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BACKGROUND: In  previous studies w e dem o n stra ted  statistically  significant changes in  repo rted  
sym ptom s for lifeguards, general beach goers, an d  persons w ith  asthm a, as well as statistically sig­
nificant changes in pulm onary  function tests (PFTs) in asthm atics, after exposure to brevetoxins in 
Florida red tide (Karenia brevis bloom ) aerosols.

OBJECTIVES: In  th is study w e explored the  use o f  different m ethods o f  intensive am bien t an d  per­
sonal air m o n ito ring  to characterize these exposures to p red ic t self-reported health  effects in  our 
asthm atic study population.

METHODS: W e evaluated health  effects in  87  subjects w ith  asthm a before and  after 1 h r  o f  exposure 
to  F lorida red  tide aerosols an d  assessed fo r aerosolized brevetoxin exposure using  personal and  
am bien t samplers.

RESULTS: A fter only 1 h r  o f  exposure to F lorida red  tide aerosols contain ing  brevetoxin concentra­
tions > 57 ng m \  asthmatics had  statistically significant increases in self-reported respiratory sym p­
tom s and  to ta l sym ptom  scores. H ow ever, w e d id  n o t see the  expected corresponding changes in 
PF T  results. Significant increases in  self-reported sym ptom s w ere also observed for those n o t using 
asthm a m edication and  those living > 1 m ile from  the  coast.

CONCLUSIONS: These results provide additional evidence o f  health  effects in asthm atics from  am bi­
en t exposure to  aerosols con tain ing  very low concentrations o f  brevetoxins, possibly a t the  low er 
th reshold  for inducing a biologic response (i.e., toxicity). C onsistent w ith  the  literature describing 
self-reported sym ptom s as an accurate m easure o f  asthm atic distress, our results suggest th a t self-re- 
ported  sym ptom s are a valuable m easure o f  the extent o f  health  effects from  exposure to  aerosolized 
brevetoxins in  asthm atic populations.
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Florida red  tides are a m an ifesta tion  o f  the  
larger growing environm ental issue o f  h arm ­
ful algal bloom s (HABs) (Erdner et al. 2008; 
V an D olah 2000). HABs are blooms o f micro­
algae in aquatic environments, causing harm  to 
hum ans and other animals, particularly by the 
p roduction  o f  p o ten t natural toxins. Florida 
red tide  is caused by th e  m arine  dinoflagel- 
late Karenia brevis, w hich produces the potent 
neuro tox ins brevetoxins. T hese toxins cause 
th e  death  o f  m illions o f  fish annually  in the 
G u lf o f Mexico, as well as m orbidity and m or­
tality am ong m arine m am m als and sea birds. 
Exposure to seafood con tam inated  by  breve­
toxins is associated w ith  neurotoxic shellfish 
poisoning in hum ans, whereas the aerosols o f 
the Florida red tide have been reported to cause 
respiratory irritation in persons recreating and 
working in coastal com m unities during active 
blooms w ith onshore winds (Backer et al. 2003, 
2005 ; F lem ing  et al. 2005a , 2 0 0 5 b , 2007; 
W atkins et al. 2008; Zaias et al., in press).

O u r  p r io r  research  d e m o n s tra te d  th a t  
persons w ith  a physician diagnosis o f  asthm a

experience a statistically significant change in 
th e ir  resp irato ry  sym ptom s an d  p u lm o n ary  
function after a 1-hr visit to the beach during 
a docum ented Florida red tide; these changes 
are no t seen w hen th e  same individuals visit 
the  beach for 1 h r  during  a non-F lorida  red 
tide period (Fleming et al. 2007; M ilian et al. 
2007). As part o f  our research, at the same time 
we collected sym ptom  and pulm onary function 
data  before and  after th e  beach exposure for 
each individual subject, we collected substantial 
am bient samples including water for K. brevis 
cell co u n ts  a n d  b revetox in  co n cen tra tions; 
am bient aerosol samples for brevetoxin concen­
trations and aerosol particle size; and individual 
personal air sam ples for brevetoxin concen­
trations (C heng et al. 2005a, 2005b , 2005c; 
N aar et al. 2002; Pierce et al. 2003). In the 
present study we investigated for the first time 
w hich o f  the  measures o f  brevetoxin concen­
trations in am bient samples were m ost closely 
associated w ith health effects and whether there 
were dose-response relationships between these 
am bient measurements and health outcomes.

Methods
An interdisciplinary team  o f researchers from  
federal, state, private, and  local organizations 
have been evaluating aerosolized K. brevis red 
tide brevetoxin exposures an d  their possible 
acu te  an d  ch ro n ic  adverse h ea lth  effects in 
h u m an s  a n d  an im als. T h e  s tu d y  has been  
approved  by  th e  p a rtic ip a tin g  in s titu tio n a l 
review boards. T h e  study location was Siesta 
Beach (Sarasota, FL), where prolonged Florida 
red tides lasting m onths have becom e alm ost 
an annual event. Although the asthmatic cohort 
has been studied since 2003, the data used in 
this analysis were from Florida red tide exposure 
periods in M arch 2005 and September 2006.

T h e  s tu d y  p a rtic ip a n ts  co n sis ted  o f  an 
open cohort o f  asthm atics w ith  the following
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Fleming e t  al

ch arac te ris tics : a se lf-rep o rt o f  p h y sic ian - 
diagnosed asthm a; > 1 2  years o f  age, history  
o f  sm oking < 1 0  years; able to w alk on the  
beach continuously for at least 30 m in; and at 
least 6 m onths residence in the  Sarasota area. 
For our study, participants spent > 1 h r  at the 
beach in areas w ith  ongoing am bien t m o n i­
to ring . D u rin g  th is tim e, th ey  cou ld  re tu rn  
from  the beach at any tim e if  they felt sym p­
tom atic, and all participants were encouraged 
to  use any  personal m ed ica tio n s as needed 
before, du rin g , a n d  afte r th e  s tu d y  period . 
Partic ipan ts w ere asked no t to  change th e ir 
daily asthm a m anagem ent regime on the  day 
o f  the  study.

After obtaining inform ed consent, we col­
lec ted  d e ta iled  baseline in fo rm a tio n  for all 
subjects (including their m edical history  and 
possible confounders) in a baseline question­
naire . E ach  sub ject p a rtic ip a te d  in  a t least 
one  ev a lu a tio n  d u r in g  an  active  K. brevis 
b lo o m  (exposure period) an d  in one evalu­
a tion  du rin g  a p eriod  w hen there  was no t a 
b loom  (nonexposure period), a lthough  only 
th e  exposure p e rio d  da ta  w ere used  for the  
analysis. B oth  evaluations included prebeach 
a n d  p o stb e ac h  q u e s tio n n a ire s , nasal swab 
sam pling, and  spirom etry. The prebeach and 
postbeach  questionnaires collected in form a­
tio n  on recent m edical h isto ry  an d  m edica­
tio n  use, as well as sym ptom s a n d  possible 
confounders (e.g., smoking).

E ach  stu d y  p a rtic ip an t carried  an  IO M  
personal air m onito r (SKC Inc., E ighty Four, 
PA) during their 1 h r o f  beach exposure. Based 
on the  results o f  am bient m onitoring, the per­
sonal m onitoring for brevetoxins is im portant, 
as the aerosols can vary widely w ithin a stretch 
o f  beach, due to w ind gusts and direction, the 
patchy nature o f  K. brevis blooms, and  varia­
tion  between participants depending on where 
and  when she/he walked on the beach during 
an active Florida red tide bloom  (Cheng et al. 
2005a, 2005b, 2005c).

P u lm o n a ry  fu n c tio n  te s tin g  w as p e r­
fo rm ed  accord ing  to N a tio n a l In s titu te  for 
O ccu p a tio n a l Safety a n d  H e a lth  (N IO S H ) 
stan d ard s (N IO S H  1997) u sing  a p o rtab le  
O M I2 0 0 0  1 0-L  d ry  ro llin g  seal v o lu m e  
sp iro m ete r (O ccu p a tio n a l M arketing , Inc.,

V a r i a b l e

A g e  [ y e a r s ;  m e a n  ±  S D  ( r a n g e ) ]
F e m a l e
W h i t e
H i s p a n i c
Y e a r s  w i t h  d i a g n o s i s  ( m e a n  ±  SD)
C u r r e n t l y  u s e  a s t h m a  m e d i c a t i o n s 3
P o s i t i v e  h i s t o r y  o f  F l o r i d a  r e d  t i d e  s y m p t o m s  w i t h  e x p o s u r e
C u r r e n t  s m o k e r
H o s p i t a l i z e d  > 1 t i m e  In p a s t  y e a r  f r o m  r e s p i r a t o r y  c a u s e s  
U s e d  m e d i c a t i o n s 3 w i t h i n  1 2  h r  b e f o r e  s t u d y  e x p o s u r e *
Live > 1 m i l e  f r o m  c o a s t *

H o u sto n , T X ) before  an d  after 1 -hr beach  
exposure. The spirom etry  values were forced 
expiratory volum e in 1 sec (FEVj); the average 
rate o f flow during the m iddle h a lf o f a forced 
vital capacity  (FV C ) m aneuver (FE F 2 5 _7 5 ); 
peak expiratory flow (PEF), and  FVC. O nly  
da ta  confo rm ing  to th e  s tan d ard  guidelines 
for collection and interpretation o f  spirom etry 
m easurem ents w ere accepted , a n d  all study  
participants h ad  > 3 reproducible spirograms 
before an d  after visiting the  beach (Flem ing 
et al. 2007; N IO S H  1997).

A m bien t monitoring. For am bient m on i­
to rin g , a p o rtab le , se lf-co n ta in e d  w ea th e r 
station near a high-volum e air particle impac- 
to r and  the  am bient air samplers was used to 
m on ito r the air tem perature, relative h u m id ­
ity, w in d  speed, an d  d irection , as described 
previously (Cheng et al. 2005a, 2005b, 2005c; 
N aar et al. 2002; Pierce et al. 2003). W ater 
samples were collected twice daily in 1 -L glass 
bo ttle s  from  th e  s u r f  zone ad jacen t to  th e  
high-volum e air sam pler locations. The water 
samples were analyzed for K. brevis cell counts 
and for brevetoxin concentrations using bo th  
th e  b revetox in  enzym e-linked  im m u n o so r­
b en t assay (ELISA) a n d  liq u id  ch ro m ato g - 
raphy-m ass spec troscopy  (L C -M S) analysis 
(Fleming et al. 2007; N aar et al. 2002; Pierce 
et al. 2003).

A ir samples for toxin and  particulate size 
were collected using two types o f  high-volume 
samplers (high-volume filter and  high-volum e 
air particle impactors equipped to capture aero­
sol particles by  size) an d  a personal sam pler 
o f  the  subject breath ing  zone. W e m easured 
brevetoxins by  th e  h igh-volum e sam pler and 
the personal sampler. For the high-volume filter 
samplers, six 4 -h r air filter samples and eight 
1-hr air filter samples were measured at a sam­
pling flow rate betw een 1.6 and 2.0 m */m in. 
The 1-hr personal exposure o f  each participant 
was measured using an individual personal air 
sam pler p laced near th e  b reath ing  zone; the  
sam pling flow rate for the  personal samplers 
was 9 -L /m in  (C heng  YS, personal c o m m u ­
nication). For th e  personal samples, we used 
only th e  brevetoxin ELISA because it h ad  a 
lower lim it o f  detection (LO D ) than  LC-M S, 
w hich is im portant given the  low flow rate o f

N o .  (% )

4 4 . 9  ± 1 9 . 2  ( 1 2 . 0 - 7 9 . 0 )  
5 2 ( 5 9 . 8 )  
8 5 ( 9 7 . 7 )

1 ( 1 .2 )

1 6 . 5  ±  2 5 . 2  
6 8 ( 8 8 . 3 )  
7 7 ( 9 0 . 6 )  

8 ( 1 2 . 3 )
11 ( 13 .1 )  
3 0 ( 3 4 . 5 )  
5 5 ( 6 3 . 2 )

the personal air sam pler and  the  small size o f 
the filter paper to be analyzed for brevetoxins. 
The am bient samples could be analyzed by both 
LC-M S and brevetoxin ELISA because the flow 
rate o f the ambient air sampler was substantially 
higher and the filter paper was larger.

The brevetoxin ELISA measures any sub­
stance (parent toxins and  toxins derivatives/ 
m etabolites) containing the  brevetoxin type 2 
b ack b o n e  s tru c tu re . As such , th e  rep o rte d  
c o n ce n tra tio n  rep resen ts th e  to ta l a m o u n t 
o f  brevetoxin-like com pounds present in the 
sam ple an d  m ay  also include toxins a n d /o r  
derivatives that have no t yet been chem ically 
described. The LC -M S levels reported  in this 
study represent only the  sum  o f the concentra­
tion  o f  five specific brevetoxins that could  be 
present in a given sam ple (PbTx-1, PbTx-2, 
PbTx-3, PbT x-9 , and  PbT x-3 42-carboxylic 
acid). D u rin g  th e  2005  an d  20 0 6  exposure 
periods, the  L O D  for individual brevetoxins 
in seawater was 0.03 pg/L  using LC -M S and 
0.6 ng/sample using the brevetoxin ELISA for 
all brevetoxins. The L O D  for the  LC-M S anal­
ysis o f the am bient air samples was 0.01 ng/m* 
for indiv idual brevetoxins; th e  ELISA L O D  
for bo th  the am bient and  personal samples was 
0.6 ng/sample for all brevetoxins combined.

Exposure and  health assessment. In previ­
ous analyses involving the  asthm atic cohort, 
“e x p o su re ” w as d e f in e d  as sp e n d in g  1 h r  
on  th e  beach  d u rin g  a s tu d y  day  w h en  a) 
K. brevis cells above b ackground  levels (i.e., 
> 5,000 cells/L) and brevetoxins were detected 
by  L C -M S an d  ELISA in th e  w ater, an d  b) 
brevetoxins were detected  in the  am bient air 
m o n ito rs  by  L C -M S  a n d  ELISA  (F lem ing  
e t al. 2 0 0 5 b , 2 0 0 7 ; M ilia n  e t al. 2 0 0 7 ) . 
H ow ever, no a tte m p t was m ade previously  
to assign individual exposure levels or to use 
the personal air sam pler data. In this analysis, 
each subject w ho h ad  participated in a study 
during an active Florida red tide was assigned
a) the ELISA brevetoxin level from  their indi­
vidual personal air sam pler (personal ELISA);
b) the ELISA brevetoxin level from  the hourly 
a m b ien t air sam pler (am bien t ELISA) th a t 
corresponded to th e ir individual beach walk 
time; and c) the  LC -M S brevetoxin level from  
th e  h o u r ly  a m b ie n t a ir  sam p le r (a m b ien t 
LC-M S) that corresponded to  their individual 
beach walk tim e. The am bient sam pler breve­
toxin concentrations were calculated from  the 
hourly  samples corresponding to the sam pling 
tim e o f  each personal sam ple. W h en  a pe r­
sonal sam ple was taken  du rin g  a p o rtio n  o f 
two hourly  am bient samples, the  correspond­
ing am bien t concentra tion  was calculated by 
m ultiplying the  hourly  sam ple w ith  the  frac­
tio n  o f  tim e  th e  personal sam ple was taken 
du ring  each o f  the  particular hourly  samples 
and  then sum m ing the  two concentrations.

W e asked questions about the presence o f 
sym ptom s consisten t w ith  asthm a (i.e., eye,“ A s thm a  m e d ica tio n s  p re do m in a n tly  b e ta 2 agonis ts . *A tt¡m e  o f a m b ien t LC-MS b reve tox in  m easurem en t.

Table 1. Demographics of 87 study participants with physician-diagnosed asthma.
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A s t h m a  a n d  b r eve t ox in  e x p o s u r e

nose, a n d  th ro a t irr ita tio n , cough, wheeze, 
chest tightness, and shortness o f breath) before 
an d  after spending 1 h r  on the  beach. I f  the 
participant reported any sym ptom , they  were 
asked i f  they  experienced it as m ild, m oder­
ate, or severe. W e analyzed the sym ptom  data 
in two ways. First, the num ber o f persons not 
reporting a sym ptom  before going on the beach 
b u t rep o rtin g  th e  particu la r sym ptom  after 
exposure was coun ted  as being sym ptom atic 
from  exposure (Flem ing et al. 2005b, 2007). 
Second, for those individuals rep o rtin g  any 
respiratory sym ptom , we devised a respiratory 
sym ptom  intensity score based on the  sum  o f 
all respiratory sym ptom s w ith  their individual 
sym ptom  intensity o f response [i.e., m ild (1), 
m odera te  (2), an d  severe (3)] (M ilian  et al. 
2007); th e  m ean difference in  th e  prebeach 
walk and postbeach walk sym ptom  scores was 
then  evaluated for each individual.

As w ith  th e  sym ptom s, each p a rtic ip an t 
served as th e ir  ow n sp irom etry  con tro l. W e 
present the  m ean difference o f  the  individual 
prebeach walk m inus postbeach walk spirom ­
etry  values. A  positive m ean difference ind i­
cated a decrease in lung function after the walk 
com pared w ith  before the  walk. Because bre­
vetoxins were measured > 1 mile inshore from 
the coast during active K. brevis bloom  aerosols 
w hen there were strong-enough onshore winds, 
coastal residence” was defined as residence on 

a barrier island or along Sarasota Bay w ith in  
1 mile o f a coast (Kirkpatrick et al. 2006). As in 
previous studies, the use o f asthma medications 
w ith in  12 h r  before going to  th e  beach was 
used as a surrogate for increased asthm a sever­
ity (Fleming et al. 2007; M ilian et al. 2007).

Statistics. W e c rea te d  th e  s tu d y  d a ta ­
b ase  in  M ic ro s o f t  A C C E S S  (M ic ro so f t  
C o rp o ra tio n , R ed m o n d , W A ), w ith  d irec t 
d a ta  e n try  d u r in g  p a r tic ip a n t  in te rv iew s. 
Descriptive and other statistical analyses were 
perform ed using SAS statistical software, ver­
sion 9.1 (SAS Institu te  Inc., Cary, N C ). For 
all subjects w ho participated  in b o th  M arch  
2005 and  Septem ber 2006, we used the  data 
w ith  the  highest LC-M S am bient measure.

For the sym ptom  data, analyses were per­
form ed using the  distribution  o f the exposure 
measures by quartiles and by above/below the 
m edian o f  th e  am bien t brevetoxin level. For 
p u lm o n ary  function  data, we com pared  the  
m ean differences between the  different groups 
above an d  below the  m ean, the  m edian, and  
by quartiles, depending on the particular data 
d istribution. Statistical hypothesis testing was 
p e rfo rm ed  using  p a ired  4-test fo r c o n tin u ­
ous data  and  M cN em ar’s test for categorical 
data to com pare prebeach and  postbeach data 
(K le inbaum  e t al. 1982). T h e  M c N e m a r’s 
test at 0.05 level o f  significance uses only the 
data on the diagonal o f  the  two-by-two table, 
w hich indicates a change; thus, subjects who 
came to the  beach reporting no sym ptom  and 
left reporting a particular sym ptom  were com ­
pared  w ith  subjects w ho cam e to th e  beach 
rep o rtin g  a sym ptom  a n d  left rep o rtin g  no 
particular sym ptom . For the  sym ptom  score, 
th e  p rebeach  w alk value o f  each ind iv idual 
was co m p ared  w ith  th a t in d iv id u a l’s p o s t­
beach  w alk  value using  a tw o -ta iled  pa ired  
4-test a t th e  0 .0 5  level o f  s ign ificance . In  
add ition , we perform ed corre lation  analyses 
betw een individual pu lm onary  function  tests 
(PF T s) a n d  th e  am b ie n t m easures, as well 
as m ultivariable regression analysis w ith  d if­
ferences betw een pre- and  post-PF T s (as the 
outcom e variable), am bient levels, m edication 
use, sex, age, a n d  geograph ic  p ro x im ity  o f  
residence to the  coast.

Results
There were 87 asthm atic persons > 1 2  years o f 
age w ho participated  in at least one exposed 
study period during 2 0 0 5 -2 0 0 6 , w ith  a m ean 
age (± SD) o f  44.9 ± 19.2 (range, 12 .0-79 .0) 
(T able 1). T h e  m ajo rity  (56% ) were w hite, 
n o n -H isp a n ic  fem ales w ith  m an y  years o f  
asthm a diagnosis.

A m b ien t exposure. A lth o u g h  th ere  were 
n ine  sam p lin g  periods from  2 0 0 3  th ro u g h  
2008, w hich included 3 exposed days (M arch 
2 0 0 3 , M a rch  2 0 0 5 , S ep tem b er 2 0 0 6 ) an d  
6 u n e x p o se d  days (J a n u a ry  2 0 0 3 , M ay

20 0 4 , O c to b er 2004 , F ebruary  20 0 5 , Ju n e  
2007, Septem ber 2007, M ay 2008), we used 
th e  ex p o su re  days fro m  M a rc h  2 0 0 5  a n d  
Septem ber 2006 because the aerosol sam pling 
equ ipm en t an d  analyses h ad  been optim ized 
in term s o f  air sam pler flow rates and  lim its 
o f  d e tec tio n  for th e  b revetox ins (T able  2). 
O f  note, th e  Florida red tide h ad  been pres­
e n t in b o th  cases in  th e  Saraso ta  a rea  for 
abou t 1 -2  m o n th s before the  study  periods; 
th e  range o f  brevetoxins m easured  for these 
two study  periods was only exceeded in one 
p rio r s tu d y  w ith  a peak  b revetox in  level o f  
93 n g /m 3 m easured by H P L C  (Backer et al. 
2003; Fleming et al. 2007).

W e found  strong an d  statistically signifi­
cant correlations am ong the  personal ELISA, 
the am bient ELISA, and the am bient LC-M S. 
In  p a rticu la r, th e  p e rso n al ELISA  a n d  th e  
hourly am bient ELISA had  a correlation coef­
ficient o f  0.71 (p < 0 .001), as d id  th e  p e r­
sonal ELISA and the  hourly  am bient LC-M S 
(r = 0 .71; p  < 0 .001), whereas th e  am bien t 
ELISA and  LC-M S m easurem ents were even 
m ore highly correlated (r = 0.91; p  < 0.001).

A m b ie n t exposure a n d  hum an  health. 
A m o n g  th e  87  p e o p le  w ith  a p e rso n a l  
sa m p le  E L IS A , th e  m e a n  (± S D ) leve l 
was 7 3 .3  ± 7 8 .9  n g /m 3, w ith  a range  o f  
0 -3 6 6 .2  ng /m 3 and  a m edian o f  45.7 ng /m 3. 
For th e  am b ien t h o u rly  sam ple ELISA, the  
m ean  level was 161 .5  ± 96 .3  n g /m 3, w ith  
a range o f  0 -3 7 5 .4  n g /m 3 an d  a m edian  o f 
141.0 ng /m 3. For the am bient hourly sample 
LC-MS, the mean level was 53.4 ± 32.9 ng/m 3, 
w ith a range o f 0 -117 .5  ng/m 3 and a m edian of 
56.8 ng/m 3.

U pon review, the hourly  am bient LC-M S 
m easurem ents h a d  th e  strongest associations 
w ith the health end points (i.e., sym ptoms and 
pulm onary functions); therefore, only the asso­
ciations betw een the hourly  LC-M S am bient 
m easurem ents o f  aerosolized brevetoxins and 
the health end points are summarized below.

Report o f  symptoms. S y m p to m s yes/no . 
For the  individuals having an hourly  am bient 
L C -M S brevetox in  level above th e  m ed ian

Table 2. Summary of ambient data  during exposed study periods: K. brevis cell counts, total brevetoxins in water ,  and from high-volume and personal air samplers.

D a t e
T e m p e r a t u r e  (°C) 

( m e a n  ±  SD)
H u m i d i t y  ( % )  
( m e a n  ±  SD)

W i n d  
s p e e d  ( m p h )  
( m e a n  ±  SD)

W i n d  d i r e c t i o n  
i n d e x  

( m e a n  ±  SD)

R a n g e  of  
K. brevis in w a t e r  

( c e l l s / L ) 3

W a t e r :  r a n g e  of 
t o t a l  b r e v e t o x i n s

(fig/L)*

H i g h - v o l u m e  ai r :  
t o t a l  b r e v e t o x i n s  

( n g / m 3) 
( m e a n  ±  SD)'3

P e r s o n a l  ai r :  
a v e r a g e  T W A  

( n g / m 3) 
( m e a n  ±  S D ) c/

2 0 0 5
11 M a r 1 8 . 8  ±  0 . 4 7 2  ± 3 6.1 ± 3 . 3 0 . 7 6  ±  0 . 1 8 5 4 , 0 0 0 - 2 0 0 , 0 0 0 2 . 2 5 - 1 1 . 9 5 3 9 . 0  ±  13 .0 4 1 . 4  ± 2 4 . 7
12  M a r 1 8 . 7  ±  0 .8 3 4  ± 7 6.1 ± 1 . 8 0 . 5 0  ± 0 . 4 0 2 7 . 8  ± 1 1 . 6 7 7 . 5  ± 4 9 . 2
13  M a r 2 0 . 0  ± 0 . 4 8 9  ± 2 9 . 5 ±  1 . 4 0.51  ± 0 . 1 0 2 1 . 2  ±  6 .9 26 .1  ± 1 9 . 5
1 4  M a r 2 0 . 6  ± 0 . 2 9 5  ±  1 7 . 6  ±  1 .5 0 . 4 0  ± 0 . 0 9 2 2 . 3  ± 1 3 . 3 1 8 . 5 ±  1 4 . 2
2 0 0 6
2 2  S e p 2 9 . 5  ±  0 . 5 7 2  ± 2 9 . 3  ± 2 . 5 0 . 5 2  ± 0 . 3 5 6 9 4 , 0 0 0 ^ 4 , 2 8 0 , 0 0 0 1 6 . 6 9 - 6 9 . 2 6 4 6 . 7  ± 1 3 . 7 68 .1  ± 6 4 . 2
2 3  S e p 3 3 . 3  ± 1 . 4 4 8  ± 7 5 . 5  ± 1 . 4 0 . 2 3  ± 0 . 2 9 5 8 . 7  ± 3 1 . 0 6 8 . 2  ± 9 7 . 1
2 4  S e p 3 2 . 6  ± 1 . 4 5 7  ± 6 6 . 3  ± 1 . 2 0 . 8 4  ± 0 . 1 7 7 4 . 7  ± 2 5 . 1 1 5 6 . 0  ± 9 0 . 4

T W A , tim e -w e ig h te d  average.
aL0D o f K. b re v is  = 1,000 ce lls /L . * L 0 D of PbTx w a te r  = 0.03 pg/L. “ H igh-vo lum e a ir s a m p le r m easured  by LC-MS; LOD = 0.01 ng /m 3. ^P ersonal a ir s a m p le r m easured  by ELISA; LOD = 
0.6 ng/sam ple.
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(i.e., 56.8 ng/m-5), statistically significant dif­
ferences for upper and  lower respiratory tract 
sym ptom s (i.e., cough, wheeze, th ro a t irri­
ta tio n , chest tightness, an d  nasal irrita tion ) 
w ere seen w hen exam ining the  change from  
“no sym ptom ” before beach exposure to “yes 
sym ptom ” after beach exposure (Table 3). For 
below the m edian, there was only a significant 
report o f  chest tightness.

W e  also o b se rv ed  s ta tis tic a lly  s ig n if i­
can t d ifferences for b o th  above a n d  below  
th e  m edian  brevetoxin level for those w ith ­
o u t m ed ica tio n s  w ith in  12 h r  o f  go in g  to 
the  beach (no m edications). Those w ho lived 
> 1 m ile from  the  coast (far) h ad  significant 
reports for all respiratory sym ptom s (data not 
shown). For those who lived close to the  coast 
or reported using m edications, only report o f 
cough an d  chest tightness were significantly 
increased above the m edian.

W e observed statistically significant differ­
ences in the asthmatics in the highest exposure 
quartile o f  hourly am bient LC-M S brevetoxin 
level com pared w ith those in the lowest expo­
sure quartile w ith respect to the seven respira­
tory sym ptom s (Table 3). Overall, those in the 
highest exposure quartile reported significantly 
m ore respiratory sym ptom s than  those in the 
lowest exposure quartile.

S y m p to m  scores. For th e  h o u rly  am b i­
en t L C -M S brevetoxin  level, th e  d ifference 
in  th e  m ean sym ptom  scores pre- an d  post­
exposure above th e  m edian  brevetoxin level 
w ere sta tistica lly  sign ifican t (T able  4). For 
below  th e  m edian , we fo u n d  no significant 
d iffe ren ces in th e  m ean  p re /p o s te x p o su re  
respiratory sym ptom  scores. In  addition , the  
m ean differences in the  sym ptom  scores were 
in creased  fo r th e  h o u r ly  a m b ie n t L C -M S  
above the m edian com pared w ith those below 
the  m edian (mean ± SD: 4 .14 ± 3.46 vs. 0.32 
± 3.51, respectively).

W e fo u n d  statistically  significant differ­
ences above the m edian brevetoxin level for the 
m ean difference in the pre/postexposure respi­
ratory sym ptom  for those bo th  w ith and  w ith­
out m edications w ithin 12 h r  o f  going to the

beach (Table 4). For below the median, there 
were no significant differences in th e  m ean 
pre/postexposure respiratory sym ptom  scores. 
The m ean differences in the  sym ptom  scores 
were increased above the  m edian brevetoxin 
level com pared w ith  those below the  m edian 
(no medications: 3.89 ± 2.97 vs. 1.35 ± 3.86, 
respectively; w ith medications: 5.11 ± 5.06 vs. 
0 .67 ± 3.01, respectively). W e also observed 
statistically  significant differences above the 
m edian  for th e  m ean difference in th e  p re/ 
postexposure respiratory sym ptom  scores for 
those w ith those who lived > 1 mile (far) and 
< 1 m ile (close) from  the coast (Table 4). For 
below  the m edian, there  were no significant 
d ifferences in th e  m ean  p re /p o s te x p o su re  
respiratory sym ptom  scores. The m ean differ­
ences in the  sym ptom  scores were increased 
above the  m edian brevetoxin level com pared 
w ith those below the  m edian (far: 4 .44 ± 3.71 
vs. 0.64 ± 3.03, respectively; close: 2.89 ± 2.32 
vs. 0.06 ± 4.12, respectively).

PFTs. N o n e  o f  the  com parisons betw een 
the differences in the means above and below 
th e  m ed ian  for th e  personal ELISA, or the  
hourly am bient ELISA and LC-M S brevetoxin 
levels w ere statistically  significant (T able 5; 
d ata  are show n only for th e  hou rly  am bien t 
LC-M S). W e found considerable variation in 
the pulm onary  function data, and  no t all the 
m ean differences were positive (i.e., d em o n ­
stra ting  decreased p u lm onary  func tion  after 
exposure co m p ared  w ith  before). O n ly  th e  
personal ELISA P F T  results d em onstra ted  a 
consistent pattern where the above-the-m edian 
p u lm onary  function  differences were greater 
than  the  below -the-m edian pu lm onary  func­
tion differences (data no t shown).

T h e  co rre la tio n s be tw een  th e  p re /p o s t­
exposure pu lm onary  function  differences for 
each in d iv id u a l p u lm o n a ry  fu n c tio n  m eas­
ures w ith  the  personal ELISA and the  hourly 
am bien t ELISA an d  L C -M S brevetoxin lev­
els were negative (i.e., as th e  m easured  b re ­
v e to x in  level in creased , th e  d iffe re n ce  in  
ind iv idual p u lm o n ary  functions decreased); 
how ever, these  results w ere n o n sig n ifican t

a n d  very sm all, rang ing  from  r = - 0 .0 4  to 
-0 .1 4  (data no t show n). Finally, using m ul­
tiple regression w ith  pre/postexposure FEVj 
score as th e  o u tcom e m easure  p red ic ted  by 
the  m odel o f  am bien t level, asthm a m edica­
tion  use, sex, age, and  proximity, we found no 
significant results. The very small R2 (0.008) 
indicated that < 1% o f the variation in m ean 
pre/postexposure FEVj score difference could 
be accounted for by these variables (data not 
shown).

Discussion
In this study we exam ined the possible dose- 
response relationship  betw een hea lth  effects 
(i.e., reported sym ptom s and PF T  results) and 
exposure to brevetoxins measured during 1 h r 
o f  exposure to Florida red tide  aerosols (i.e., 
by the personal ELISA and the hourly  am bi­
en t ELISA  a n d  L C -M S). W e fo u n d  strong  
associations between the two am bient and  one 
personal sam pler brevetoxin measures. There 
was a statistically significant and positive dose- 
response relationship between reported asthm a 
sy m p to m s w ith  all th e  a m b ie n t m easures, 
p a rticu la rly  w ith  th e  am b ie n t L C -M S, for 
brevetoxin aerosols > 57 ng/m-5 (the m edian 
b re v e to x in  level as m ea su re d  by  L C -M S  
from  th e  h o u rly  am bien t sam pler). W e also 
observed  an assoc iation  be tw een  rep o rt o f  
asthm a sym ptom s for persons w ith less-severe 
asthm a (i.e., not on m edications) and persons 
who lived > 1 m ile from  the coast, bu t w ith ­
out a dose-response relationship, as m easured 
by  th e  h o u rly  am bien t LC -M S. N o  associa­
tion  was found  betw een pu lm onary  function 
changes an d  th e  th ree  brevetox in  m easures 
using various m eth o d s o f  d a ta  analysis, nor 
was any dose-response relationship apparent.

The finding o f a greater association between 
report o f  sym ptom s and the am bient LC-M S 
m o n ito rin g  as opposed  to  th e  personal and  
am bient ELISA m onitoring for brevetoxins is 
no t unexpected. T h e  ELISA m easures m any  
com ponents o f the brevetoxin structure, includ­
ing a recently discovered com pound, brevenal, 
that has been found to be a natural antagonist

Table 3. Comparisons be tw een ,  above,  and  below the  median,  and be tw een  the  h ighest  25th percent ile  and the  low est  25th percent ile  of the  brevetoxin level as 
m easu red  by the  ambient LC-MS by pre /pos texposure  symptoms (n = 87).

S y m p t o m s
O v e r a l l  (n = 87)

A m b i e n t  L C - M S  b r e v e t o x i n  l e v e l :  m e d i a n A m b i e n t  L C - M S  b r e v e t o x i n  l e ve l :  p e r c e n t i l e
B e l o w  m e d i a n A b o v e  m e d i a n L o w e s t  2 5 t h  p e r c e n t i l e H i g h e s t  2 5 t h  p e r c e n t i l e

P r e / p o s t  [n)s p -V a  lue * P r e / p o s t  Ini3 p - V a l u e * P r e / p o s t  In)3 p - V a l u e * P r e / p o s t  In)3 p - V a l u e * P r e / p o s t  In)3 p - V a l u e *

C o u g h 41 0 .0 0 0 1 11 0 . 1 3 3 0 0 .0 0 0 1 5 0 . 2 6 1 5 0 . 0 0 0 1
W h e e z i n g 17 0. 01 2 0 . 2 6 1 5 0 .0 0 0 1 1 0 . 5 6 6 0.01
T h r o a t  i r r i t a t i o n 3 4 0 .0 0 0 1 12 0 . 3 7 2 2 0 .0 0 0 1 4 0.41 13 0 . 0 0 0 3
S h o r t n e s s  o f  b r e a t h 21 0 . 0 2 5 0 . 5 6 16 0 . 0 0 0 3 3 1 . 0 0 9 0.01
C h e s t  t i g h t n e s s 2 8 0 .0 0 0 1 12 0 . 0 2 16 0 . 0 0 0 3 6 0 . 1 6 7 0 . 0 3
N a s a l  i r r i t a t i o n 2 8 0 . 0 2 11 0 . 8 4 17 0 . 0 0 0 2 8 0 . 8 0 8 0 . 0 2
Eye i r r i t a t i o n 11 0 . 2 3 3 0.71 8 0 . 0 5 8 3 0 . 3 2 3 0 . 9 3
H e a d a c h e 16 0 . 1 0 8 0 . 5 9 8 0 . 0 5 8 3 1 . 0 0 3 0 . 6 6
I t c h y  s k in 7 0 . 3 7 2 0.41 5 0 . 0 3 1 0 . 5 6 2 0 . 1 6
D i a r r h e a 0 — 0 — 0 — 0 — 0 —

O t h e r 6 0 . 1 6 3 0 . 6 6 3 0 . 0 8 3 0 . 3 2 2 —

“ P ersons m ho  cam e to  the  beach  w ith  no sym ptom  and le ft w ith  a sym ptom . ^E valuated by M c N e m a r's  test.
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A s t h m a  a n d  b r eve t ox in  e x p o s u r e

to brevetoxins (Abraham et al. 2005a, 2005b; 
Bourdelais et al. 2004; N aar et al. 2002). The 
LC-M S is specific for individual brevetoxins, 
particularly  brevetoxin 2 and  3 (PbTx-2 and 
PbTx-3, respectively); these brevetoxins have 
been associated w ith the m ost significant respi­
ratory effects in asthmatic sheep and other ani­
m al m odels (A braham  et al. 2005a , 2005b; 
Benson et al. 2005). In the future, we plan to 
m easure  brevetox ins using  b o th  th e  ELISA 
and LC-M S for the personal samplers because 
the  personal samplers should m ore accurately 
capture th e  breath ing  zone o f  th e  individual 
com pared w ith the am bient monitors.

In the present study we were able to detect 
sign ifican t d ifferences an d  a do se -resp o n se  
relationship for the  reported  sym ptom s, bu t 
no t for the PFTs. As po in ted  out by  Stemple 
and  Fuhlbrigge (2008), a m ajor lim itation  in 
the interpretation o f all asthma literature is the 
inconsistency in the  definition o f response to 
pu lm onary  function testing. T hey  concluded 
th a t response m ust be defined as a com bina­
tion  o f  self-report o f  sym ptom s and objective 
measures (such as PFTs). T o  address this issue, 
in future studies we will include m ore precise 
measures o f  asthm a severity as part o f  the pre­
exposure health assessment, as well as assessment 
o f  exhaled condensates for inflammatory mark­
ers. O f  note, in p rio r studies o f  very healthy 
lifeguards and general recreational beach goers 
exposed to Florida red tide aerosols, significant 
differences were detected only in the reported 
symptoms, not in the PFTs (Backer et al. 2003, 
2005). Based on prior research on the particu­
late size o f the Florida red tide aerosol, 75-85%  
o f the aerosol remains in the nasal passages and 
does not reach the lung (Cheng et al. 2005a, 
2005b , 2005c). Furtherm ore, based on data 
from  the  sheep m odel o f  asthm a and Florida 
red tide, it appears th a t the 1-hr exposure on 
the beach to brevetoxins in aerosols o f Florida 
red tide for the asthm atic study subjects m ay 
represent a relatively low  exposure level at a 
value near the toxicity threshold (Abraham W , 
personal communication).

In  th e  present study, th e  subjects ideally 
perform ed their pulm onary  function testing as 
soon as they  retu rned  from  their 1 h r  o f  beach 
exposure, b u t it is possib le th a t  because o f

inadvertent delays in testing, air conditioning 
o f the  study testing vehicle, or use o f  asthm a 
m edication , any tru e  changes in pu lm onary  
function  were no t detected. Furtherm ore, it 
is also possible in som e cases th a t detectable 
p u lm o n a ry  fu n c tio n  changes w ere delayed 
by h o u rs  o r even days, a n d  w ere  th u s  n o t 
detected by im m ediate PFTs. O f  note, these 
asthm atic  subjects have rep o rted  sym ptom s 
lasting up  to at least 5 days after from  their 
1 h r  study exposure (K irkpatrick et al. 2009). 
In addition, K irkpatrick et al. (2006) reported 
increases in em ergency room  adm issions for 
a sthm a, p n e u m o n ia , a n d  b ro n c h itis  n o ted  
in coastal residents during  active Florida red 
tides. Finally, it is also possible that the  sam­
ple size o f  the asthm atic participants was not 
large enough to address the very large variabil­
ity in the  pu lm onary  function  testing results 
typically seen in asthmatics.

In a previous study (Fleming et al. 2007) 
we no ted  th a t sym ptom  scores w ere signifi­
cantly h igher for study participants reporting 
no use o f  a sthm a m ed ications in th e  12 h r  
prior to the study exposure (used as a surrogate 
measure o f  less-severe asthma) after the 1 h r  o f 
study exposure. This was also observed in the 
present analysis, bu t w ithout a dose-response 
relationship to brevetoxin exposure m easure­
m ent. B oth coastal and  inland residents have 
been show n to report an increased sym ptom  
score after 1 h r o f study exposure in a previous 
study based on sym ptom  score (M ilian et al. 
2007). In th a t analysis, only in land residents 
h ad  a significant report o f  asthm atic  sym p­
toms, again w ithout a dose-response relation­
ship to brevetoxin exposure m easurement. The 
lack o f  dose-response relationship m ay m ean 
th a t asthm atics w ith o u t m edications or who 
have no t h ad  recent am bien t red  tide  expo­
sure because o f  living inland are m ore sensitive 
to the  effects o f  brevetoxins th an  those using 
m edications an d  living in coastal areas w ith  
co n stan t a m b ien t exposure. D a ta  from  th e  
sheep m odel and Florida red tide indicate that 
th e  m ed ications co m m o n ly  used  in asthm a 
m anagem ent m itigate the effects o f  the toxins 
(Abraham et al. 2005a, 2005b).

A nother possible lim itation to the present 
study is the reliance on self-reported data for

the sym ptoms. However, despite variable reli­
ability (C hen et al. 2006; M artinez-M oragon 
et al. 2006), self-report o f  sym ptom s is one o f 
th e  cornerstones o f  asthm atic  diagnosis and  
clinical care (Stem ple and  Fuhlbrigge 2008). 
O f  note, an im portan t strength o f  the present 
study was the com parison o f  each individual 
w ith  themselves, decreasing the  possible effects 
o f  individual confounders (such as sm oking, 
obesity, an d  w ork  en v ironm en t). The study  
participants (and researchers) have no way o f 
know ing  th e  a m o u n t (or even presence) o f  
exposure they  received at th e  tim e o f  beach 
exposure o r d u rin g  th e  postexposure  ques­
tio n n a ire  a d m in is tra tio n , as th e  b revetoxin  
analy tical results are n o t received for m any  
days after the  field study has been completed.

Conclusions
In previous studies, we dem onstrated  statisti­
cally significant changes in rep o rted  sym p­
tom s for lifeguards, general beach goers, and 
asthm atics, as well as statistically significant 
changes in PFTs in asthmatics, after exposure 
to  brevetox ins in F lo rida  red  tid e  aerosols. 
In th e  p resent study  we explored the  use o f  
intensive am bien t an d  personal air m o n ito r­
ing in the characterization o f  these exposures 
a n d  th e ir  p o ss ib le  re la tio n sh ip  to  h e a lth  
effects in the  asthm atic study population. W e 
fo u n d  th a t h o u rly  a m b ien t a ir m o n ito rin g  
for brevetoxins as m easured by L C -M S was 
strongly associated w ith  sym ptom  report. O u r 
results suggest th a t se lf-reported  sym ptom s 
are a valuable measure o f the  extent o f  health 
effects from  exposure to  aerosolized  breve­
tox ins in asthm atic  p o p u latio n s. A fter only 
1 h r  o f  exposure to brevetoxins in Florida red 
tide  aerosols, the  asthm atics h ad  statistically 
significant changes in their reported  respira­
to ry  sym ptom s an d  sym ptom  scores for bre­
vetoxin aerosols > 57 ng/m-5 (as m easured by 
LC-M S). Significant increases in self-reported 
sym ptom s were also observed for those  no t 
using m edications an d  those living > 1 m ile 
from  th e  coast. These associations were no t 
seen w ith  th e  p u lm o n a ry  fu n c tio n  testing . 
T h is  lack o f  association betw een brevetoxin 
ex p o su re  a n d  P F T  re su lts  m ay  re p re se n t

Table  5. PFT m e a n  d i f f e r e n c e s  p re-  and  p o s t ­
exposure  above  and below th e  median brevetoxin 
level a s  m easu red  by ambient LC-MS (n = 87).

PFT E x p o s u r e  l e ve l

PFT
d i f f e r e n c e  (mL) 

( m e a n  ±  SD) p - V a l u e 3

FEV1 A b o v e  m e d i a n 2 7 . 3  ± 1 2 3 . 0 0 . 6 2
B e l o w  m e d i a n 3 9 . 8  ± 1 1 3 . 8

FVC A b o v e  m e d i a n 1 0 . 0  ±  1 2 8 . 5 0 . 1 0
B e l o w  m e d i a n 6 1 . 4  ± 1 5 9 . 4

FEF25_75 A b o v e  m e d i a n - 2 2 . 3  ± 3 3 3 . 9 7 0 . 3 2
B e l o w  m e d i a n 4 0 . 2  ± 2 3 4 . 9

PEF A b o v e  m e d i a n 2 2 4 . 3  ±  500 . 1 0 . 9 5
B e l o w  m e d i a n 2 1 7 . 9  ±  5 6 0 . 2

“ Evaluated by f- te s t o f d iffe re n c e  in mean d iffe re n ces .

1 0 9 9

Table 4. Pre /pos texposu re  m ean d if ference in respira to ry  symptom s co r e  above  and below th e  median 
brevetoxin level m easured  by the  hourly ambient LC-MS (n = 87).

B e l o w  m e d i a n A b o v e  m e d i a n
P r e / p o s t e x p o s u r e P r e / p o s t e x p o s u r e

m e a n  d i f f e r e n c e  in m e a n  d i f f e r e n c e  in
s y m p t o m  s c o r e  ( ±  SD)  p - V a l u e 3 s y m p t o m  s c o r e  ( ±  SD)  p - V a l u e 3

All  p a r t i c i p a n t s 0 . 3 2  ± 3 . 5 1 0 . 5 7 4 . 1 4  ±  3 . 4 6 0 .0 0 0 1
U s e d  a s t h m a  m e d i c a t i o n s  w i t h i n  12 h r  b e f o r e  s t u d y  e x p o s u r e

Y e s 0 . 6 7  ± 3 . 1 0 0 . 3 4 5 .11  ± 5 . 0 6 0 . 0 2
No 1 . 3 5  ± 3 . 6 8 0.11 3 . 8 9  ± 2 . 9 7 0 .0 0 0 1

D i s t a n c e  o f  r e s i d e n c e  f r o m  c o a s t
C l o s e  (< 1 m i l e) 0 . 0 6  ± 4 . 1 2 0 . 9 5 2 . 8 9  ± 2 . 3 2 0 . 0 0 6
F ar  (> 1 m i l e ) 0 . 6 4  ± 3 . 0 3 0 . 3 3 4 . 4 4  ± 3 . 7 1 0 .0 0 0 1

“ Evaluated by pa ired  f-test.
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insensitiv ity  o r tim in g  issues o f  th e  p u lm o ­
nary function m easurem ents and /o r exposure 
to brevetoxins near the  thresho ld  o f  toxicity, 
b o th  o f  w hich will be explored in the future.
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