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Abstract: Cyanobacterial harmful algal blooms (cyanoHABs) occur worldwide and can
cause ingestion and inhalation exposure to microcystin and other potent toxins. This study
develops life course exposure measures for cyanobacteria for application in population
studies and then associates these measures with the survival of individuals with amy-
otrophic lateral sclerosis (ALS). The exposure measures utilize an individual’s residence
history, date of disease onset, and satellite data from the Cyanobacteria Assessment Net-
work. Residence duration for selected exposure windows referenced to disease onset date
was used to weight cyanobacteria concentrations in water bodies within 0.25 to 10 km
of each residence. Different concentration metrics, buffer sizes, and exposure windows
were evaluated. The 2.5 and 5 km buffers best balanced the likelihood and plausibility of
exposure while still resolving exposure contrasts. Over their lifetime, most study partici-
pants lived within 5 km of cyanobacteria blooms, and the exposure was associated with
up to 0.89 years shorter survival, with significant interactions for individuals reporting
swimming, fishing, and private wells. Our findings suggest a new and modifiable risk
factor for ALS survival, and a need to confirm exposures and epidemiological findings.
These cyanoHAB exposure estimates can facilitate population studies that can discover
new relationships with neurodegenerative and other diseases.

Keywords: neurological degenerative disease; harmful algae bloom; cyanobacteria;
survival; geostatistics; residence; water; environmental exposure

1. Introduction
Cyanobacterial harmful algal blooms (cyanoHABs) occur in freshwater, marine, and

terrestrial ecosystems worldwide and are of concern due to potential health, ecological,
taste, and odor impacts and increasing bloom intensity, due in part to climate change [1–4].
Cyanobacteria produce a wide range of genotoxic and neurotoxic agents including hepato-
toxins, neurotoxins, dermatotoxins, and cytotoxins, e.g., microcystins and ß-methylamino-
L-alanine (BMAA) [5–7]. The frequency and nature of cyanoHAB events depend on many
factors, including the watershed, weather, and nutrient loading. Blooms differ greatly in
size (from localized shoreline accumulations to large areas in the oceans and the Great
Lakes), depth (planktonic to benthic), duration (hours to weeks), composition, and con-
centration of cyanobacteria toxins. While the World Health Organization (WHO) has
established concentration guidelines intended to be protective of acute adverse human,
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animal and ecological effects (20,000 and 100,000 cells/mL for moderate and high risk,
respectively) [8], the understanding of exposures and impacts of cyanoHAB on human
health remains limited [9–11].

A few population-level studies have examined linkages between cyanoHABs and
the risk of disease. CyanoHAB-related exposures have been associated with liver disease
in the US [12,13], Korea [14] and China [15]; brain and other cancers in Serbia [16]; and
amyotrophic lateral sclerosis (ALS) in 14 different studies in the US, France, Guadeloupe,
Italy and Japan [6]. In most studies, cyanoHAB exposure was based on measurements in
public drinking water supplies or food, although indirect measures using remote sensing
(satellite) data have been used in several instances, e.g., at county or 4 to 8 km scales
using a single time point [13,17]. Exposure to cyanobacteria toxins can occur via ingestion,
inhalation, and dermal contact from drinking water, recreational water activities, aerosols,
food, medicinal water (e.g., hemodialysis), showering and bathing, washing utensils and
other objects, and skin irritation [5,18]. While largely unexamined, the inhalation route
may be important given evidence that cyanoHAB toxins can be airborne [9,19] and that
nasal exposure may increase toxicity from rapid uptake into the blood, brain, and central
nervous system [5].

There is a pressing need to assess the impact of cyanoHABs on neurodegenerative
and other diseases due to their global and widespread occurrence, their production of
toxins, and the multiple possible exposure routes [20]. Furthermore, a small set of studies
provide nascent linkages between cyanoHAB exposure and neurodegenerative disease,
possibly a result of proteinopathy [21], receptor activation [22], or oxidative stress [23],
although the mechanisms remain unclear. To help address this need, the present study
developed and evaluated life course residence-based exposure measures for cyanobacteria
toxins using geospatial estimates of cyanoHAB that provide high temporal and spatial
resolution suitable for application in large-scale environmental epidemiological studies.
Using these measures, we investigated the effects of potential cyanoHAB exposure on the
survival of amyotrophic lateral sclerosis (ALS), a progressive and fatal neurodegenerative
disease previously linked to environmental exposures [24,25]. Our findings provide insight
into the nature of geospatial-based cyanobacteria exposure metrics and raise important
questions about their impact on the survival of this devastating disease.

2. Materials and Methods
2.1. Participants

CyanoHAB exposure metrics were developed for participants in a single-center,
prospective observational study of ALS. Participant recruitment details were previously
published [26–31]; these studies also discussed environmental, occupational, and genetic
risk factors in this population. In brief, all patients meeting ALS Gold Coast criteria [32]
were recruited during clinical visits to the University of Michigan Pranger ALS Clinic. The
sole eligibility criterion for patients was the ability to provide informed consent in English.
Participants were asked to complete a comprehensive exposure assessment—the MI-STORY
survey (Michigan lifestyle Information, Sports and head Trauma history, Occupations, and
Residences since Youth) [27–31,33]—which collects detailed information on demograph-
ics, military service history, hobbies, and home characteristics. All participants provided
informed consent. The study was approved by the University of Michigan Institutional
Review Board (IRBMED, HUM28826, HUM148060).

2.2. Residential History and Geocoding

To develop a lifetime residence history, participants were asked to list their home fol-
lowing birth (and birth date) and all prior residential addresses 30 years prior to enrollment,
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along with the move-in and move-out month and year for each residence or, alternately,
their age when move-in or move-out occurred. These data were extensively reviewed,
cleaned, and processed to identify and correct gaps, misspellings, overlaps, and other
anomalies. In many cases, we were able to impute missing dates based on the available
data, i.e., dates of the former and following residence. We also attempted to obtain missing
data by following up with participants and reviewing clinical records.

Geocoding used a multistep procedure involving cleaning and reviewing the data,
initial and final geocoding, and imputation for addresses that could be localized. Final
geocoordinates were required to be confirmed by at least two geocoding engines. In the
relatively few cases (<8% of addresses) where a 1 km localization could not be assured, e.g.,
a missing house number on a long street, we used other information (e.g., ZIP Codes) to
constrain the location, estimate cyanoHAB exposure at multiple residential locations along
the street or area, and then averaged these values.

2.3. CyanoHAB Exposure Estimates

Four scenarios may portray most exposure to cyanoHAB-related toxins. First, if
the drinking water source is contaminated and water treatment is inadequate, exposure
can occur via ingestion and inhalation, e.g., during showering and other domestic water
use [16]. Large-scale examples of this scenario include the cyanoHABs occurring in western
Lake Erie, most dramatically in 2014, and along the Maumee and Ohio Rivers in 2022, for
which well-publicized water advisories were issued [34,35]. Additionally, exposures might
occur around inland lakes, such as when individuals use shallow or leaky private wells.
Second, for individuals who swim, fish, boat, water ski, or recreate in a contaminated water
body, exposure may occur via skin contact, ingestion of water, and spray aerosolization
with subsequent inhalation [9,11,17]. Authorities monitoring water bodies typically restrict
beach access and provide warnings when algal blooms or, more commonly, E. coli, exceed
guideline values, which might reduce the most severe exposures. Third, for individuals
located near or downwind of the water body, waves, chop, surf, boating, water skiing,
and other activities can aerosolize contaminated water, which can travel downwind and
result in environmental inhalation exposure [11,19]. Fourth, and well documented in the
literature, consumption of contaminated seafood can result in acute exposures [16,18]. The
likelihood of exposure and the dose in each scenario depend on many factors, including
the frequency and duration of events, breathing and ingestion rates, and environmental
factors influencing the concentration and dispersal of toxins [5,36,37].

Exposure estimates for cyanoHAB toxins developed in this study were based on life
course residential proximity to HABs detected and quantified using remote sensing data of
cyanobacterial cell counts, which provide wide spatial coverage and nearly two decades of
data. While satellite data can provide robust estimates of cyanobacteria cell counts, [38], the
derived exposures are indirect and approximate for many reasons: actual exposure routes
are unknown; types and levels of cyanoHAB toxins are rarely determined in water, air,
biofluids or other media; toxins may not be present in blooms; and numerous factors affect
the likelihood and magnitude of exposures even if toxins are present. Recognizing the
surrogate nature and uncertainty of the exposure estimates, we utilized multiple measures
that were complemented with several sensitivity and confirmatory analyses.

The proximity specification for the exposure metric, operationalized as a circular buffer
around a residence, depended on the exposure pathway. Considering domestic water
ingestion and use, public or private water providers serving large residential populations
may utilize surface water sources that can be prone to cyanoHAB-related contamination,
especially since typical filtration practices do not fully remove cyanobacteria toxins. In
rural areas, the water source for a residence is often a private well. Water from deep
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wells normally would not be contaminated by cyanoHABs or other contaminants present
in surface waters. However, residences with shallow wells have potential for exposure,
particularly since few residential systems have filters that remove cyanobacteria toxins, and
the risk increases with older wells and leaky casings that can draw in contaminated water.
These factors suggest that residential proximity to cyanoHAB events would be a risk factor,
particularly for individuals with private wells living close to contaminated water bodies.
Ingestion exposure also can occur from incidental contact during swimming and other
recreational activities. For individuals living at the lakeside, little travel might be required
for such exposure. However, boating (or other transport) might take them short distances
from their residence (perhaps 1–5 km), e.g., to visit a favorite beach. For individuals living
elsewhere and traveling by road, distances traveled for water recreation might be less
constrained, but again, nearby locations would likely be favored; thus, distances up to
10 km might be reasonable. In all of these scenarios, authorities detecting HAB outbreaks
would subsequently issue drinking water and surface contact advisories. However, this
largely applies to only larger, more severe, and prolonged events, relatively few of which
were detected. Considering inhalation, exposure to aerosolized and airborne toxins will
be highest near the source and decrease with distance due to dilution, deposition, and
inactivation mechanisms. The atmospheric half-live of microcystin, for example, may be
as short as 6 min during sunny summer conditions in the presence of ultraviolet (UV)
radiation, ozone (O3) and other oxidants that promote inactivation, which corresponds
to typical travel distances of ~1 km; however, half-lives at night (multiple hours) would
permit much longer atmospheric transport [37,39] though other removal and dispersal
mechanisms would tend to lower concentrations. Overall, no single buffer size accounts
for all exposure pathways, the many factors influencing concentrations, and individual
mobility. Consequently, we tested buffer radii ranging from 0.25 km, the smallest reasonable
given the resolution of the datasets, to 10 km, a relatively long distance for water and
airborne transport (although not necessarily long for personal mobility). As shown below,
a 10 km buffer likely gave many false positives and reduced exposure contrasts.

Data from the Cyanobacteria Assessment Network [40], which uses optical imagery
obtained from the Medium Resolution Imaging Spectrometer onboard Envisat (MERIS;
2002–2012) and the Ocean Colour Land Imager onboard Sentinel-3A (OLCI; 2017–present)
and Sentinel-3B (2018–present), were downloaded from https://oceancolor.gsfc.nasa.
gov/about/projects/cyan/ (accessed on 10 November 2024). The cyanobacteria index
(DN), which provides daily to weekly estimates of cyanobacteria concentrations within
300 × 300 m pixels for water bodies in the contiguous US states and Alaska, quantifies
cyanobacteria levels in 2192 satellite-resolvable lakes in the conterminous USA [41]. Statis-
tics were developed from the 7- and 14-day maximum files available, excluding index values
0, 254, and 255 (representing below the limit of detection threshold, land pixels, and no data,
respectively). The index value was converted to cyanobacteria abundance (CI) using the for-
mula CI = 10(DN×0.011714−4.1870866), which gave abundances from 0 to ~7,000,000 cells/mL.
Both annual average and annual maxima were calculated across the 7- or 14-day files.
While 2002–2023 data were available, 2012–2015 data had significant time gaps, particularly
in summer when blooms often occur. To obtain a complete record, data for these years
were interpolated using 2010 through 2017 data, and 2002–2003 data were extrapolated
to provide estimates for 1995–2001. Results were insensitive to these approximations, as
indicated by correlation and scatterplots of exposure metrics, a result of the exposure time
window duration being at least 5 years, the few residential time histories that fell mainly
or exclusively into the missing data period, and the temporal correlation in exposure (dis-
cussed below). As described below, the complete dataset was used to develop a set of
concentration metrics for cyanobacteria exposure that differed in buffer size, cyanobacteria

https://oceancolor.gsfc.nasa.gov/about/projects/cyan/
https://oceancolor.gsfc.nasa.gov/about/projects/cyan/


Int. J. Environ. Res. Public Health 2025, 22, 763 5 of 23

concentration metric, and exposure window, representing different assumptions regarding
the likelihood and route of exposure.

Buffers centered on each residence with radii of 0.25, 0.5, 1, 2.5, 5, and 10 km were
considered (Figure 1). Small buffers represent cyanoHABs occurring very close (e.g., within
0.25 km) to the residence; larger buffers (e.g., 10 km) tend to include more lakes and more
cyanoHAB events. As noted earlier, the wide range of radii reflects different exposure path-
ways (e.g., inhalation and ingestion), uncertainties associated with an individual’s mobility
(e.g., travel for swimming or boating in lakes), and variation in cyanoHAB transport (e.g.,
dispersal of windblown aerosols). The water area in each buffer was determined using
the “zonal statistics as a table” function in ArcGIS Pro 3.3.0. As depicted in Figure 1A,
the number of lakes and the surface area of cyanoHAB-contaminated water will increase
with buffer radius. In Figure 1B, the same lake was included in the three buffers, but
cyanoHAB-contaminated water was included in the 10 km buffer only. A recreational
boater or swimmer living in a lakeshore residence (Figure 1B) might be exposed since the
bloom occurs in the same lake, though this would not be captured with the 1 or 5 km
buffer, leading to a false negative. Trade-offs and factors affecting exposure related to buffer
size are discussed later. To inform the derivation of and tune the models for cyanoHAB
exposure metrics, residential data from controls in a retrospective case/control study of
ALS were utilized [26–31].
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Figure 1. Hypothetical exposure scenarios showing the effect of buffer size. (A) CyanoHAB exposure
captured in 1, 5, and 10 km buffers (red line). (B) CyanoHAB exposure captured only in a 10 km
buffer. The grid depicts a 300 m grid resolution of satellite pixels. Portions of 1, 5, and 10 km buffers
around a residence are shown as red partial and complete circles. Cyanobacteria levels are shown as
colored pixels from low (pink) to high (red) concentration.

Four concentration metrics were considered. The first, the annual daily maximum
concentration, is the single highest daily cyanobacteria concentration occurring in any
buffer pixel, extracted using the zonal statistics function. This provides a worst-case con-
dition, e.g., inhalation and/or ingestion exposure for the worst bloom that year in the
buffer (Figure 2A). The second, the water-averaged concentration, is the annual average
cyanobacteria concentration in water bodies in the buffer, derived by averaging concentra-
tions across the water area. Depicted in Figure 2B, the average concentration in the water
is assumed to reflect long-term exposure. This metric may be relevant for water contact
and possibly drinking water exposure. However, it has the disadvantage that the water
body could be small, distant from the residence with a large buffer (e.g., 10 km), and not
visited, thus yielding a false positive. The third metric, the area-averaged cyanobacteria
concentration, is the water-averaged concentration adjusted by the ratio of water/land
area in the buffer, providing a more representative estimate of long-term exposure and
possibly relevant for the airborne exposure route (Figure 2C). In the example just discussed,
results would be downweighted. The area-averaged value would be high if both the
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water-averaged cyanobacteria concentration was high and water bodies constituted much
of the buffer area. Finally, the fourth metric used the annual daily maximum cyanobacteria
concentration averaged across water areas in the buffer, potentially increasing the spatial
representativeness of the worst-case metric. Each exposure metric was calculated annually
for the 1995–2023 period. Numerous factors influence the accuracy of the cyanoHAB data
themselves as well as the likelihood of exposure to cyanoHAB toxins via inhalation and
ingestion pathways (further discussed below). Thus, these metrics are considered relatively
crude but useful surrogates that can be derived from the available data.
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Figure 2. Comparison of three concentration metrics for a hypothetical lake (blue line), 2.5 km buffer
(red line), and 300 m grid (satellite pixels). (A) Depiction of pixels with HAB detections representing
the highest daily or annual average levels in a year. (B) Equivalent water-averaged concentration
metric. (C) Equivalent land-averaged concentration. Cyanobacteria levels are shown as pixels colored
from low (pink) to high (red) concentration.

The residence duration-weighted concentration average was determined for each indi-
vidual using the residences occupied in each exposure window. Nine exposure windows
were considered to potentially identify periods that might account for the disease latency
and accumulated exposure, specifically, 15–20, 10–15, 5–10, 0–5, 10–20, 0–10, and 0–20 years
before symptom onset; the period after onset to death (called “0–5 years after”); and the
cumulative total (20 years before onset to death). In all cases, the average exposure at each
residence location was weighted by the duration that the residence was occupied in the
exposure window.

The combination of six buffer sizes, four exposure metrics, and nine exposure windows
yielded 135 different measures of cyanoHAB exposure. Only selected measures were
evaluated for ALS survival based on rates of cyanoHAB detections, similarity between
measures, and the other analyses reported below.

2.4. Survival Analysis

Survival was based on date of diagnosis and evaluated using Cox proportional hazards
models adjusted for age at diagnosis, sex, bulbar vs. non-bulbar onset, diagnostic El Esco-
rial criteria, revised ALS functional rating scale (ALSFRS-R), and time between symptom
onset and diagnosis, following our published studies [27,29–31,33,42,43]. Models were fit
for post-diagnosis survival with subsequent Benjamini–Hochberg correction to control the
false discovery rate for each exposure window. These models used the log of the cyanoHAB
exposure. Models using untransformed cyanoHAB scores were also run, as were models
that were not adjusted for covariates. Similar Cox models were used to assess potential
interactions between cyanoHAB scores and factors potentially related to cyanoHAB expo-
sure, specifically the residential water source (private well or city supply), participation in
fishing and/or swimming, and participation in hunting. The covariates described above
were used with the model Y ~ X β1 + Z γ for individuals reporting fishing/swimming
and Y ~ X β0 + Z γ for individuals not reporting fishing/swimming where X = cyanoHAB
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measure, β1 = estimated hazard ratio for fishing/swimming, β0 = estimated hazard ratio
for not fishing/swimming, Z = adjustment covariates and γ = estimated coefficients. The
same model was used for the water source, with this variable replacing fishing/swimming.
As a further sensitivity analysis, the dataset was stratified by these variables, and models
were re-estimated. The interactions and stratified analyses excluded individuals who did
not provide responses to questions about water source, fishing/swimming, and hunting
activities, which slightly reduced the sample size. Covariate-adjusted survival curves were
developed using Cox, Kaplan–Meier, and Royston–Parmar plots, the latter two sets using
10 iterations, for select cyanoHAB exposure metrics and two equally sized groups, as well
as quartiles. Differences in median survival were calculated.

3. Results
3.1. Residence History and Geocoding

A total of 4498 residences were reported for study participants. Of these, 3380 ad-
dresses were complete and successfully geocoded, and another 632 addresses had partial
information that allowed geocoding but with less precision (typically with 2–3 km accuracy).
The duration each residence was occupied was determined for each exposure window. A
total of 1582 residences were occupied during the exposure windows considered (20 years
prior to onset to up to 5 years after onset) of the 4012 residence locations geocoded. Resi-
dences were located mostly in Michigan, but also in Florida, California, other states, and
other countries. The analysis excluded foreign locations, which represented only a small
fraction of residences considered (N = 121, 3.1%). As seen in Figure 3, many cyanoHAB
events occurred near study participants’ homes, e.g., within 5 km.
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which represented only a small fraction of residences considered (N = 121, 3.1%). As seen 
in Figure 3, many cyanoHAB events occurred near study participants’ homes, e.g., within 
5 km. 

 

Figure 3. Map showing the counties of study participants’ residences. Includes 1504 residences in
178 counties, of which 69 counties had cyanoHAB occurrences during the lifetime exposure window.
Red color depicts residences within 5 km of a cyanoHAB event when the participant lived there;
yellow depicts counties without cyanoHAB events when the participant lived there.

3.2. Cyanobacteria Exposure Estimates at the Residence-Level

This section explores the effects of buffer size, concentration metric, and year on
cyanobacteria exposure estimates at 3380 residences with complete and precise locations.
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Exposure windows were not considered to avoid the effects of residence history. Participant-
level life course exposure estimates are examined later.

Table 1 lists descriptive statistics for six buffer sizes and four cyanoHAB concentration
metrics (water-averaged, area-averaged, annual daily maximum concentration, water-
averaged annual daily maximum concentration). Cyanobacteria concentrations at the
satellite (pixel) level spanned a wide range (0 to 7 × 106 cells/mL). The residence-based
estimates reflected this range but also depended on buffer size and concentration metric.
Table 2 shows Spearman-rank correlation coefficients for six buffer sizes and four concen-
tration metrics for the year 2019. (Supplementary Materials Table S1 shows that results for
2005 were similar.) Correlations significantly dropped between buffer sizes, and exposures
in the smallest and largest buffers had low correlation (R ≤ 0.1), again highlighting sen-
sitivity to buffer size. Within a given buffer size, however, the four metrics were highly
correlated for smaller buffers (≤5 km radius). As discussed later, alternate concentration,
metrics that might better represent exposure could be developed with additional informa-
tion, e.g., locating the city water sources vis-à-vis HAB locations, or matching the timing
of water recreation activities with cyanoHAB events. Still, the correlation between the
concentration metrics suggests that differences between peak and average cyanoHAB did
not substantially affect epidemiological models (e.g., survival models discussed later) or
other analyses that compared relative differences in exposure.

Table 1. Residence-level statistics for six buffer sizes (0.25, 0.5, 1, 2.5, 5, and 10 km radii) and four
cyanoHAB concentration metrics (area-average, water-average, maximum daily, and average annual
daily maximum). Shown are the annual averages for the 2002–2023 period, excluding 2012–2015.
N = 3380.

Average Stan.
Dev. Zero >Low

Risk
>Mod
Risk Percentiles (106 Cells/mL)

(106 cells/mL) (%) (%) (%) P75 P90 P95 P99 P100

B0.25_Area_Ave 0.0001 0.0025 99.39 0.13 0.02 0.0000 0.0000 0.0000 0.0005 0.1211

B0.5_Area_Ave 0.0002 0.0029 97.48 0.37 0.02 0.0000 0.0000 0.0000 0.0047 0.0949

B1_Area_Ave 0.0004 0.0036 93.83 0.63 0.02 0.0000 0.0001 0.0005 0.0109 0.0810

B2.5_Area_Ave 0.0011 0.0115 83.76 0.67 0.13 0.0000 0.0003 0.0012 0.0282 0.4637

B5_Area_Ave 0.0005 0.0035 66.99 0.33 0.03 0.0001 0.0005 0.0020 0.0067 0.1192

B10_Area_Ave 0.0006 0.0039 42.84 0.50 0.04 0.0002 0.0009 0.0016 0.0119 0.1306

B0.25_Water_Ave 0.0002 0.0041 99.39 0.22 0.06 0.0000 0.0000 0.0000 0.0011 0.1465

B0.5_Water_Ave 0.0009 0.0094 97.48 0.92 0.28 0.0000 0.0000 0.0001 0.0186 0.2125

B1_Water_Ave 0.0013 0.0117 93.83 1.37 0.36 0.0000 0.0004 0.0023 0.0401 0.3472

B2.5_Water_Ave 0.0085 0.0695 83.76 3.66 1.03 0.0005 0.0039 0.0127 0.2050 2.0081

B5_Water_Ave 0.0054 0.0226 66.99 5.82 1.24 0.0019 0.0070 0.0299 0.0857 0.4763

B10_Water_Ave 0.0083 0.0243 42.84 10.11 1.29 0.0043 0.0269 0.0453 0.1035 0.4377

B0.25_Maximum 0.0032 0.0525 99.39 0.60 0.53 0.0000 0.0000 0.0000 0.0476 1.5662

B0.5_Maximum 0.0151 0.1226 97.48 2.46 2.24 0.0000 0.0000 0.0077 0.3948 2.4447

B1_Maximum 0.0357 0.1934 93.83 6.06 5.49 0.0000 0.0559 0.1661 0.9632 3.3671

B2.5_Maximum 0.1049 0.3242 83.81 16.00 14.95 0.0757 0.2402 0.5432 1.6454 4.0444

B5_Maximum 0.2551 0.5129 67.09 32.61 30.91 0.2399 0.7356 1.4140 2.1588 4.7256

B10_Maximum 0.5593 0.7499 42.93 56.59 54.50 0.7130 1.6134 2.0261 3.4288 5.2808

B0.25_Max_Ave 0.0032 0.0515 99.39 0.60 0.53 0.0000 0.0000 0.0000 0.0472 1.5137

B0.5_Max_Ave 0.0136 0.1116 97.48 2.45 2.20 0.0000 0.0000 0.0066 0.3375 2.2576

B1_Max_Ave 0.0271 0.1501 93.83 6.03 5.03 0.0000 0.0356 0.1271 0.7701 2.6581

B2.5_Max_Ave 0.0689 0.2274 83.81 15.89 12.94 0.0350 0.1509 0.3219 1.1767 2.9026

B5_Max_Ave 0.1472 0.3261 67.09 32.47 26.97 0.1289 0.3615 0.8725 1.4263 3.3109

B10_Max_Ave 0.2724 0.4221 42.93 56.37 47.58 0.2776 0.8804 1.0956 1.9229 3.9112
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Table 2. Spearman correlation coefficients for cyanoHAB exposures at the residence level for six
buffer sizes (0.25, 0.5, 1, 2.5, 5, and 10 km radii), four concentration metrics, and calendar year 2019.
Color coded from 0 to 1.0. N = 3380.
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As noted, results were sensitive to buffer size. Small buffers rarely had cyanoHAB
events (any concentration > 0 cell/mL), and zero concentrations were estimated for 99.4,
97.3, and 93.5% of residence locations for the 0.25, 0.5, and 1 km radii buffers, respectively.
Such small buffers were unlikely to contain water bodies, especially since a pixel represent-
ing a water body (300 m × 300 m) must not contain any land area for cyanoHAB extraction.
This can be particularly limiting for shoreline residences, and it increased the likelihood
of false negatives. For these reasons, as well as errors in positional accuracy (described
later), buffers below ~1 km appeared too small to provide meaningful results. In contrast,
most (59.4%) residences in the 10 km buffer experienced cyanoHAB events (40.6% had zero
concentrations). However, large buffers have limited plausibility for representing actual ex-
posure pathways, and they reduce exposure contrast and the ability to distinguish exposed
and unexposed individuals since everyone in the buffer has the same calculated cyanoHAB
exposure. Thus, large buffers will yield many false positives. Overall, buffer size should
balance the likelihood and plausibility of exposure, the ability to discern exposure contrasts,
and the spatial resolution of the available datasets. In the present study, intermediate-sized
buffers using 2.5 and 5 km radii appeared to best reconcile these competing factors, and
these radii gave cyanoHAB detections at 17 and 34% of the residence locations, respectively.

Cyanobacteria concentrations, excluding non-detects, had approximately a log-normal
distribution. As an example, log probability plots for the water-averaged concentra-
tion showed a log-normal distribution for much of the data (straight lines on the plot),
but the left hand tail was large and truncated at zero, especially for small buffers,
while the right hand tails (highest values) tended to be limited to a maximum value
(Supplementary Materials Figure S1). Larger buffers shifted the distribution to the right
(higher values), again showing the sensitivity to this parameter. However, the shifts did
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not necessarily apply to the highest values of the water-averaged concentration metric. For
the water-averaged concentration, this reflected the inclusion of additional pixels in larger
lakes and the likelihood that only a subset of the lake experienced very high cyanoHAB
concentrations. Thus, there was a countervailing effect with buffer size, but this affected
only the highest concentrations. Buffer and lake size—and many other factors—can influ-
ence exposure, e.g., large lakes (especially if oriented along prevailing winds) might more
frequently experience wave chop resulting in aerosolization [9,37,44], and large lakes might
have more beaches, water skiing, and be visited more frequently.

The WHO guidelines, which are intended to be protective for low and moderate health
risks associated with direct contact with cyanobacteria-contaminated water (20,000 and
100,000 cells/mL, respectively), were frequently exceeded for the maximum concentration
metric and the larger buffers; these guidelines also were exceeded at 6.1 and 1.3% of
residences with a 5 km buffer (Table 1). The guidelines were much less likely to be exceeded
for the water- and area-averaged metrics. (Table 1 and Figure S1 use multiyear averages
that smooth out annual fluctuations.)

The general long-term increase in cyanoHAB frequency and concentration that oc-
curred over the past decades due to climatic shifts and other environmental factors was
reflected in cyanobacteria concentration probability plots (Figure S2). While year-to-year
variation was considerable, levels from 2002 to 2011 were fairly similar: considering the
water-averaged metric and a 5 km buffer shown in Figure S2, an average of 1.1% of resi-
dences exceeded the lower WHO guideline and cyanoHAB events occurred near 18.3% of
residence locations (any non-zero level within 5 km). From 2016 to 2023, 1.6% of residences
exceeded the guideline level, and events occurred near 54.8% of residences. Similar results
were seen for the other concentration metrics. Thus, the geospatial data reflect both higher
concentrations and increased prevalence of cyanobacteria blooms in recent years. Changes
in satellite platforms, data processing protocols, and data gaps also may have affected
estimates of temporal variability.

3.3. Life Course Cyanobacteria Exposure Estimates: Individual-Level Data

The residence-level analysis just discussed excluded effects due to an individual’s resi-
dence history and a specific exposure window. Tables 3 and 4 provide descriptive statistics
and correlations for cyanoHAB exposure at the individual level for six exposure windows
(0–20, 10–20, 0–10, 0–5 years prior diagnosis, 0–5 years after diagnosis, and lifetime), the
four concentration metrics, and the 5 km buffer, selected as a buffer size that balances
false negatives and false positives (as noted earlier). (Table S2 gives results for all buffer
sizes as well as additional statistics.) Within each concentration metric, higher exposures
tended to be associated with longer and more recent exposure windows. Correlations
were highest among metrics using the same exposure window, and lowest for long time
gaps between the windows (e.g., between 10 and 20 years prior to onset and 0 to 5 years
after). Compared to residence-level statistics (Table 1), individual-level statistics showed
higher cyanoHAB exposure, e.g., percentages of individuals living near (any) cyanoHAB
event for lifetime exposure window increased to 3.4, 12.1, 24.2, 64.6 and 91.3%, for the
0.5, 1, 2.5, 5 and 10 km buffers, respectively (Figure S3), and a larger fraction experienced
levels over the WHO guideline, e.g., 48.8% for the 5 km buffer, lifetime exposure window,
and maximum concentration metric. The increased likelihood and exposure level at the
individual level (particularly for long and recent exposure windows) occurred since most
individuals occupied several residences, residences can change to locations near water
bodies, and cyanoHAB frequency and intensity have tended to increase.
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Table 3. Individual-level statistics for the water-averaged concentration metric, four exposure
windows, and the 5 km buffer. N = 584 individuals. Concentration in 106 cells/mL.

Exposure Metric Average Stan. Dev. Zero (%) % > Low Risk % > Mod Risk P75 P90 P95 P99 P100
Water_Ave_0-20YrBefore 0.0040 0.0136 33.28 5.69 0.17 0.0012 0.0096 0.0227 0.0637 0.1983
Area_Ave_0-20YrBefore 0.0003 0.0012 33.28 0.17 0.00 0.0001 0.0006 0.0011 0.0043 0.0201
Maximum_0-20YrBefore 0.1777 0.3332 33.45 57.41 39.14 0.1876 0.5145 0.8426 1.7030 2.6558
Max_Ave_0-20YrBefore 0.1094 0.2240 33.45 53.45 25.00 0.0999 0.3165 0.5248 1.1233 2.4309
Water_Ave_10-20YrBefore 0.0032 0.0152 64.67 4.92 0.35 0.0001 0.0019 0.0156 0.0694 0.2295
Area_Ave_10-20YrBefore 0.0002 0.0008 64.67 0.00 0.00 0.0000 0.0002 0.0013 0.0036 0.0117
Maximum_10-20YrBefore 0.1140 0.3246 64.50 29.88 17.75 0.0579 0.3260 0.8115 1.6544 3.2858
Max_Ave_10-20YrBefore 0.0753 0.2364 64.50 27.59 13.36 0.0311 0.1771 0.4800 1.1290 3.0149
Water_Ave_0-10YrBefore 0.0048 0.0151 36.61 7.25 0.52 0.0018 0.0119 0.0306 0.0645 0.1793
Area_Ave_0-10YrBefore 0.0004 0.0020 36.61 0.17 0.00 0.0001 0.0008 0.0018 0.0042 0.0400
Maximum_0-10YrBefore 0.2353 0.4058 36.61 57.51 44.39 0.2791 0.6996 1.1871 1.7708 3.1358
Max_Ave_0-10YrBefore 0.1396 0.2527 36.61 55.44 35.58 0.1595 0.4391 0.6408 1.1434 2.0764
Water_Ave_0-5YrBefore 0.0063 0.0182 39.27 8.30 0.69 0.0025 0.0139 0.0453 0.0886 0.1584
Area_Ave_0-5YrBefore 0.0005 0.0027 39.27 0.17 0.00 0.0001 0.0011 0.0023 0.0061 0.0547
Maximum_0-5YrBefore 0.3060 0.4885 39.45 57.96 48.44 0.3906 0.9333 1.4528 1.9410 4.1951
Max_Ave_0-5YrBefore 0.1734 0.2862 39.45 56.75 40.83 0.2188 0.5166 0.8653 1.3130 1.6967
Water_Ave_0-5YrAfter 0.0076 0.0196 34.09 8.57 0.52 0.0056 0.0153 0.0450 0.0885 0.2378
Area_Ave_0-5YrAfter 0.0006 0.0031 34.09 0.35 0.00 0.0003 0.0014 0.0033 0.0064 0.0637
Maximum_0-5YrAfter 0.4171 0.5586 34.09 64.69 60.14 0.5664 1.1153 1.6901 2.1160 4.8308
Max_Ave_0-5YrAfter 0.2279 0.3020 34.09 64.51 55.42 0.3102 0.5636 0.9730 1.3214 1.8472
Water_Ave_Lifetime 0.0045 0.0130 27.24 6.90 0.34 0.0021 0.0112 0.0270 0.0637 0.1513
Area_Ave_Lifetime 0.0003 0.0014 27.24 0.17 0.00 0.0001 0.0007 0.0015 0.0045 0.0243
Maximum_Lifetime 0.2171 0.3432 27.41 67.07 48.79 0.2660 0.5902 0.8873 1.7660 2.3789
Max_Ave_Lifetime 0.1292 0.2180 27.41 64.48 34.14 0.1328 0.3587 0.5351 1.1164 1.8679

Table 4. Spearman correlation coefficients for individual-level cyanoHAB exposure measures for
four concentration metrics, six exposure windows, and the 5 km buffer. Color coded from 0 to 1.0.
(N = 584).
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3.4. HAB Exposure and ALS Survival 

This section examines survival rates for ALS cases. Selected demographic variables, 
including those associated with ALS survival in prior studies, are provided in 
Supplementary Materials Table S3. The median participant age was 64 years at diagnosis 
(N = 309), 57% were male, 98% were white, 13% had prior military service, and 72% had 
at least some post-secondary education. A median of 1.04 years elapsed between symptom 
onset and diagnosis, and 2.32 years between diagnosis and death. 

Survival models for cyanoHAB exposure showed significant associations (p < 0.05, Q 
< 0.05) for the 2.5 and 5 km buffers, all four concentration metrics, and the four exposure 
windows prior to onset (Table 5). Hazard ratios (HRs) in these models mostly fell between 
1.10 and 1.20. Generally, the exposure windows and the four concentration metrics 
yielded similar results, as did unadjusted models (Table S4). Overall, the 0–10 and 10–20-
year exposure windows using the 5 km buffer attained the largest and most significant 
HRs. It was unsurprising that the small buffers (≤1 km) did not yield statistically 
significant results since they had few participants with cyanoHAB exposures (Table 1). 
The 10 km buffer also did not yield significant results, likely reflecting higher exposure 
measurement error as noted previously. 
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3.4. HAB Exposure and ALS Survival

This section examines survival rates for ALS cases. Selected demographic vari-
ables, including those associated with ALS survival in prior studies, are provided in
Supplementary Materials Table S3. The median participant age was 64 years at diagnosis
(N = 309), 57% were male, 98% were white, 13% had prior military service, and 72% had at
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least some post-secondary education. A median of 1.04 years elapsed between symptom
onset and diagnosis, and 2.32 years between diagnosis and death.

Survival models for cyanoHAB exposure showed significant associations (p < 0.05,
Q < 0.05) for the 2.5 and 5 km buffers, all four concentration metrics, and the four exposure
windows prior to onset (Table 5). Hazard ratios (HRs) in these models mostly fell between
1.10 and 1.20. Generally, the exposure windows and the four concentration metrics yielded
similar results, as did unadjusted models (Table S4). Overall, the 0–10 and 10–20-year
exposure windows using the 5 km buffer attained the largest and most significant HRs.
It was unsurprising that the small buffers (≤1 km) did not yield statistically significant
results since they had few participants with cyanoHAB exposures (Table 1). The 10 km
buffer also did not yield significant results, likely reflecting higher exposure measurement
error as noted previously.

Table 5. Covariate-adjusted Cox proportional hazards model results for ALS survival time since
diagnosis in years for four exposure metrics, five buffer radii, and five exposure windows. Expo-
sure windows show years before onset except “0–5”, which designates 0 to 5 years after disease
onset. N = 307. Two cases with missing covariate data were excluded. Buffer radius in km. p- and
Q-values ≤ 0.05 are shown in bold.

Exposure
Window
(Years)

Buffer
Radius

(km)

Water-Averaged Concentration Area-Averaged Concentration Maximum Concentration Averaged Maximum Concentration

HR (95th CI) p-Value Q-Value
(BH) HR (95th CI) p-Value Q-value

(BH) HR (95th CI) p-Value Q-Value
(BH) HR (95th CI) p-Value Q-Value

(BH)

0–5 0.5 1.05 (0.92, 1.19) 0.46 0.46 1.04 (0.92, 1.18) 0.50 0.50 1.05 (0.93, 1.19) 0.43 0.43 1.05 (0.93, 1.19) 0.42 0.47

years 1.0 1.08 (0.96, 1.21) 0.22 0.36 1.07 (0.95, 1.21) 0.26 0.43 1.09 (0.96, 1.23) 0.18 0.30 1.08 (0.96, 1.22) 0.20 0.34

before 2.5 1.12 (1.00, 1.27) 0.06 0.14 1.13 (1.00, 1.28) 0.04 0.10 1.15 (1.01, 1.30) 0.03 0.07 1.13 (1.00, 1.28) 0.05 0.12

onset 5.0 1.16 (1.02, 1.31) 0.02 0.12 1.16 (1.02, 1.31) 0.02 0.10 1.16 (1.02, 1.32) 0.02 0.07 1.15 (1.01, 1.30) 0.04 0.12

10.0 1.07 (0.94, 1.22) 0.29 0.36 1.06 (0.93, 1.21) 0.35 0.44 1.06 (0.93, 1.20) 0.40 0.43 1.05 (0.92, 1.19) 0.47 0.47

0–10 0.5 1.06 (0.95, 1.18) 0.32 0.43 1.05 (0.94, 1.17) 0.41 0.41 1.06 (0.95, 1.18) 0.34 0.38 1.06 (0.95, 1.18) 0.32 0.37

years 1.0 1.05 (0.93, 1.19) 0.43 0.43 1.05 (0.93, 1.19) 0.41 0.41 1.06 (0.93, 1.19) 0.38 0.38 1.06 (0.94, 1.20) 0.37 0.37

before 2.5 1.16 (1.03, 1.30) 0.01 0.03 1.13 (1.01, 1.27) 0.04 0.09 1.17 (1.04, 1.32) 0.01 0.02 1.18 (1.04, 1.32) 0.01 0.02

onset 5.0 1.21 (1.07, 1.36) 0.00 0.01 1.19 (1.06, 1.34) 0.00 0.02 1.22 (1.08, 1.38) 0.00 0.01 1.23 (1.09, 1.38) 0.01 0.00

10.0 1.05 (0.93, 1.19) 0.42 0.43 1.06 (0.94, 1.20) 0.31 0.41 1.10 (0.97, 1.24) 0.14 0.24 1.09 (0.97, 1.23) 0.16 0.27

10–20 0.5 1.05 (0.93, 1.20) 0.41 0.41 1.05 (0.93, 1.19) 0.46 0.53 1.06 (0.93, 1.20) 0.39 0.45 1.06 (0.93, 1.20) 0.38 0.48

years 1.0 1.09 (0.97, 1.23) 0.14 0.24 1.09 (0.96, 1.23) 0.17 0.29 1.09 (0.97, 1.23) 0.15 0.25 1.09 (0.96, 1.23) 0.17 0.28

before 2.5 1.17 (1.03, 1.32) 0.01 0.04 1.17 (1.04, 1.32) 0.01 0.04 1.18 (1.04, 1.34) 0.01 0.03 1.17 (1.04, 1.33) 0.01 0.05

onset 5.0 1.16 (1.03, 1.32) 0.02 0.04 1.16 (1.03, 1.32) 0.02 0.04 1.18 (1.03, 1.34) 0.01 0.03 1.17 (1.03, 1.33) 0.02 0.05

10.0 1.05 (0.93, 1.19) 0.41 0.41 1.04 (0.92, 1.18) 0.53 0.53 1.05 (0.93, 1.19) 0.45 0.45 1.04 (0.92, 1.18) 0.50 0.50

0–20 0.5 1.05 (0.92, 1.19) 0.46 0.46 1.04 (0.92, 1.18) 0.50 0.50 1.05 (0.93, 1.19) 0.43 0.43 1.05 (0.93, 1.19) 0.42 0.47

years 1.0 1.08 (0.96, 1.21) 0.22 0.36 1.07 (0.95, 1.21) 0.26 0.43 1.09 (0.96, 1.23) 0.18 0.30 1.08 (0.96, 1.22) 0.20 0.34

before 2.5 1.12 (1.00, 1.27) 0.06 0.14 1.13 (1.00, 1.28) 0.04 0.10 1.15 (1.01, 1.30) 0.03 0.07 1.13 (1.00, 1.28) 0.05 0.12

onset 5.0 1.16 (1.02, 1.31) 0.02 0.12 1.16 (1.02, 1.31) 0.02 0.10 1.16 (1.02, 1.32) 0.02 0.07 1.15 (1.01, 1.30) 0.04 0.12

10.0 1.07 (0.94, 1.22) 0.29 0.36 1.06 (0.93, 1.21) 0.35 0.44 1.06 (0.93, 1.20) 0.40 0.43 1.05 (0.92, 1.19) 0.47 0.47

0–5 0.5 0.94 (0.82, 1.08) 0.38 0.72 0.94 (0.82, 1.07) 0.37 0.61 0.94 (0.82, 1.08) 0.37 0.60 0.94 (0.82, 1.07) 0.36 0.68

years 1.0 0.94 (0.83, 1.07) 0.37 0.72 0.94 (0.82, 1.07) 0.34 0.61 0.94 (0.83, 1.07) 0.37 0.60 0.93 (0.82, 1.07) 0.31 0.68

after 2.5 1.01 (0.90, 1.15) 0.83 0.83 1.03 (0.91, 1.16) 0.69 0.69 1.05 (0.93, 1.19) 0.46 0.60 1.03 (0.91, 1.17) 0.60 0.68

onset 5.0 1.05 (0.93, 1.20) 0.43 0.72 1.07 (0.94, 1.21) 0.33 0.61 1.05 (0.92, 1.19) 0.48 0.60 1.03 (0.91, 1.17) 0.64 0.68

10.0 1.03 (0.91, 1.17) 0.66 0.82 1.04 (0.91, 1.18) 0.60 0.69 1.03 (0.91, 1.18) 0.61 0.61 1.03 (0.90, 1.17) 0.68 0.68

Cox survival curves using the 5 km buffer, water-averaged concentration, 0–20-year ex-
posure window, and binary grouping of exposures showed a median survival of 2.53 years
for the less exposed group versus 2.14 years for the more exposed group, equivalent to a
0.39 year survival difference (Figure 4a). Survival curves for the three other concentration
metrics generated slightly larger differences for cyanoHAB exposure, shortening survival
by 0.44 to 0.49 years (Figure S4). Kaplan–Meier and smoothed Royston–Parmar survival
curves were similar (Figure S5). Cox survival curves computed using exposure quartiles
had similar but longer survival for the lower two exposure quartiles (2.82 years), and
shorter survival for the third and fourth quartiles (2.02 and 2.13 years in the fourth quartile,
depending on metric), translating to 0.44 to 0.56 years shorter survival with cyanoHAB
exposure (Figure S6). Survival curves for the 2.5 km buffer were similar. The similarity
between the first and second quartiles reflects that little or no exposure occurred for a
sizable fraction of individuals.
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Figure 4. Covariate-adjusted Cox survival curves for upper versus lower exposure groups for the 
water-averaged concentration metric with a 5 km buffer and a 0–20-year exposure window. (a) 
CyanoHAB exposure alone; (b) Interaction with water source; (c) Interaction with 
fishing/swimming activities. Median survival is shown for each exposure group (and interaction). 
Survival differences in parentheses and red. In 4b, lines for “City water + Low HAB” and “Well 
water + Low HAB” overlap. N = 303. 

3.4.1. Water Source 

In the ALS cohort, 41% (97 of 239 reporting this information) of participants obtained 
drinking water from a private well. No difference by sex was seen (p = 0.4, Chi-squared 
test). Potential effects on ALS survival due to cyanoHAB contamination in the water 
source were investigated using interaction analyses with different buffer sizes, 
concentration metrics, and exposure windows. Table 6 shows results for the 5 km buffer; 
results for the 2.5 km buffer were similar. Statistically significant interactions (p < 0.05) 
were detected for having a private well and cyanoHAB in all exposure windows, with 
HRs that ranged from 1.24 to 1.44, which are higher than the HRs without interactions. 
The 0–20-year exposure window also had significant results after correcting for multiple 
comparisons (Q ≤ 0.05). In contrast, only two interactions with city water supply achieved 
significance (p ≤ 0.05), both with the 10–20-year exposure window, but not after the 

Figure 4. Covariate-adjusted Cox survival curves for upper versus lower exposure groups for
the water-averaged concentration metric with a 5 km buffer and a 0–20-year exposure win-
dow. (a) CyanoHAB exposure alone; (b) Interaction with water source; (c) Interaction with fish-
ing/swimming activities. Median survival is shown for each exposure group (and interaction).
Survival differences in parentheses and red. In 4b, lines for “City water + Low HAB” and
“Well water + Low HAB” overlap. N = 303.

3.4.1. Water Source

In the ALS cohort, 41% (97 of 239 reporting this information) of participants obtained
drinking water from a private well. No difference by sex was seen (p = 0.4, Chi-squared
test). Potential effects on ALS survival due to cyanoHAB contamination in the water source
were investigated using interaction analyses with different buffer sizes, concentration
metrics, and exposure windows. Table 6 shows results for the 5 km buffer; results for the
2.5 km buffer were similar. Statistically significant interactions (p < 0.05) were detected for
having a private well and cyanoHAB in all exposure windows, with HRs that ranged from
1.24 to 1.44, which are higher than the HRs without interactions. The 0–20-year exposure
window also had significant results after correcting for multiple comparisons (Q ≤ 0.05). In
contrast, only two interactions with city water supply achieved significance (p ≤ 0.05), both
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with the 10–20-year exposure window, but not after the multiple comparison corrections.
As a sensitivity analysis, survival models stratified by water source were tested, which
again showed significant effects for residences with private wells for nearly all exposure
windows, while effects for residences using city water were rarely significant (Table S5).
The interactions and stratified models yielded similar findings, though the latter tended to
have slightly larger HRs, mostly in the range of 1.3 to 1.6, with a private well. Again, results
for the 5 and 2.5 km buffers were similar. Survival curves demonstrating interactions with
water source (Figure 4b) suggest that roughly half of the difference in survival was due to the
interaction with private wells. Survival curves for all four concentration metrics (Figure S7)
showed that median survival with cyanoHAB exposure and private wells decreased by 0.56
to 0.73 years. The area-averaged concentration metric had the largest survival decrement.
To an extent, this finding was consistent with the formulation of the area-averaged metric,
which emphasized the likelihood of contact with contaminated water (or aerosols) across
the buffer area. However, since this is not a positive confirmation and other metrics have
shown similar results, this finding does not provide evidence of a preferred concentration
metric for the residential water consumption and use pathway. Overall, the evidence was
strong that shorter survival for ALS individuals living within 5 km of cyanoHAB events is,
in part, driven by private well use. In contrast, a household without a private well utilized
city (municipal) water and thus was likely to be at low risk of cyanotoxin contamination
given the different and potentially distant water source, and potentially the additional
water treatment and monitoring conducted by the water provider.

Table 6. Covariate-adjusted Cox proportional hazard model results for ALS survival time (years)
since diagnosis, with interactions for private well or city water supply. Shown are the results for
a 5 km buffer with four concentration metrics and four exposure windows before onset. % Zero
indicates the percentage of individuals without any cyanoHAB exposure. N = 236. Abbreviations: BH,
Benjamini–Hochberg correction; CI, confidence interval; HR, hazard ratio. p- and Q-values ≤ 0.05
are shown in bold.

Concentration
Metric

Exposure
Window

(Year)

Private Well City Water Supply
HR (95th CI) p-Value Q-Value (BH) % Zero HR (95th CI) p-Value Q-Value (BH) % Zero

Maximum 0–5 1.31 (1.03, 1.66) 0.026 0.128 35.1% 1.14 (0.94, 1.37) 0.184 0.306 50.0%
0–10 1.34 (1.05, 1.70) 0.017 0.083 33.0% 1.15 (0.96, 1.39) 0.139 0.231 49.3%

10–20 1.23 (1.00, 1.53) 0.053 0.132 60.8% 1.20 (1.01, 1.43) 0.040 0.200 71.9%
0–20 1.44 (1.13, 1.84) 0.003 0.016 27.8% 1.16 (0.97, 1.39) 0.113 0.253 46.8%

Area- 0–5 1.26 (0.99, 1.59) 0.056 0.278 35.1% 1.17 (0.97, 1.40) 0.098 0.310 50.0%
Average 0–10 1.27 (1.01, 1.60) 0.042 0.141 33.0% 1.18 (0.99, 1.40) 0.067 0.209 49.3%

10–20 1.22 (0.99, 1.51) 0.065 0.187 60.8% 1.17 (0.99, 1.38) 0.071 0.354 72.7%
0–20 1.39 (1.10, 1.75) 0.006 0.029 27.8% 1.18 (0.99, 1.41) 0.059 0.266 46.8%

Water- 0–5 1.32 (1.04, 1.67) 0.022 0.108 35.1% 1.14 (0.95, 1.37) 0.154 0.319 50.0%
Average 0–10 1.35 (1.06, 1.71) 0.013 0.067 33.0% 1.15 (0.96, 1.38) 0.124 0.207 49.3%

10–20 1.24 (1.00, 1.54) 0.051 0.127 60.8% 1.17 (0.99, 1.39) 0.067 0.335 72.7%
0–20 1.47 (1.15, 1.88) 0.002 0.011 27.8% 1.15 (0.96, 1.38) 0.125 0.265 46.8%

Maximum 0–5 1.33 (1.05, 1.68) 0.018 0.091 35.1% 1.12 (0.92, 1.35) 0.253 0.365 50.0%
Average 0–10 1.35 (1.06, 1.71) 0.014 0.069 33.0% 1.14 (0.94, 1.37) 0.180 0.300 49.3%

10–20 1.24 (1.00, 1.53) 0.054 0.148 60.8% 1.21 (1.01, 1.44) 0.037 0.187 71.9%
0–20 1.45 (1.14, 1.86) 0.003 0.013 27.8% 1.14 (0.95, 1.37) 0.156 0.256 46.8%

3.4.2. Fishing/Swimming and Other Personal Activities

The participant survey queried several personal activities that might have increased
exposure to cyanoHAB-related toxins. Among participants with ALS, males were more
likely to fish and/or swim than females (72% versus 45%, p < 0.001, N = 248). Significant
interactions (p ≤ 0.05 and Q ≤ 0.05) were found for fishing/swimming and cyanoHAB-
related exposure on survival for all four concentration metrics and four exposure windows
with the 5 km buffer, with one exception that was marginally significant (Q = 0.06 for
the area-averaged metric with 10–20 year window; Table 7). HRs were mostly in the
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1.30-to-1.38 range, higher than that seen in analyses without interactions. Importantly,
no significant interactions were seen for individuals who did not report fishing or swim-
ming. The stratified analysis, again used as a sensitivity analysis, generated similar results
(Table S6). Model results for interactions and stratified analyses for fishing and swim-
ming for the 2.5 and 5 km buffers were very similar, and the 1 km buffer also obtained
statistically significant p- and Q-values for the 0–20-year exposure window among those
reporting fishing and swimming, and no statistically significant results for those not report-
ing these activities. Survival curves utilizing interactions for fishing/swimming (Figure 4c)
showed that the cyanoHAB exposure + fishing/swimming interaction shortened survival
by 0.56 years, while the effect of cyanoHAB exposure without fishing/swimming was
much smaller (0.23 years). Survival curves for the other concentration metrics showed
larger effects (0.56–0.89 years; Figure S8), the longest was obtained for the area-averaged
concentration metric (Figure S8A). Recognizing that the evidence is indirect, the likeli-
hood of exposure due to fishing/swimming activities when an individual lived near a
contaminated water bodies is reasonably high; said differently, an individual is less likely
to have been exposed via fishing or swimming if cyanoHAB contamination was limited
to small and distant lakes that were not visited. Overall, these strong and consistent re-
sults suggest significantly shortened survival for ALS patients who fished or swam in
cyanoHAB-contaminated water bodies located within 5 km of their home, and they tend to
support the area-averaged concentration metric.

Table 7. Covariate-adjusted Cox proportional hazards model results for ALS survival time (years)
since diagnosis with interactions for fishing/swimming. Shown are the results for a 5 km buffer with
four concentration metrics and four exposure windows before onset. % Zero indicates the percentage
of individuals without any cyanoHAB exposure. p- and Q-values ≤ 0.05 are shown in bold. N = 243.
Abbreviations: BH, Benjamini–Hochberg correction; CI, confidence interval; HR, hazard ratio.

Concentration
Metric

Exposure
Window (Year)

Fishing/Swimming No Fishing/Swimming
HR (95th CI) p-Value Q-Value (BH) % Zero HR (95th CI) p-Value Q-Value (BH) % Zero

Maximum 0–5 1.31 (1.09, 1.57) 0.004 0.021 48.1% 1.08 (0.85, 1.37) 0.540 0.735 35.6%
0–10 1.34 (1.11, 1.60) 0.002 0.006 45.5% 1.07 (0.85, 1.36) 0.561 0.702 35.6%

10–20 1.28 (1.07, 1.53) 0.006 0.029 67.5% 1.15 (0.93, 1.42) 0.210 0.417 65.9%
0–20 1.38 (1.15, 1.65) <0.001 0.002 42.9% 1.08 (0.86, 1.37) 0.500 0.824 31.8%

Area- 0–5 1.29 (1.08, 1.53) 0.005 0.024 48.1% 1.09 (0.86, 1.38) 0.485 0.608 35.6%
average 0–10 1.30 (1.10, 1.55) 0.003 0.011 45.5% 1.10 (0.87, 1.39) 0.431 0.657 35.6%

10–20 1.24 (1.05, 1.47) 0.012 0.060 68.2% 1.12 (0.91, 1.39) 0.286 0.477 65.9%
0–20 1.36 (1.14, 1.61) <0.001 0.003 42.9% 1.10 (0.87, 1.39) 0.413 0.689 31.8%

Water- 0–5 1.31 (1.09, 1.57) 0.004 0.020 48.1% 1.10 (0.87, 1.38) 0.430 0.574 35.6%
average 0–10 1.33 (1.11, 1.60) 0.002 0.010 45.5% 1.10 (0.87, 1.37) 0.426 0.622 35.6%

10–20 1.26 (1.06, 1.51) 0.009 0.043 68.2% 1.13 (0.92, 1.39) 0.255 0.504 65.9%
0–20 1.38 (1.15, 1.66) <0.001 0.002 42.9% 1.09 (0.86, 1.37) 0.479 0.761 31.8%

Annual 0–5 1.30 (1.08, 1.57) 0.005 0.026 48.1% 1.07 (0.85, 1.35) 0.562 0.688 35.6%
Maximum 0–10 1.34 (1.12, 1.61) 0.002 0.007 45.5% 1.06 (0.84, 1.34) 0.618 0.670 35.6%

10–20 1.30 (1.09, 1.56) 0.004 0.020 67.5% 1.14 (0.92, 1.41) 0.224 0.451 65.9%
0–20 1.38 (1.15, 1.66) <0.001 0.003 42.9% 1.07 (0.85, 1.35) 0.562 0.776 31.8%

In our survey, other variables that might portray personal activities associated with
cyanoHAB exposure included hunting-related activities, including the use of guns, shoot-
ing, skeet, trap, or targets. Among participants with ALS, these activities were more likely
among males than females (47% versus 3%, p < 0.001, N = 248). However, we did not find
significant effects on survival for these activities.

4. Discussion
This study developed and evaluated several residence-based proximity and concen-

tration measures of cyanoHAB exposure over a spatial and temporal scale that has not
been previously assessed due to methodological limitations. In applying these measures
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to explore associations with the survival of ALS patients, we found that over half of the
study participants lived within 5 km of cyanoHAB events during their lifetime. Exposure
measures using 2.5 and 5 km radii around residences up to 20 years prior to disease onset
appeared to best balance the likelihood and plausibility of exposure while still resolving
exposure contrasts. These buffer sizes also had the most significant impact on ALS survival.
For any specific buffer dimension, the four concentration metrics had high correlation
but different scales, reflecting differences between water-averaged, land-averaged, and
maximum statistics. Cyanobacteria concentrations derived from the satellite data were
roughly lognormally distributed, and maximum levels sometimes exceeded the WHO
guidelines for low and moderate risk. While not intended to reflect neurotoxicity, these
exposures could be associated with acute health impacts.

The residence-based proximity measures presume that individuals living closer to
water bodies with cyanobacteria blooms are more likely to be exposed to cyanoHAB
toxins. Such individuals may be more likely to obtain domestic water from the water
body, may be more likely to visit, fish, swim, and recreate at the water body, and may
live close enough to breathe aerosols from the water body. The epidemiological findings
showed shorter survival for ALS patients who lived within 2.5 and 5 km from cyanoHABs.
The interaction and sensitivity analyses showed significant effects for individuals who
utilized private wells for domestic water, strong evidence for the ingestion and water
use exposure routes, and yet stronger evidence for individuals who fished and swam,
supporting ingestion, aerosol inhalation, and/or dermal uptake from water sports and
wave action. The fishing/swimming association might also support the ingestion of
contaminated locally caught fish. However, little consumption of harvested shellfish, which
can accumulate toxins, occurs in the Midwest, where most study participants lived.

4.1. Exposure Scenarios and Exposure Measurement Error

The likelihood of exposure and the dose from ingestion and inhalation of cyanoHAB
toxins depend on many factors, including the frequency and duration of events, breath-
ing and ingestion rates, and environmental factors influencing the concentration of
toxins [5,36,37]. To represent possible exposure scenarios with available data, exposure met-
rics were developed as proximity measures using residential histories and satellite-derived
cyanobacteria estimates. The metrics differed in terms of the area or buffer size around the
residence (0.25 to 10 km radii), the concentration statistic (annual average or maximum
for water and land area), and the exposure window. The water-averaged concentration
might be both more representative (less prone to outliers) and better reflect the potential
for water ingestion and aerosol inhalation for direct (swimming) and near-direct contact
(boating, fishing) activities than maximum statistics. Averaging also helps account for
the spatial coverage of the cyanoHAB and its duration. The area-averaged concentration,
similar to the water-averaged but reduced by the proportion of water area in the buffer,
was designed to reflect inhalation of environmental aerosols. While the metrics had similar
HRs and significance, the area-averaged metric showed the greatest decrements in survival
in the interactions analysis, namely, 0.72 years with well water and 0.89 years with fish-
ing/swimming, possibly because this metric better accounts for the likelihood of near-shore
residences and that nearby and contaminated water bodies will be visited. The maximum
metrics represent worst-case conditions, e.g., the highest daily measurement, possibly rele-
vant to inhalation and/or ingestion exposure from the worst-case bloom. Given satellite
resolution, the smallest worst-case area was 9 ha, a sizable area but possibly one that many
individuals might not encounter. Further, a 9 ha area may not be representative of a large
lake. While indirect contact via lake water used domestically, e.g., at residences using
shallow wells, was potentially captured by the four concentration metrics, particularly
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as an interaction with a private well, available data do not allow an assessment of the
likelihood or representativeness of the exposure estimates. Further, some individuals likely
received exposures by multiple routes.

Geospatial cyanoHAB data have the advantages of excellent spatial and temporal cov-
erage but may not reflect individual and population exposures or risks in survival analyses
like the present study and in other epidemiological applications due to exposure measure-
ment error, which can yield biases, artifacts, false positives, and false negatives. While the
spatial resolution of satellites continues to improve, many issues remain, e.g., small water
bodies cannot be distinguished, pixels containing both water and land areas (coastlines)
cannot be assessed, and cyanoHABs occurring in deep or turbid waters will be missed or
under-reported [8,38,45]. In addition, satellite data do not directly measure cyanoHAB
toxin concentrations, and relationships between cyanoHAB biomass and microcystin and
other toxin concentrations are variable [45,46]. Aerosol concentrations and lifetimes can
depend strongly on meteorological conditions and aerosolization mechanisms [9,37,44].
Further, each pixel (300 × 300 m) likely has large variations in toxin concentrations [41], and
time-averaged estimates from satellite imagery may underestimate levels due to mixing
of the water column, although using weekly composite images that preserve the pixel
maximum may minimize this problem [41] (as used here in the maximum concentration
metric). Blooms can be very transient and possibly not associated with toxins, much less
exposure. Lastly, satellite data do not reflect exposure to cyanoHAB toxins occurring from
terrestrial sources, e.g., water treatment plants in bloom-affected areas disposing of sludge
in agricultural fields [47] and cooling tower aerosols [19]. Despite these limitations, geospa-
tial data’s broad spatial and temporal coverage represents a potentially useful surrogate of
exposure to very potent toxins, particularly when coupled to individual-level information
on activities that can cause contact with cyanoHABs, e.g., participation in water sports and
use of surface water.

More knowledge of cyanoHAB exposure routes would help refine geospatial exposure
estimates. If the operative route was consumption and use of contaminated surface or
groundwater, a preferred exposure surrogate may be the distance from the nearest edge of
the contaminated water body to the residence location (or well), reflecting the likelihood
of the drinking water source being contaminated. In this case, information regarding the
water source of participants was essential, and while we knew whether a private well was
used, information regarding well depth, age, and condition could improve reliability. If
the exposure route is inhalation and incidental ingestion during water sports (including
swimming and boating), additional information regarding the frequency, timing, and
conduct of these activities could be helpful. Metrics for both exposure routes might utilize
lake-wide concentration statistics, such as the water-averaged or maximum cyanobacteria
concentration. If water sports are not at play but inhalation of environmental aerosolized
toxins is suspected, then the area-averaged metric, possibly with a directional component to
reflect prevailing winds and possibly adjusted for aerosol generation (e.g., using concurrent
wind speed), atmospheric lifetime (ambient UV and O3 levels), and dispersion (turbulence)
might be suitable. For vacation (secondary) homes, which are frequently near water
bodies, an additional refinement might consider the intersection of occupancy patterns
(e.g., weekends or summer periods) and HAB events.

The cyanoHAB exposure estimates dependence on buffer sizes, reflecting a concern
for all proximity measures. While distance-based buffers can be protective and serve many
applications [48], small buffers (~1 km) can yield errors due to limits in the positional
accuracy of geocoding [49]. Moreover, the smallest buffer used here, 0.25 km, is smaller
than the 300 m resolution of the geospatial data and included few cyanoHAB events, and
thus was too small for the present application. In contrast, large buffers (e.g., ≥10 km)
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decreased exposure contrasts, yielded many false positives, and most importantly, appeared
inconsistently and implausibly associated with frequent and high exposures. Importantly,
any discrete buffer distance used to define a metric can introduce bias. To avoid sensitivity
to buffer size, cumulative distributions of proximity, e.g., distance to event of concern,
have been proposed [50]. Literature reports have focused on distance to discrete sites, such
as waste sites, schools, and fire stations, rather than the presence, count, and intensity of
features within a buffer, features pertinent to cyanoHABs. Thus, the cumulative distribution
approach is not entirely satisfactory for life course exposure to cyanoHABs, particularly
since blooms vary considerably in concentration and their spatial and temporal extent,
effects that are incompletely captured by proximity. Further, when multiple residence
locations are considered over the life course, the closest event may not reflect exposure or
the exposure window. Distance-weighted and possibly directional (for airborne exposures)
buffers might lessen the sensitivity to buffer size, as shown for traffic-related air pollution
exposures [51].

There was sensitivity to the exposure window. The short window following symptom
onset did not show meaningful results, suggesting that current addresses of ALS patients
(e.g., upon diagnosis) are not informative of cyanoHAB exposure. Longer exposure win-
dows prior to symptom onset provided significant and more stable results, possibly due to
being more representative and including more cyanoHAB events. However, participant-
provided information is subject to recall bias, particularly for details occurring long ago,
e.g., old residence addresses and activities. Even if the analysis had revealed strong trends
that favored a specific exposure metric, uncertainties of the proximity measures would
preclude positive identification of a window of vulnerability, much less the exposure route.
Ground-truthing using air, water, or biological measurements is required to select the
most appropriate geospatial metric. With these caveats, our results suggest that exposure
windows from 0 to 10 years or, ideally, 0 to 20 years prior to disease onset are preferable.
Longer windows are not possible at present, given the advent of satellite data around 2002,
but will be available for future ALS cases and would warrant evaluation. Importantly, the
results suggest a minimum of 10 to 20 years of exposure information is desirable.

4.2. Plausibility of Survival Effects

ALS is known to be influenced by genetic and environmental factors [24,25], including
exposure to organic compounds [28,42,52], metals [53,54], and occupational stressors [33].
Our study is the first population-level study of ALS survival using geostatistical metrics
for exposure to cyanobacteria toxins, specifically, satellite-based estimates of cyanobacteria
levels in water bodies near residences occupied in the last 20–25 years of life. Despite
the likelihood of exposure measurement error, the cyanoHAB exposure metrics were
associated with survival decrements following disease diagnosis, ranging up to 0.89 years,
a significant fraction of the 2–3-year survival period typical for ALS. The interactions
and stratified analyses accounting for domestic water supply and swimming and fishing
activities strongly support the association with cyanobacteria toxins and diminish the
likelihood of confounding by socio-economic factors, including occupational exposures
and stressors noted above.

As noted, the role of cyanoHAB on ALS has focused on BMAA-induced toxicity.
BMAA was initially linked to ALS when it was, in part, implicated as an exogenous
exposure and cause of the Western Pacific ALS–Parkinsonism–Dementia Complex (ALS-
PDC) [55], although inconsistencies are noted [56]. Of note, BMAA has been detected in
brain [7,57] and CSF [58] samples from participants with ALS, supporting its access to the
CNS. Moreover, when administered to Chlorocebus pygerythrus, BMAA led to a TDP-43 pro-
teinopathy [21]. The leading BMAA toxicity hypothesis is that BMAA is misincorporated
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into proteins instead of serine, causing protein misfolding, although some dispute this [56].
Additional potential mechanisms of BMAA toxicity include AMPA/kainate receptor ac-
tivation [22]. NMDA and mGluR5 receptor activation, and oxidative stress [23]. Alterna-
tively, toxicity might be unrelated to BMAA and instead due to other toxins released from
cyanoHABs such as microcystins [59], nodularin, or anatoxin-a [60]. Nonetheless, prior
studies have associated cyanoHAB with ALS risk, while others have linked cyanoHAB-
related toxins to ALS. A study of ALS patients in New Hampshire found higher ALS risk if
living within 0.5 miles of a lake with a history of cyanobacterial blooms [59,61] potentially
linked to adverse water quality [17], and increased likelihood of ALS clusters within 10
to 30 km buffers of areas with more compromised water quality [62]. A study in several
regions of Italy showed a non-significant increased ALS risk for those living 100 m from a
water body [63].

ALS cases have distinct geographic distributions. If exposure to cyanobacteria toxins
is a meaningful risk factor, then the large number of inland lakes prone to cyanoHABs
in the US Midwest region (e.g., Michigan, Wisconsin, Minnesota, Illinois and Indiana)
might explain the regional patterns of disease incidence, which is much higher that other
US regions [64]. However, other stressors are present in the region, including exposure
to chemicals in the production industries and agriculture, as well as exposure to legacy
chemicals like PCBs via Great Lakes fish. Additionally, HAB species and toxins may differ
regionally. Given the complexity of the disease, epidemiological approaches encompassing
a life course and a broad exposomic approach appear highly promising. Such studies also
might provide insight regarding the risk factors associated with ALS onset, in addition to
the effects on survival examined here.

4.3. Recommendations

Several steps could confirm our results and ensure reproducibility. Ground-truthing
using air, water, or biological measurements would complement the proximity measures
and, as mentioned, might help to select the most appropriate geospatial metric. Exposure
estimates might be refined with additional water-related survey questions, e.g., the type
and frequency of water-related activities. For the small group of participants who reported
second (e.g., vacation) homes, knowing the dates when visited also could refine exposure
estimates. While most study participants lived in the US Midwest, participants also lived
on the east and west coasts of the US. With a larger sample size, conducting sensitivity
analyses or stratifying by region, climate, and water source could be revealing. Study
participants were largely white, and analyses should be conducted of populations with
different demographics.

5. Conclusions
This study has demonstrated the development of life course exposure estimates of

cyanoHAB toxins using residence-based proximity and concentration metrics and applied
these estimates to a population study of ALS survival. The geospatial data provide rel-
atively complete, temporally- and spatially resolved information of cyanoHAB levels in
surface waters, which, when coupled with residence history, individual behavior, and wa-
ter supply information, appear highly informative and broadly applicable for identifying
exposed individuals. CyanoHAB exposure was associated with a significant reduction in
ALS survival, and significant interactions were seen for individuals using private wells as
the source of water supply, especially for individuals engaging in swimming and fishing.
While the associations in this study were strong and consistent with cyanoHAB exposure,
the complex nature of exposures, the indirect measures, and other limitations in the geospa-
tial exposure metrics are recognized. Importantly, exposure to cyanobacteria toxins is a
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modifiable risk factor. Thus, by avoiding high-risk activities associated with this exposure,
ALS survival (and possibly ALS risk) might be improved. This may apply to other diseases,
given the known toxicity associated with cyanoHABs. Additionally, local and national
authorities could improve cyanoHAB forecasts, warning systems could consider lowering
advisory levels to be more protective (thus shielding individuals from exposure), and
assessments of the effectiveness of advisories could be undertaken.

While recognizing that gaps and challenges remain in our understanding of life
course exposures to cyanobacteria toxins and their impacts, our results identify a new
and modifiable risk factor affecting ALS survival. There is an urgent need for research to
confirm and refine cyanoHAB exposure metrics and these epidemiological findings. We
also suggest that geospatial estimates of cyanoHAB exposure used in population studies
have the potential to discover new relationships with neurodegenerative and other diseases.
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