance
Radon Score*Race 0.583 0.096 6.08%* 0.010 0.003 3.49%%
Race*Wells 0.127 0.103 1.23
Race*Rural 0.106 0.087 1.22
Wells*Rural 0.607 0.092 6.57*% 0.009 0.002 3.58%%
Wells* Smoking 0.487 0.111 4.39%% 0.002 0.001 3.08%%
Rural*Smoking 0.682 0.078 8.73%* 0.005 0.001 3.88%%
Model Fit Chi-square, Chi-Square,
4=13.64, 9=17.83,
p =0.458 p =0.552
GFI =0.975; GFI =0.949;
AGFI =0.867; AGFI =0.880;
RMSE =0 RMSE =0
Path Males Females
Race 1.867 0.329 5.68%* 1.520 0.237 6.42%*
Wells 0.858 0.422 2.03% 0.698 0.304 2.30 *
Model Fit Chi-Square, Chi-Square,
0=28.15, 9=17.40,
p =0.519 p =0.560
GFI =0.946; GFI =0.951;
AGFI =0.875; AGFI =0.887;
RMSE =0. RMSE =0.

*p<0.05; **p<0.01

tModel estimating direct prediction coefficients between all independent variables and death rate and covariances of all pairs of
independent variables with significant correlations from Table I. Covariance data for the independent variables is not repeated since it is

unchanged for all reduced models.

We observed a significant association between
MND mortality and the percent of the population of
each state that uses private wells. Well water use was
significantly associated with living in rural areas.
However, none of the Census Bureau definitions for
‘rural’ residence significantly predicted MND mor-
tality rates. Demographers often disagree about the
precise meaning(s) of the term ‘rural’ (25).
Differences in the definition of rurality may result
in some undercounting of the non-urban popula-
tion, since, for example, individuals with ill-defined
addresses (e.g. Post Office boxes) may be difficult to
enumerate. We used several Census Bureau defin-
itions of ‘rurality’; none was significantly associated
with MND mortality rates. This is consistent with
the majority of epidemiologic studies which do not
find a rural/urban difference in ALS mortality (26).

The results of our initial correlation between
residential radon levels and MND mortality rates
are similar to those of Neilson et al. who reported
that MND mortality rates in the counties of
England and Wales during 1981-1989 were posi-
tively correlated with indoor residential radon levels.
However, the correlation analysis for U.K. counties
was not adjusted for other factors and our findings
for radon were no longer significant in more

sophisticated models that contained race and well
water use. Similarly, smoking was significantly
associated with rural residences and with well
water, but the association of smoking with MND
mortality rates was not significant. Most epidemio-
logic studies find that smoking increases the risk for
MND, but only modestly, with a recent summary
Relative Risk estimate for current vs. never smokers
of approximately 1.28 (27).

Our finding for well water adds to a small
literature on well water and ALS. In a case-control
study in Italy, Vincenti et al. reported that con-
sumption of drinking water containing high levels of
inorganic selenium was associated with an increased
ALS risk (28). However, in that study, it appears
that the ‘low selenium content’ water was municipal
water and the ‘high selenium content’ water was well
water. Thus, confounding between selenium con-
tent and water source makes that finding difficult to
interpret. Poloni et al. described a married couple,
both of whom developed ALS, with a nearly 30-year
history of drinking from an artesian well. Analysis of
the well water for pesticides and metals, including
selenium, was negative (29). In a case-control study
in Pennsylvania, ALS cases were twice as likely
to have a >20-year history of using water from
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residential wells (p > 0.03) (30). Similarly, a case-
control study in India found a (non-significantly)
increased risk of ALS associated with water from
tube wells (31).

Our study has several limitations, including its
ecologic design and potential biases caused by
misclassification and migration. Because the latency
period for ALS is unknown, our results are vulner-
able to biases due to migration. However, the effects
of migration are likely to be non-directional and
should bias results towards the null. ALS tends to be
under-reported on death certificates and misclassi-
fication of cause of death would introduce informa-
tion bias (32). A recent study of the accuracy of the
ICD-10 death certificate coding for ALS indicated
that the sensitivity of the G12.2 coding for MND
was 85%, and that the positive predictive value was
approximately 65% (33). Similarly, a death certifi-
cate study in the Danish population found that the
sensitivity of death certificates for ALS was 84.2%
and the positive predictive value was 82.0% (34).
Thus, death certificates appear to be an adequate
(albeit imperfect) tool for identifying ALS patients.
Because mortality rates for ALS may be lower
among Hispanics than non-Hispanics (35), our use
of whites, regardless of Hispanic ethnicity, may have
introduced confounding. However, between 2000
and 2010, less than 10% of whites self-identified as
Hispanic and the majority lived in three states
(California, Texas and Florida) (36,37). Thus,
confounding by Hispanic ethnicity is unlikely to
have greatly influenced our results for 47 states.
Lastly, it is well-known that associations that are
observed at the level of the group may not be
observed at the level of the individual. However, our
findings are consistent with the results of several
individual level (case-control) studies that found
significant associations between well water use and
ALS.

What hypotheses might the association of well
water use and MND mortality suggest?

Water from private sources is not routinely
monitored for contaminants or treated with disin-
fectants. Thus, well water may contain contamin-
ants that have been implicated in ALS, including
metals and run-off from pesticides and herbicides.
Alternatively, ALS could be caused by microorgan-
isms in well water.

We speculate that Legionella bacteria may cause
ALS. Legionella are the commonest cause of water-
borne outbreaks of infectious disease in the U.S.
(38). The best-studied species, Legionella pneumo-
phila, causes Legionnaires’ disease, a potentially
fatal pneumonia, and Pontiac fever, a milder, flu-
like illness (39). Exposure to Legionella typically
occurs via inhalation of aerosols or aspiration of
bacteria-contaminated water; it is not transmitted by
person-to-person contact (40). Factors that inde-
pendently predict community-acquired legionellosis
are cigarette smoking, recent residential plumbing

repairs (which dislodge bacteria from pipes), and the
use of well water (41,42).

Legionellosis is a multi-system disease with
protean effects on the central nervous system (43).
Approximately 40-50% of patients with legionellosis
present with encephalopathy. Neurological manifes-
tions of Legionella infection include cerebellar dys-
function (44), facial nerve palsy (45), Guillain-Barré
syndrome (46), and transverse myelitis and acute
motor sensory axonal neuropathy (47,48). CNS
disease can occur without a preceding pneumonia
(49-51) and neurologic deficits may persist years
after resolution of the lung infection (50-52)
Reactivation of Legionella infections can occur and
asymptomatic infections are common (53-56).

How Legionella causes neurological disease is
incompletely understood. Direct invasion of the
CNS and muscle has been described (57-60). Other
proposed mechanisms include an inflammatory
response and the release of an endotoxin-like agent
(61,62). A Legionella-ALS hypothesis is supported
by similarities in the descriptive epidemiology of
Legionnaires’ disease and ALS: the peak incidence
of both diseases occurs after age 50 years; both show
a male predominance; and the only established
behavioral risk factor for ALS, cigarette smoking, is
a risk factor for infection with Legionella (63).
Military veterans appear to have an increased risk
for ALS, regardless of deployment status (64). That
finding is intelligible because hospitalization for
pneumonia, including that caused by Legionella, is
many times more common in recruit than in civilian
populations (65,66). Lastly, the state with the
highest age-adjusted-MND mortality rate in these
data, Vermont, has historically had a high prevalence
of legionellosis and was the site of two epidemics of
Legionnaires’ disease in 1980 (67,68).

A Legionella-ALS hypothesis makes numerous
predictions. For example, Legionella should be
found more frequently in the residential water
supply of ALS cases than of controls (69).
Similarly, ALS cases may report more frequent use
of whirlpools/heated spas, which are a reservoir for
Legionella, and may have a higher pre-morbid rate of
pneumonia (70). Additionally, evidence of Legionella
infection should be higher in biologic specimens
from ALS patients than from non-neurologic con-
trols. Importantly, if some cases of ALS are caused
by persistent Legionella infection, therapy with anti-
biotics effective against Legionella may limit disease
progression (71).

Conclusion

Our ecologic analyses indicate that state-wide mor-
tality rates for MND in the U.S. are significantly
correlated with the percentage of the states’ popu-
lation that uses well water. That MND mortality
rates are correlated with the use of well water, a



known reservoir for Legionella, and that individuals
with legionellosis commonly develop central ner-
vous system disease, suggests that some cases of
ALS may be caused by Legionella.

Lastly, our study informs a debate about
epidemiologic methods. Some epidemiologists have
disputed the ability of ecologic studies to generate
hypotheses claiming that, since the data in such
studies were pre-selected, the hypothesis under
discussion must have pre-existed; thus ecologic
studies are not hypothesis generating (72). Here we
examined ecologic data on well water in order to
examine an extant hypothesis about ALS and radon.
Examination of the data stimulated another, novel
hypothesis: that ALS is caused by Legionella. This
demonstrates that ecologic studies indeed can be
hypothesis generating.
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