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A B S T R A C T

Human respiratory and gastrointestinal illnesses can result from exposures to brevetoxins originating from
coastal Florida red tide blooms, comprising the marine alga Karenia brevis (K. brevis). Only limited research on
the extent of human health risks and illness costs due to K. brevis blooms has been undertaken to date. Because
brevetoxins are known neurotoxins that are able to cross the blood-brain barrier, it is possible that exposure to
brevetoxins may be associated with neurological illnesses. This study explored whether K. brevis blooms may be
associated with increases in the numbers of emergency department visits for neurological illness. An exposure-
response framework was applied to test the effects of K. brevis blooms on human health, using secondary data
from diverse sources. After controlling for resident population, seasonal and annual effects, significant increases
in emergency department visits were found specifically for headache (ICD-9 784.0) as a primary diagnosis
during proximate coastal K. brevis blooms. In particular, an increased risk for older residents (≥55 years) was
identified in the coastal communities of six southwest Florida counties during K. brevis bloom events. The in-
cidence of headache associated with K. brevis blooms showed a small but increasing association with K. brevis cell
densities. Rough estimates of the costs of this illness were developed for hypothetical bloom occurrences.

1. Introduction

Blooms of the marine alga Karenia brevis (K. brevis) occur regularly
along the coast of the Gulf of Mexico from southeast Texas to southwest
Florida. Despite their designation as “red tides,” K. brevis blooms are
typically colorless but occasionally may be characterized by a distinct
brown color. At moderate to high densities, K. brevis blooms can be
harmful to humans and marine life because the algae produce potent
natural neurotoxins called brevetoxins (Fleming et al., 2011).

Brevetoxins can cause morbidity in humans and morbidity or mor-
tality in marine mammals, seabirds, and other marine organisms
(Fleming et al., 2011; Watkins et al., 2008). The human consumption of
shellfish contaminated with brevetoxins causes an illness known as

neurotoxic shellfish poisoning (NSP) (Reich et al., 2015; Watkins et al.,
2008). The inhalation of brevetoxins aerosolized during coastal blooms
has been associated with human respiratory illness, particularly
asthma, bronchitis, and chronic obstructive pulmonary disease (Cheng
et al., 2005; Fleming et al., 2009, 2011). These blooms may also lead to
the closure of shellfish beds and reduced sales in local businesses, such
as those that cater to tourists (Adams et al., 2002; Habas and Gilbert,
1975; Larkin and Adams, 2007; Morgan et al., 2009, 2010).

Over the past two decades, several studies have highlighted the
adverse human health risks and consequent economic effects associated
with Florida red tide blooms (Adams et al., 2018; Hoagland et al.,
2002). Human brevetoxin exposures and their health impacts may
range in severity, but generally lead to increases in: the purchase of
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over-the-counter medications; self-treatment by asthmatics with pre-
scription drugs; visits to outpatient clinics, doctors, or emergency de-
partments; and hospital inpatient admissions. During active Florida red
tide blooms, Fleming et al. (2005a, 2005b, 2011; Bean et al., 2011)
found that brevetoxin aerosols could exacerbate asthma or other re-
spiratory conditions with acute and sub-chronic sequelae. Kirkpatrick
et al. (2006, 2009) identified increased visits to a hospital emergency
department in Sarasota, Florida associated with red tide blooms for a
range of respiratory and digestive illnesses.

Hoagland et al. (2009) used an exposure-response framework to
estimate the potential economic effects of K. brevis blooms on Florida
emergency department visits to a single hospital for respiratory ill-
nesses during 2001–06. These authors found that subsequent hospital
emergency department visits could be explained by cell counts from the
previous week, when controlling for local air temperatures, regional
influenza outbreaks, regional pollen counts, and a local measure of
tourist visits. The 1-week lag was explained by the duration of each of
the following events: a delay between observances of live K. brevis cells,
the release of the toxin as the algal cells lysed after death, the move-
ment of the toxin from the water column to the atmosphere through
physical aerosolization, the eventual human inhalation of and reaction
to the toxin, and the delay in seeking medical care. In a follow-up study,
Hoagland et al. (2014) found an association between K. brevis blooms
and increases in the number of emergency department visits and hos-
pital inpatient admissions for both respiratory and digestive illnesses.
After controlling for resident population (a proxy for tourism), seasonal
and annual effects, red tide blooms were associated with these adverse
health effects, particularly in older cohorts (≥55 years) located in six
southwest coastal counties in Florida.

Many harmful algae bloom (HAB) toxins (e.g., brevetoxin, cigua-
toxin, saxitoxin, domoic acid), target human and animal neurological
systems (Friedman and Levin, 2005; Friedman et al., 2017). Human
consumption of ciguatoxin in contaminated fish, for instance, is asso-
ciated with memory complaints, headache, fatigue, anxiety, depression,
and diverse paresthesias (Arena et al., 2004; Friedman and Levin, 2005;
Friedman et al., 2007, 2017), lasting from days to years (Fleming et al.,
2002). Often, cardiovascular, gastrointestinal, and neurological symp-
toms present together in patients suffering from different types of HAB
poisonings, such as NSP (brevetoxin) or ciguatera fish poisoning (CFP;
ciguatoxin) (Friedman et al., 2008, 2017; McFarren et al., 1965).

Brevetoxins are released from K. brevis cells and bind to voltage-
gated sodium channels in neurons. Chemically similar to ciguatoxins,
brevetoxins are lipophilic cyclic polyethers that pass through biological
membranes readily—including the blood-brain barrier and the pla-
centa, allowing them to disturb diverse neuronal processes in humans
and animals (Benson et al., 2006, Fleming et al., 2011; Friedman et al.,
2017). Upon the consumption of contaminated seafood, such as shell-
fish and possibly finfish, brevetoxins can cause acute neurologic illness
with symptoms ranging from paresthesias to coma (Watkins et al.,
2008). Beyond individual cases and case clusters of NSP, however, there
has been very little research into the potential population-level effects
of brevetoxins on emergency department visits or hospital admissions
for neurologic illness (Reich et al., 2015).

Neurological symptoms such as headaches, dysesthesia, or par-
esthesia can have significant effects on the ability of humans to function
normally. The personal impacts of such pain can be problematic to
evaluate, as they are influenced by the ability of each individual to
tolerate symptoms of varying severity and/or frequency (Pizzo and
Clark, 2011). Neurological illnesses may also lead to anxiety or de-
pression, lost career or educational opportunities, as well as emotional
or psychological impacts on immediate family members or even on
broader social networks (Stovner and Andrée, 2008).

Aside from personal suffering, neurological illnesses are known to
impose significant economic effects, comprising the costs of medical
treatments and lost productivity, either through work absences (ab-
senteeism) or reduced performance at work (presenteeism). A 2010

study by Olesen et al. (2012) of the economic costs of all brain illnesses
in Europe estimated annual costs of more than $1 trillion. All monetary
figures in this study were adjusted to 2017 dollars using the U.S.con-
sumer price index (BLS, 2017). A 2002 U.S.study found that headaches
were the most common type of neurological illness, leading to an es-
timate of lost productivity of $27 billion per year, attributed mostly
(∼80%) to reduced performance at work (Stewart et al., 2003). A se-
parate U.S.study based on data compiled through the 2008 Medical
Expenditure Panel Survey estimated direct medical expenditures for
headache illnesses to be $7.5 billion per year in the United States (Pizzo
and Clark, 2011). In the European study cited above, headaches (in-
cluding migraines, tension-type, and others) were found to be the most
common brain illness, although the estimated economic cost per patient
(about $430/year) of headache was found to be lower than the costs of
other brain illnesses (Olesen et al., 2012). Elston Lafata et al. (2004)
estimated that migraine, a type of severe headache, led on average to
$900/year in additional total medical expenditures per patient relative
to the average expenditure for all participants in a surveyed health
plan.

This paper explores the hypothesis that near coastal occurrences of
K. brevis blooms could lead to increases in the incidence of human
neurological illnesses. Panel data on monthly emergency department
visits were compiled and analyzed for the incidence of neurological
illness in the coastal fringes of six counties in southwest Florida over the
5-year period from 2005-09. These data were matched to monthly data
on K. brevis cell counts proximate to these counties over the same
period. The study revealed a relationship between Florida red tide
events and a primary diagnosis of headache in emergency department
visits of individuals ≥55 years. Although the observed incidence of
headache in this cohort was small, headache frequency was linked
significantly to the density of cells in nearby K. brevis blooms. This
study also presents estimates of the approximate scale of the economic
costs of headache as a form of neurological illness resulting from
Florida red tides. Included in the Discussion is an argument for why
these findings are likely to be conservative, therefore necessitating
further investigation. Some recommendations for researchers and gui-
dance for medical practitioners are provided in the Conclusions.

2. Material and Methods

2.1. Measures of Florida red tide bloom events

Measures of Florida red tide blooms were compiled using counts of
K. brevis cells obtained through opportunistic water sampling efforts
along the Florida Gulf coast during the study period. These included all
K. brevis counts greater than 103 cell counts/L within 15 km of waters
proximate to the following six counties (from north to south) on the
Southwest Florida coast: Pinellas, Hillsborough, Manatee, Sarasota,
Charlotte, and Lee (FWRI, 2013). Zeros were assigned to months for
average counts below 103 cell counts/L or when no water samples were
taken. Because water sampling was not carried out consistently over
either time or area, the maximum cell count in a month and county was
taken to represent temporal or spatial bloom severity (Fig. 1, Supp.
Fig. 1). Geographic Information Systems (GIS) data for Florida counties
and ZIP codes were mapped using QGIS v2.18.20 and the geographic
coordinate system North American 1983 Datum/Florida GDL Albers
(QGIS Development Team, 2018). Florida county and ZIP code shape
files were downloaded via the Florida Geographic Data Library at
(http://www.fgdl.org/metadataexplorer/explorer.jsp).

2.2. Emergency department visit data

Human neurological health risks related to Florida red tide blooms
were explored using a subset of neurological diagnoses thought to be
associated with brevetoxin exposure resulting in emergency department
visits. Data on emergency department visits during 2005-09 were
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obtained from the Florida Agency for Health Care Administration
(AHCA). The AHCA data consist of a set of annual files, each containing
approximately 1.5 million patient records, representing individual
emergency department visits. Due to changing data formats over time,
these files comprised anywhere from 65-101 distinct variables. For the
purpose of this study, only five variables were compiled for each pa-
tient: visit date (begindate); county of the medical facility attended
(fac_county); age at the time of the visit (age); principal diagnosis code
(prindiag); and ZIP code of permanent residence (zipcode). Patients
with non-Florida ZIP codes (i.e., outside the range of 32000-35000)
were assumed to be tourists. The final project database included
emergency department records by age, location, and month for coastal
residents located in county ZIP codes within 8 km of the coast and for
county tourists (assumed to be visiting within 8 km of the coast) for the
different types of neurological illness.

The primary diagnosis code for each patient using the International
Classification of Diseases Version 9 (ICD-9) was used to identify the
type of illness. The following ICD-9 codes were investigated initially to
explore the potential effects of K. brevis blooms on neurological ill-
nesses: diseases of the nervous system (ICD-9 320-359); diseases of the
sense organs (ICD-9 360-389); diseases of the musculoskeletal system
and connective tissue (ICD-9 710-739); symptoms, signs, and ill-defined
conditions (ICD-9 780-799); and injury and poisoning (ICD-9 800-999).

Illnesses for each individual comprised only the primary diagnoses. The
emergency department visit data were linked to the K. brevis cell counts
and other variables by month and by county, respectively, to create a
data set for analysis (Fig. 2, Supp. Fig. 2).

2.3. Population and tourism data

Data on residential populations and a measure of tourism were
compiled in order to control for the number of persons potentially ex-
posed during a red tide. Annual population data by county were com-
piled for 2005-09 from the U.S. Census Bureau (BoC, 2013). Monthly
data on the number of hotel and motel rooms occupied in each county
were compiled for the same period (STR, 2013). Room occupancies
were assumed to be a proxy for visits to coastal counties by tourists,
including “snow-birds”—elderly individuals who reside in coastal
Florida for extended periods during the winter months. The total
numbers of tourists measured in this way would comprise an under-
estimate of non-resident tourist populations, because condominium
rentals and time-shares are now a significant component of the coastal
Florida housing market. In the absence of comprehensive data on
condominium or time-share occupancies, monthly variations in these
occupancies were assumed to match variations in hotel and motel room
occupancies; and the latter were employed as a proxy for the monthly

Fig. 1. Annual maps of K. brevis blooms (2005-09).
Distributions and cell densities of Florida red tide (K. brevis) blooms along the southwest Florida coast during the study period. A monthly time-lapse video from
January 2005-December 2009 is available in the Supplement (Supp. Fig. 1).
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variability of tourist visits per county.

2.4. Model

Time-series cross-section regression models were developed using
monthly data at the county level. Let y be the response (e.g., the
number of visits to emergency department facilities per month in a
county by residents of coastal communities and tourists). The re-
lationship between the response and several covariates was modeled as
follows, using a Da Silva variance-component, moving-average for-
mulation:

= + + + + + + +
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= =
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where i is the index for each of six individual counties, t is the index for
month, α0 is the intercept, HABit is a measure of HAB occurrence and
severity in county i during month t; popit is the population in county i
during month t; tourit is a measure of tourist visits (i.e., number of hotel
and motel rooms occupied) in county i during month t; Mj is a cate-
gorical variable for month j; Yk is a categorical variable for year k; ai is a

month-invariant county effect; bt is a county-invariant time effect; and
εit comprises a residual effect unaccounted for by the explanatory
variables and the specific time and cross-sectional unit effects. α, β and
γ are coefficients to be estimated. Thus, changes in y were modeled to
reflect a combination of monthly and yearly fluctuations, HAB occur-
rences, and variations in county populations and the numbers of tourist
visitors. Note that the monthly categorical variables were assumed to
comprise the cumulative effects of other seasonal factors influencing
visitation to a medical facility, such as cooler temperatures or the
prevalence of flu outbreaks in the winter or high pollen counts in the
spring or fall (cf. Hoagland et al., 2009).

2.5. Descriptive Statistics

To create a data set for analysis, the emergency department visita-
tion data for neurological illnesses were merged with the model cov-
ariates by month and by county, respectively. The data set comprised
360 observations (5 years × 12 months × 6 counties). Descriptive sta-
tistics by county on emergency department visits for headache as a
primary neurological illness diagnosis (ICD-9 784.0) for all patients and
for patients aged 55 and older are summarized in Table 1. Note that,
although the response (emergency department visits for a primary

Fig. 2. Annual maps of neurologic illness frequency as a correlate of K. brevis blooms (2005-09).
Distributions and cell densities of Florida red tide (K. brevis) blooms along the southwest Florida coast during the study period. Onshore shapes depict the incidence of
neurological illnesses of interest (as reported in Section 2.2) for persons of all ages in ZIP codes proximate to the coast. A monthly time-lapse video from January
2005-December 2009 is available in the Supplement (Supp. Fig. 2).
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diagnosis of headache) was age-restricted, the measures comprising
county resident populations and room occupancies were not. The
county rankings, from most to least, of residents and room occupancies
are identical: Hillsborough, Pinellas, Lee, Sarasota, Manatee, and
Charlotte. From 35-45% of the total populations in Pinellas, Manatee,
Sarasota, Charlotte, and Lee counties were aged 55 and over.

Across the six counties, the emergency department visits for head-
ache ranged from 0 to 17 per month (Table 2), but all counties averaged
less than 11 emergency department visits of that type per month
(Table 1). By county, patients aged 55 and older accounted for between
14-29% of the total numbers of emergency department visits with a
primary diagnosis of headache. The average number of emergency
department visits from patients living outside the coastal region was a
relatively small proportion of the total, ranging from 0-3 visits per
month (data not shown). Regionally, the measure of K. brevis blooms
(maximum monthly cell count) ranged from 0 to 16.2 × 107 cell
counts/L (Table 2), but monthly averages varied across the six counties
in the study area, with Sarasota and Lee counties showing the highest
such averages (Table 1).

3. Results

3.1. Exposure-response

A number of model formulations comprising alternative measures of
the response were explored initially. The response, representing the
number of monthly emergency department visits in a county for neu-
rological illnesses by residents and tourists located within 8 km of the
seashore, was compiled in different ways to examine the presence of
possible effects both by age cohort (≤17, 18–54, ≥55 years) and by
ICD-9 neurological illness type. The results of one formulation, finding
a significant effect of K. brevis blooms on the incidence of headache in
older cohorts, are reported here; the results of alternative formulations
are available from the authors upon request.

Table 3 presents the Da Silva regression results for a response
measuring a primary diagnosis of headache (ICD-9 784.0) in the older (≥55 years) cohort. Nearly 20% of the proportion of the total variation

in emergency department visits for headache has been explained by the
model, suggesting that other unexplained factors may be important
contributors to this type of illness. The model found a significant po-
sitive effect of K. brevis blooms, leading to an increase in emergency
department visits for a primary diagnosis of headache (Fig. 3, Supp.
Fig. 3).

The coefficient on K. brevis blooms implies that a one unit increase
(1 unit = 107 cell counts/L) would lead to 0.20 ( ± 0.08; p= 0.019)
additional emergency department visits per month for headache in
older individuals (≥55 years) in a county. There are minor, but cal-
culable, illness costs associated with these increases in emergency de-
partment visits as explained further in the Discussion Section. The

Table 1
Descriptive statistics by county of Emergency Department (ED) visits and other predictors (Monthly averages, 2005-09).

Variable Pinellas Hillsborough Manatee Sarasota Charlotte Lee

Total ED Visits - Headache 48.55 46.88 10.35 14.88 10.13 30.38
ED Visits - Headache

≥ 55 years
10.32 6.83 2.72 4.65 2.48 6.77

% of Total ED Visits - Headache ≥ 55 years 21.3% 14.6% 26.3% 31.3% 24.5% 22.3%
Total Population

(105 people)
9.42 11.77 3.13 3.84 1.62 5.98

Population ≥ 55 years
(105 people)

3.20 2.62 1.06 1.65 0.73 2.05

% of Total Population
≥ 55 years

34.0% 22.3% 33.9% 42.9% 45.2% 34.3%

Tourism (104 rooms) 32.81 38.22 6.28 8.88 1.55 18.52
K. brevis Cell Counts

(107 cell counts/L)
0.06 0.06 0.16 1.26 0.05 0.30

Table 2
Descriptive statistics of Emergency Department (ED) visits and other predictors
across counties (Monthly averages, 2005-09).

Emergency Department Visits (2005-09)

Variable Mean S.D. Min. Max.

Total ED Visits - Headache* 5.63 3.75 0 17
Population (105 people) 5.96 3.59 1.54 12.01
Tourist Visits (104 rooms) 17.71 14.17 1.04 52.89
K. brevis Cell Counts

(107 cell counts/L)
0.31 1.68 0.00 16.22

* Includes ED visits by county residents and tourists aged 55 and older.

Table 3
Exposure–response models testing for relationships between measures of
Florida red tides and Emergency Department (ED) visits for headache (ICD-9
784.0).

ED/Headache

Variable Coefficient t value

Intercept 3.27** 2.06
K. brevis Cell Counts 0.20** 2.37
Resident Population 0.78*** 2.62
Tourism −0.04 −0.62
January 0.40 0.62
February −0.30 −0.42
March 1.30 1.55
April −0.52 −0.74
May 0.37 0.56
June −0.53 −0.80
July −1.18* −1.78
August −1.31** −2.02
September −1.39** −2.13
October −0.96 −1.48
November 0.13 0.22
2005 −1.84*** −3.49
2006 −1.95*** −3.93
2007 −1.88*** −3.98
2008 −1.09** −2.36
n 360
R2 0.18

The results of time-series, cross-section regression model, estimated using
equation (1) from Section 2.4. The table contains the results of a model run with
patients aged ≥55 years in the following Florida counties: Hillsborough,
Pinellas, Manatee, Sarasota, Charlotte, and Lee. Response variable: ED =
Emergency Department visits for headache. Exposure variables: K. brevis Cell
Counts = Karenia brevis cell counts in opportunistic water samples taken within
15 km of the coast of each county. Tourism is a measure of the occupation of
hotel and motel rooms in each county. The baseline for the (0,1) dummy
variables is December 2009. The symbols *, **, *** denote significance at p
≤0.10, p ≤0.05 and p ≤0.01, respectively.
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county population variable was also positively related to emergency
department visits, revealing 0.78 ( ± 0.30; p < < 0.01) additional
emergency department visits per month for headache—of all types—-
with an increase of 100,000 residents in a county. The room occupancy
rate was negatively related to emergency department visits for head-
ache, but not statistically significant. Because this latter result appears
to be counter-intuitive, a potential explanation is offered in the
Discussion below.

To help interpret the categorical variables representing month and
year, the model took a baseline of December 2009; the estimated
coefficients on the categorical variables must be added to the estimated
coefficient on the intercept of the model to assess their effects. The
model revealed a seasonal fluctuation within a year; in any year, the
fewest number of emergency department visits occurred during July-
September and the highest occurred during November-January.
Emergency department visits for headache were the lowest in 2006 and
2007 and the highest in 2009, when compared to other years in the
study period.

4. Discussion

This study’s results indicate a possible relationship between Florida

red tide (blooms of the harmful alga, K. brevis) and emergency de-
partment visits for the specific neurological diagnosis of headache in
older coastal residents. Using a similar analytical approach that did not
examine neurological health outcomes, Hoagland et al. (2014) found an
increased risk of respiratory and gastrointestinal diagnoses in the same
Florida population segment (≥55 years) in coastal counties during
active K. brevis blooms. Neurological illnesses have been theorized to
result from human exposures to brevetoxins, but few studies have been
undertaken to attempt to establish such a link. Fleming et al. (2005b,
2007; Kirkpatrick et al., 2011) observed a near-significant association
(13/97; p= 0.06) between headache symptoms and a K. brevis bloom
reported by asthmatic participants age 12–69 surveyed before and after
a 1-hour beach walk during an active Florida red tide bloom, although
this observation was not the main purpose of the study. Backer et al.
(2005) observed a significant increase (23.5%; p= 0.05) in headache
in lifeguards of age 19-51 working on Florida coastal beaches exposed
to higher levels of red tide over a work day. In both studies, environ-
mental testing for both aerosolized brevetoxins and K. brevis cells was
carried out, and neither group reported increased incidence of head-
ache in the absence of a Florida red tide.

Given the comparatively low frequency of emergency department
visits due to headaches during Florida red tide, it is possible that this

Fig. 3. Annual maps of headache frequency as a correlate of K. brevis blooms (2005-09).
Distributions and cell densities of Florida red tide (K. brevis) blooms along the southwest Florida coast during the study period. Onshore shapes depict the incidence of
headache (ICD-9 784.0) for persons ≥55 years in ZIP codes proximate to the coast. Rate calculations are stratified by age using population estimates at the ZIP code
level (BoC, 2010). A monthly time-lapse video from January 2005-December 2009 is available in the Supplement (Supp. Fig. 3).
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study underestimated the real risks of neurological illness, especially
due to the numerous factors that disincentivize individuals from
seeking medical care for what is arguably a common medical occur-
rence. Few people suffer severely enough to seek out medical care in an
emergency context, therefore many more who may be suffering from
headaches and migraines may decide to remain at work or at home. As
noted earlier, presenteeism while suffering from an illness, such as a
headache, results in decreased employee productivity and, in turn, a
loss of economic benefits for employers. Presenteeism often can result
from different external and internal factors that influence an employee
to forego using a sick day (e.g., lack of health insurance, high deduc-
tible insurance plans, personal costs, including the opportunity costs of
time, loss of income, or low severity of symptoms) (Aronsson et al.,
2000). These indirect costs of brevotoxin-induced headaches should not
be ignored. Further, the costs associated with affected individuals self-
medicating with over-the-counter medications should be recognized.

The finding that changes in hotel and motel room occupancy were
not correlated with emergency department visits for headache seems
counter-intuitive. It is plausible that room occupancy data corre-
sponded mainly to younger individuals visiting coastal counties for
short periods of time. Consequently, these tourists are either exposed
less often to aerosolized brevetoxin—and perhaps more likely to go
inland during active Florida red tide blooms—or, alternatively, are less
susceptible to brevetoxin when exposed. While it is important to control
for variability in tourist visitation as a component of the larger exposed
population, the absence of data on condominium and time-share oc-
cupancies may limit the ultimate relevance of room occupancy as a
suitable measure of tourism. Given the overwhelming importance of
tourism to the southwest Florida coastal economy, this aspect of the
model deserves further research.

Although the incidence of headaches resulting from Florida red tide
that are severe enough to warrant an emergency department visit ap-
pears to be fairly small, the model revealed a significant link between
this incidence and the density of K. brevis blooms in the near coastal
waters of a county. Using the baseline of December 2009 as a reference,
emergency department visits for additional headaches due to Florida
red tide in the coastal communities of a county characterized by the
mean population size and mean hotel and motel room occupancies
would range from one additional headache for a maximum count in a
month of 1.0 × 107 cell counts/L to three additional headaches for a
maximum count in a month of 16.2 × 107 cell counts/L. Assuming a
marginal cost of a semi-urgent emergency department visit of $114
(Williams, 1996) and an average of four days of lost productivity at
$120/day (cf. Hoagland et al., 2014; Stovner and Andrée, 2008), eco-
nomic effects could range roughly between $500 to $900 in a county in
a month. If such cell counts were to take place over a month off the
coast of each of the six counties on an annual basis extending into the
future, this suggests capitalized costs of illness (using a discount rate of
2%) ranging from $0.2–0.3 million for all coastal communities in the
region.

The principal diagnosis for emergency department visits for head-
ache was found specifically for persons aged 55 and older. Prior re-
search (Hoagland et al., 2014) also identified persons aged 55 and older
as at increased risk for respiratory and gastrointestinal emergency de-
partment and hospital visits during active Florida red tides. Some fac-
tors that could influence susceptibility in this age group include in-
effectiveness of headache medication due to potential adverse effects,
unidentified neurologic injury or cognitive decline, decreased lung
function (Hershey and Bednarczyk, 2013), and possibly less ability or
interest in leaving coastal areas exposed to the Florida red tide blooms.
Further, individuals of age 65 and older (a majority of the group ≥55
years examined in this study) have access to health insurance through
Medicare and may be retired from work, and therefore have no fear of
loss of income when visiting an emergency department. These factors
make an emergency department visit more likely in this older age
group, but at the same time mitigating the costs of lost productivity.

In the present study, exposure was ecological, i.e. assumed due to
geographic proximity and temporal concurrence at the county re-
sidence level; it did not rely upon observations of actual brevetoxin
exposure or the pathway linking brevetoxins to any individual patient.
Other limitations of this research include the difficulty confirming NSP
and aerosolized brevetoxin effects because reliable human biomarkers
for these toxins do not yet exist. Without confirmatory testing of
shellfish (for NSP) or aerosol (for other illnesses) brevetoxin exposures,
these diagnoses rely heavily upon patient self-reported symptoms and
exposure histories, especially with neurological illnesses such as head-
ache (Fleming et al., 2011; Friedman et al., 2017). Further, the possi-
bility must be considered that headaches experienced by these patients
could have been secondary to dehydration, respiratory symptoma-
tology, or other non-neurologic causes, even when headache was the
primary diagnosis.

The use of a primary diagnosis of headache for emergency depart-
ment visits as the sole health outcome means that for any given in-
dividual, other factors could lead to such a diagnosis, including the
possibility of over-diagnosis by healthcare providers trying to obtain
higher reimbursements. During this time in Florida, a pilot program
was implemented to discourage over-diagnosis by healthcare institu-
tions. Therefore, when this program was operational, a principal di-
agnosis of headache seems more likely to have been an actual diagnosis.

Work by Kirkpatrick et al. (2010) has demonstrated that aerosolized
brevetoxins can be transported by onshore wind up to 6.4 km inland
from the coastal water source. In order to reduce the risk of exposure to
brevetoxins, educational material should expand upon the current
public health message, which recommends just avoidance of the im-
mediate beach area, to reflect that brevetoxin aerosols may be present
up to 6.4 km inland from the coast during active coastal Florida red tide
blooms. These educational materials aim to reduce brevetoxin exposure
among coastal residents and business patrons (Nierenberg et al., 2010,
2011).

In addition to educational materials on proper avoidance during
active red tides and other forms of exposure risk reduction, healthcare
providers should be aware of the increased risks that elderly patients or
respiratory-compromised patients, such as asthmatics, face during ac-
tive red tide blooms (Milian et al., 2007). Educating healthcare provi-
ders in potentially affected counties on the possible range of symptoms
caused by aerosolized brevetoxins would expedite the rendering of an
accurate diagnosis and increase treatment efficiency. Importantly, there
is a clear need to recognize the potential for the miscommunication of
risks, thereby potentially discouraging visitors from returning to coastal
areas, leading to adverse impacts on coastal Florida tourism revenues
and property values as well as the decrease of potential wellbeing
gained through exposure to blue environments (White et al., 2016). In
particular, the content of educational materials needs to be conveyed
soberly and clearly, so that the exaggeration or misinterpretation of
risks is minimized.

5. Conclusions

This study focused on the geographic and temporal associations
between Florida red tide blooms and a range of neurologic principal
diagnoses for emergency department visits. The southwest coast of
Florida is an important location for older retirees and snowbirds, and
both groups make up a significant portion of the combined resident and
visitor populations. As a result, an observed increased risk in persons
aged 55 and over for headache, as well as for respiratory and gastro-
intestinal diseases, is an important finding. Further, even though this
study did not uncover an increased risk for headache in younger per-
sons, as described above, prior research suggests that this risk may exist
but that, for various reasons, individuals from these groups might not
have sought emergency treatment. Headache is well-known as the
cause for significant occurrences of morbidity and loss of productivity
in working-age individuals.
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Easily available, sensitive, and specific human biomarkers of bre-
vetoxins are needed to further this research in the future; and health-
care providers should be instructed to consider brevetoxin exposures
and resultant illnesses as possible diagnoses, particularly during active
Florida red tide blooms. More work needs to be done to implement
preventive measures designed to reduce and limit the ex-
posure—particularly of older populations—during Florida red tide
blooms.
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