
Brevetoxins I Mini-Monograph

Initial Evaluation of the Effects of Aerosolized Florida Red Tide Toxins 
(Brevetoxins) in Persons with Asthma
Lora E. Fleming, 12 Barbara Kirkpatrick,3 Lorraine C. Backer,4 Judy A. Bean,5 Adam Wanner,2 Dana Daipra,3 
Robert Tamer,5 Julia Zaias, 1-2 Yung Sung Cheng,6 Richard Pierce,3 Jerome Naar,7 William Abraham 12 
Richard Clark,8 Yue Zhou,6 Michael S. Henry,3 David Johnson,8 Gayi Van De Bogart, 1 Gregory D. Bossart, 1-9 
Mark Harrington, 10 and Daniel G. Baden7

1N ational Institu te  o f E nvironm enta l Health Sciences M arine and Freshwater B iom edical Sciences Center, U n ive rs ity  o f M iam i Rosenstiel 
School o f M arine and A tm osphe ric  Sciences, M iam i, F lorida, USA; 2U n ive rs ity  o f M iam i School o f M edicine, M iam i, F lorida, USA; 3M ote 
M arine  Labora to ry, Sarasota, F lorida, USA; 4N ational Center fo r Environm enta l Health, Centers fo r Disease Contro l and Prevention, 
A tlan ta , G eorgia, USA; C h ild re n 's  Hospita l M edical Center and U n ive rs ity  o f C incinnati, C inc innati, O hio, USA; 6Lovelace R espiratory 
Research Institu te , A lbuquerque , N ew  M exico, USA; C e n te r  fo r M arine Science Research, U n ive rs ity  o f N orth Carolina at W ilm in g to n , 
W ilm in g to n , N orth Carolina, USA; C lo r id a  D epartm ent o f Health, Tallahassee, F lorida, USA; 9Harbor Branch O ceanographic Ins titu tion , 
Fort Pierce, F lorida, USA; 10Tw in  Cities H ospita l, N icev ille , F lorida, USA

F lo r id a  re d  t id e s  a n n u a l ly  o c c u r  in  th e  G u l f  o f  M ex ico , r e s u l t in g  f ro m  b lo o m s  o f  th e  m a r in e  
d in o flag e lla te  K a re n ia  brevis. K  brevis  p ro d u ces  h ig h ly  p o te n t n a tu ra l  p o ly e th e r  to x in s , k n o w n  as 
b reve tox ins , th a t  activate  vo ltage-sensitive  so d iu m  ch an n e ls . In  e x p erim en ta l an im als, b reve tox ins  
c au se  s ig n if ic a n t b ro n c h o c o n s tr ic t io n . A  s tu d y  o f  p e rso n s  w h o  v is ite d  th e  b e ac h  re c re a t io n a lly  
fo u n d  a  s ig n if ic a n t in c rea se  in  s e lf -re p o rte d  re s p ira to ry  sy m p to m s  a f te r  ex p o su re  to  a ero so lized  
F lo rid a  re d  tides. A n e cd o ta l re p o rts  in d ica te  th a t  p e rso n s  w ith  u n d e rly in g  re sp ira to ry  diseases m ay  
be  p a rtic u la r ly  su sc ep tib le  to  adverse  h e a lth  effects fro m  th e se  aero so lized  to x in s . F if ty -n in e  p e r­
sons w ith  p h y s ic ian -d iag n o sed  a s th m a  w e re  ev a lu a ted  fo r  1 h r  b e fo re  a n d  a f te r  g o in g  to  th e  beach  
o n  days w ith  a n d  w ith o u t  F lo rid a  re d  tid e . S tu d y  p a rtic ip a n ts  w e re  ev a lu a ted  w ith  a  b r ie f  sy m p ­
to m  q u e s tio n n a ire , n o se  a n d  th ro a t sw abs, a n d  sp iro m e try  a p p ro v ed  b y  th e  N a tio n a l In s ti tu te  fo r 
O c c u p a tio n a l Safety  a n d  F lea lth . E n v iro n m e n ta l m o n ito r in g , w a te r  a n d  a ir  sam p lin g  (i.e ., A. brevis, 
b re v e to x in s , a n d  p a r t ic u la te  s ize  d is t r ib u t io n ) ,  a n d  p e rs o n a l m o n i to r in g  ( fo r  to x in s )  w e re  p e r ­
fo rm ed . B rev eto x in  c o n ce n tra tio n s  w e re  m e a su re d  b y  l iq u id  c h ro m a to g ra p h y  m ass sp ec tro m etry , 
h ig h -p e r f o rm a n c e  l iq u id  c h ro m a to g ra p h y ,  a n d  a  n e w ly  d e v e lo p e d  b re v e to x in  e n z y m e - lin k e d  
im m u n o s o rb e n t assay. P a rtic ip a n ts  w e re  s ig n ifican tly  m o re  like ly  to  re p o r t  re sp ira to ry  sy m p to m s 
a f te r  F lo r id a  r e d  t id e  e x p o su re .  P a r t i c ip a n ts  d e m o n s t r a te d  s m a ll  b u t  s ta t i s t ic a l ly  s ig n if ic a n t  
decreases in  fo rced  ex p ira to ry  v o lu m e  in  1 sec, fo rced  ex p ira to ry  flow  b e tw ee n  25 a n d  7 5 % , a n d  
p e ak  e x p ira to ry  flow  a fte r exposu re , p a rtic u la r ly  th o se  reg u la rly  u s in g  a s th m a  m e d ica tio n s . S im ila r 
ev a lu a tio n  d u r in g  n o n e x p o su re  p e rio d s  d id  n o t  s ig n ifican tly  d iffer. T h is  is th e  firs t s tu d y  to  sh o w  
ob jec tively  m e asu rab le  adverse  h e a l th  effects fro m  exp o su re  to  aeroso lized  F lo rid a  re d  tid e  tox ins  
in  p e rso n s  w ith  a s th m a . F u tu re  s tu d ie s  w ill ex am in e  th e  p o ss ib le  c h ro n ic  effects o f  th e se  to x in s  
a m o n g  p e rso n s  w ith  a s th m a  a n d  o th e r  ch ro n ic  re sp ira to ry  im p a irm e n t. K e y w ords: a s th m a , b reve­
to x in s , C O P D , h a rm fu l  a lga l b lo o m s  (F IA B s), K a re n ia  brev is , re d  tid e s , sen s itiv e  p o p u la tio n s ,  
s p iro m e try . E n v iro n  H e a lth  Perspect 1 1 3 :6 5 0 —6 5 7  (2 0 0 5 ) . d o i :1 0 .1 2 8 9 /e h p .7 5 0 0  av a ilab le  v ia  

h ttp :/ /e lx .d o i.o rg /Y O n lin e  10 F e b ru a ry  2 0 0 5 ]

Florida red tides annually occur in  the G u lf  o f 
Mexico and result from  blooms o f  the marine 
dinoflagellate Karenia brevis. K  brevis produces 
h igh ly  potent natural polyether toxins, known 
as brevetoxins, tha t activate voltage-sensitive 
sodium channels. Studies in  experimental ani­
mals have shown tha t brevetoxins can cause 
upper and lower respiratory irrita tion . The two 
kn o w n  c lin ic a l en titie s  in  hum ans th a t are 
associated w ith  red tide toxins, first character­
ized in  F lorida, are acute gastroenteritis w ith  
neurologic symptoms after ingestion o f  conta­
m inated shellfish [i.e., neurotoxic shellfish po i­
soning (N SP)] and an apparently reversible 
upper respiratory syndrome after inhalation o f 
the Florida red tide aerosols (Asai et al. 1982; 
Backer et al. 2003; Baden et al. 1995; Cheng 
et al. 2005a; Fleming et al. 2001, 2005; M orris  
et al. 1991; M us ic  et al. 1973; Pierce et al. 
2003; Poli et al. 2000). Anecdotal reports and 
a p rio r study o f  recreational beachgoers have

ind icated tha t the inha la tion  o f  the aerosols 
associated w ith  F lorida red tide  leads to  both 
upper and lower respiratory symptoms, possi­
b ly  w ith  chron ic health im plica tions (Backer 
et al. 2003; K irkpa trick et al. 2004).

R e s p ira to ry  e ffec ts  f ro m  exposure  to  
Florida red tides or pure brevetoxins have been 
reported in  experim ental animals. Franz and 
LeClaire (1989) reported respiratory failure in 
less than 30 m in  in  guinea pigs exposed intra­
ve n ous ly  to  0 .0 16  n g /k g  o f  b re ve to x in  3. 
Benson et al. (1999) exposed 12-w eek-o ld  
m ale F 3 4 4 /C r l B R  rats once to  6 . 6  p g /kg  
brevetoxin 3 through intratracheal instillation. 
The  researchers concluded that the potentia l 
adverse health effects associated w ith  inhaled 
brevetoxins cou ld  extend beyond the report­
ed ly transient resp ira tory ir r ita t io n  to  long ­
term  impacts on asthma. W ells et al. (1984) 
reported increased airway resistance in  FJartley 
guinea pigs when brevetoxin was inhaled as an

aerosol or applied to the nares as nose drops. 
In  unanesthestized asthm atic  sheep, in tra ­
tracheal instilla tion o f  picogram doses o f  breve­
to x in  3 can cause a s ig n if ic a n t and ra p id  
increase in  airway resistance; th is brevetoxin- 
in d u c e d  b ronchospasm  can be e ffe c tiv e ly  
blocked by atropine, the mast ce ll-stabiliz ing 
agent crom olyn, the histam ine H j  antagonist 
chlorpheniramine, and the ßo agonist albuterol 
(A b raham  et al. 2 003 , 2 005 ; Baden et al. 
2005; Benson et al. 2005; Singer et al. 1998). 
Thus, aerosolized brevetoxins appear to  be 
p o te n t re s p ira to ry  to x in s , in v o lv in g  b o th  
cholinergic and histamine-related mechanisms.

T h is  a r t ic le  is p a r t  of th e  m in i-m o n o g ra p h  
“Aerosolized Florida R ed T ide Toxins (Brevetoxins).”
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M u lt ip le  d ie -o ffs  o f  m a rin e  m am m als, 
particu la rly  the endangered F lorida  manatee, 
have been reported in  association w ith  Florida 
red tide and brevetoxins (Bossart et al. 1998). 
These d ie-offs probab ly resulted from  expo­
sure to  brevetoxins w ith  prolonged inhalation 
o f  the red tide tox in  aerosol and/or the inges­
t io n  o f  con tam ina ted  seawater over several 
weeks. N e c rop s ie s  o f  th e  dead m anatees 
revealed severe catarrhal rh in itis , pu lm onary  
hemorrhage and edema, and nonsuppurative 
lep tom en ing itis , as w e ll as possible ch ron ic  
h e m o ly tic  anem ia w ith  m u ltio rg a n  h em o­
siderosis and evidence o f  neurotoxicity.

Few reports have been pub lished  about 
possible adverse health effects associated w ith  
exposure to  aeroso lized red t id e  to x in s  in  
hum ans. A fte r  in i t ia l  cases in  F lo r id a  and 
Texas, W oodcock (1948) reported respiratory 
irrita tio n  during  a severe red tide on the west 
coast o f  Florida in  1947. The exposure usually 
occurs on or near beaches during an active red 
tide bloom . Onshore w inds and breaking surf 
result in the release o f  the toxins in to  the water 
and in to  th e  onshore  aerosol (P ie rce  and 
K ir k p a t r ic k  2 0 0 1 ). C o lle c t io n  o f  m a rin e  
aerosol along the g u lf coast o f  F lorida and the 
N o r th  Carolina A tla n tic  coast du ring  natural 
red tide  bloom s showed tha t the aerosolized 
toxins were the same as those in  the water and 
as those id e n tif ie d  in  the K. brevis cu ltu res 
(Pierce et al. 1990). Aerosolized b revetoxin  
concentrations, particle size, and exposure level 
were measured in  a recent F lo r id a  red tid e  
episode in  Texas associated w ith  respiratory 
sym ptom s in  hum ans (Cheng et ah, 2005a; 
Pierce et al. 2003). T he  mass m edian aero­
dynam ic diameters were 7 -9  pm, a relatively 
large size for inhaled ambient particles.

In  humans, inha la tion  o f  aerosolized red 
tide  toxins reportedly results in  con junctiva l 
irr ita tio n , copious catarrhal exudates, rh ino r- 
rhea, nonproductive cough, and wheezing (Asai 
et al. 1982; Backer et al. 2003; Cheng et al., 
2005a; K irkp a tric k  et al. 2001, 2004; M usic 
et al. 1973 ). T h e  n o rm a l p o p u la t io n  can 
reported ly  ra p id ly  reverse the ir r ita t io n  and 
wheezing by leaving the beach area or enter­
in g  an a ir -c o n d it io n e d  area (Baden 1983; 
Steidinger and Baden 1984). Fiowever, persons 
w ith  asthma apparently are particularly suscep­
tib le to aerosolized Florida red tide and its tox­
ins. In  add ition  to  anecdotal reporting, Asai 
et al. (1982) fo u nd  tha t 80%  o f  15 persons 
w ith  asthma exposed to red tide aerosol at the 
beach c o m p la in e d  o f  subsequen t asthm a 
attacks. The possible susceptibility o f  persons 
w ith  asthma to aerosolized brevetoxins is cor­
roborated by recent investigations w ith  an asth­
m atic sheep m odel evaluating the exposure o f  
aerosolized red tide toxins, as discussed above 
(Abraham et al. 2003, 2005; Singer et al. 1998).

T h is  report presents the in it ia l evaluation 
o f  the  exposures and effects o f  aerosolized

F lorida  red tide  toxins in  persons w ith  p rio r 
physic ian-d iagnosed asthma d u rin g  1 h r  o f  
exposure to a Florida red tide and during 1 h r 
o f  nonexposure.

Materials and Methods
T his study was part o f  the ongoing evaluation 
o f  the possible acute and chronic adverse health 
effects from  exposure to aerosolized Florida red 
tide toxins (brevetoxins) by an interdisciplinary 
team o f  researchers from  federal, state, private, 
and loca l organizations. These studies have 
received approval from  the institu tional review 
boards o f  the U n ive rs ity  o f  M ia m i School o f  
Medicine, the Centers for Disease C ontro l and 
Prevention, and the F lo rida  D epa rtm en t o f  
Fiealth. The location fo r the study was Siesta 
Beach in  Sarasota, Florida.

E n v iro n m e n ta l m on ito ring . As described 
by  Cheng et al. (2005b) and Pierce et al. (in 
press), a portable, self-contained weather sta­
tio n  was used near the high-volum e im pactor 
sampling locations to m on ito r the air temper­
ature, relative hum id ity , and w in d  speed and 
d irec tion  (Com plete W eather Station; Davis 
Instruments, Fiayward, CA). The weather sta­
t io n  was solar powered, and the  data were 
downloaded in to  a notebook computer.

W ater samples were collected daily in  1-L 
glass bottles at 0800, 1 2 0 0 , and 1600 h r  from  
the su rf zone adjacent to the study’s high-vol- 
ume air sampler locations. A  20-m L subsample 
was taken fro m  each b o ttle  and fixe d  w ith  
U te rm o h l’s so lu tion  to  provide K  brevis cell 
counts. The remaining water sample was trans- 
p o r te d  to  M o te  M a r in e  L a b o ra to ry  and  
processed fo r l iq u id  ch rom atography-m ass 
spectrom etry (LC -M S ) analysis according to 
the procedure o f  Pierce et al. (2003). A  sub­
sam ple o f  each ex trac t was sh ipped  to  the 
U n ivers ity  o f  N o r th  C arolina at W ilm in g to n  
C enter fo r M a rin e  Research fo r b reve tox in  
analysis using a new brevetoxin enzyme-linked 
im munosorbent assay (ELISA) method.

In  th e  la b o ra to ry ,  b re v e to x in s  w ere  
extracted by passing the water th rough a C-18 
so lid -phase e x tra c tio n  d isk  u n d e r vacuum  
(Ansys Technologies, Inc., Lake Forest, CA). 
The  C -18 disks then were rinsed w ith  reverse 
osmosis water to  remove any rem ain ing salts 
and eluted w ith  m ethanol (Pierce et al. 2003). 
B re v e to x in  analyses w ere  p e r fo rm e d  b y  
L C -M S  using a Therm oF inn igan  A q A  h igh- 
p e rfo rm a n ce  l iq u id  c h ro m a to g ra p h y -M S  
(F iP L C -M S ; T h e rm o  E le c tro n  C o rp .,  
M ancheste r, U K ). Mass spectral de tection  
was obtained using an A q A  single-quad sys­
tem  scanned from  204 to 1,216 A M U  w ith  
A q A  M ax 40 V  electrospray. The co lum n was 
Phenomenex Luna C -18  5Fm  250 X 2 m m  
(Phenom enex, T orrance , C A ); the  so lven t 
gradient was 0.3%  acetic acid /FU O  w ith  in i­
t ia l  5 0 :5 0  a c e ty ln i t r i le  (A C N J /F lrO  to  
95:5 A C N /F U O  over 30 m in . T he  l im it  o f

detection (L O D ) o f  the analysis fo r brevetox­
ins in  seawater was 0.03 p g /L  (Cheng et al. 
2005b; Pierce et al. in  press).

A ir  samples were co lle c te d  us ing  three 
d iffe ren t instrum ents: h igh -vo lum e a ir sam­
plers, h igh -vo lum e a ir samplers equipped to 
capture aerosol particles by size, and personal 
b rea th ing  zone samplers. B revetoxins were 
collected in  a ir samples along Siesta Beach. 
S ix  h ig h -v o lu m e  a ir  sam plers (T E -5 0 0 0 ; 
T isch Environm ental, Inc., V illage o f  Cleaves, 
O f f )  w ith  a single-stage filte r were used; three 
were placed near the su rf zone (about 25 m ) 
approximately 1 0 0  m  apart, and a second row 
o f  three was located approximately 50 m  from  
the f irs t  row  fo r  assessment o f  aerosolized 
to x in  c o n ce n tra tio n s  over t im e  and  space 
along the beach. T w o  additional h igh-volum e 
a ir samplers w ith  five-stage im pactors were 
deployed in  the first row to obtain the d is trib ­
u tion  o f  tox in-conta in ing aerosol particle size. 
F i l te r  sam ples w ere  c o lle c te d  se p a ra te ly  
fo r  m o rn in g  and a fte rn o o n  t im e  p e rio d s  
(0 8 3 0 -1 2 0 0  h r  and 1 2 3 0 -1 6 0 0  h r) .  T h e  
im pactor samplers were operated from  m orn ­
ing to a fternoon to  co llect enough m ateria l 
fo r analysis. Personal exposure was measured 
on vo lun tee rs  w e a ring  a persona l sam pler 
( IO M  in h a la b le  dust sam pler; S K C , In c ., 
E ig h ty  F ou r, PA) connected  to  a b a tte ry - 
operated pum p  (m odel 224 -P C X R 4 ; SKC, 
Inc.) w h ile  they were at the beach. The  per­
sonal sampler was placed at the lapel near the 
b rea th in g  zone. A  2 5 -m m  g lass-fiber f i lte r  
(type A /E ; Pali L ife  Science, A n n  A rbor, M I)  
was used as the collection substrate. The  sam­
p lin g  flo w  rate was 2 L /m in  con tro lled  by a 
rotameter in  the sampling pum p (Cheng et al. 
2005b; Pierce et al., in  press).

T h e  h ig h -v o lu m e  a ir sam plers used to 
detect aerosolized brevetoxins were fitted  w ith  
a 2 0 .3 2  cm  X 2 5 .4  cm  g la s s -fib e r f i l t e r  
(E P M 2 0 0 0 ; W h a tm a n , M a id s to n e , U K ) . 
Brevetoxins associated w ith  m arine  aerosols 
were recovered fro m  g lass-fibe r f i lte rs  by  
extraction for 12 h r in  acetone using a Soxhlet 
apparatus (Pierce et al. 2003). The extract was 
then transferred to  vials using m ethano l fo r 
LC -M S  and ELISA analysis. Brevetoxin recov­
ery from  glass-fiber filters was verified by  the 
addition o f  standard amounts o f  brevetoxin 2  

and brevetoxin 3 to  each o f  three filters that 
were subsequently processed for LC -M S  analy­
ses. Cellulose filte rs  from  im pacto r samplers 
w ere c u t in  h a l f  and ro l le d  in to  a 1 5 -m L  
polypropylene tube (second h a lf  o f  filte r was 
stored). Ten m illilite rs o f  acetone was added to 
the tube; then  the sample was vortexed fo r 
2 0 -sec, sonicated fo r 2 -m in , and then placed 
on a c irc u la r  ro ta to r  (R o to -T o rq u e , lo w  
speed-10; Cole-Parmer Instruments, Vernon, 
IL ) fo r 20-m in. The 10 m L  o f  extract then was 
evaporated under a gentle stream o f  nitrogen to 
approxim ately 100 pL, vortexed fo r 5 sec to
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rehom ogenize the extract, and recom bined  
w ith  50:50 methanokpurified water to the final 
analysis vo lum e (ty p ic a lly  200 p L ) (Cheng 
et al. 2005a; Pierce et al., in press). The sam­
ples then were analyzed for brevetoxins by an 
LC -M S  technique using an H P L C  (S IL -D A D  
vp; Shimadzu Co., Kyoto, Japan) coupled w ith  
the A P I 365 M S /M S  (Applied Biosystems Inc., 
Foster C ity , C A) (Cheng et al. 2005a; Pierce 
et al., in  press). The L O D  fo r the analysis o f  
impactor samples was 0 . 0 1  ng /m 3.

Concentrations o f  brevetoxins on portions 
o f  the  am b ie n t a ir f ilte rs  and the  personal 
breathing zone filters, as w ell as the nasal and 
throat swabs, were also analyzed by a recently 
deve loped c o m p e tit iv e  E L IS A  (N aar et al.
2002). A ir  filte rs  (personnel and a liquots o f  
environm enta l a ir filte rs) were sonicated fo r 
15 m in  in  E L IS A  bu ffe r (0.1 M  phosphate- 
b u ffe re d  sa line , p H  7 .4 , 0 .5 %  g e la tin , 
0 .1 %  Tween 2 0 ). Nose and throat swabs were 
sonicated for 45 m in  in  ELISA buffer. The son­
icated material was analyzed directly according 
to the brevetoxin E LIS A  protocol (Naar et al.
2 0 0 2 ). The lim it o f  quantification o f  the breve­
toxins using the ELISA was 0.6 ng/sample (air 
filter and/or nasal/throat swab).

Adverse hum an health effects. Persons at 
least 1 2  years o f  age w ho reported  a phys i­
c ian ’s diagnosis o f  asthma were recru ited  as 
study participants in  Sarasota, Florida, an area 
w ith  a h is tory o f  annual Florida red tides. A ll 
p a rtic ipan ts  w ho  gave in fo rm e d  consent to  
participate walked on the beach once during a 
Florida red tide and also walked once when no 
Florida red tide was present. Participants were 
instructed to  m ain ta in  the ir da ily  regime fo r 
asthma con tro l. T hey were asked to spend a 
m in im u m  o f  1 h r  at the beach in  areas where 
environm enta l m on ito r in g  was ongoing and 
were to ld  they cou ld  leave the beach at any 
t im e  i f  they fe lt uncom fo rta b le  o r sym pto ­
m atic and could freely use any personal med­
ications. Study activities included the pre- and 
postexposure questionnaires, swab sampling, 
and spirometry, as well as carrying a personal 
air m on ito r while  at the beach.

Q uestionnaires were adm in istered upon 
enrollm ent and then before and after the par­
ticipants visited the beach. The questionnaires 
co llected in fo rm a tio n  about demographics, 
baseline pulm onary health history, p rio r expe­
rience w ith  F lo r id a  red tid e , m ed ica tions , 
p o te n tia l con founde rs , and sym ptom s. In  
add itio n  to  asking about expected com m on 
respiratory symptoms, the questionnaire asked 
about d iarrhea to  detect overreporting  bias, 
because diarrhea was not expected to be asso­
ciated w ith  exposure to aerosolized F lorida red 
tide (vs. ingestion exposure resulting in  NSP). 
For the purposes o f  analysis, age groups were 
evaluated as tertiles (< 1 8  years, 18-60  years, 
> 60 years). Geographic p ro x im ity  o f  residence 
to the beach also was explored; p ro x im ity  was

d e fin ed  as residence on a b a rr ie r is land  or 
along Sarasota Bay (i.e., w ith in  approximately 
1 m ile  o f  the seashore). The investigators con­
s idered tw o  surrogate  measures o f  asthma 
seve rity : above and b e lo w  th e  unexposed 
period study population mean forced expira­
to ry  vo lum e in  1 sec (F E V j)  and the use o f  
asthma m edications (p redom inan tly  ß 2  ago­
nists) w ith in  1 2  h r  before going to the beach. 
H ow ever, the mean F E V j before the unex­
posed beach vis it was no t considered to  be a 
good measure o f  disease severity and was not 
used: no u n tre a te d  base line was o b ta in e d  
before the unexposed beach vis it, and in  the 
study popu la tion , persons w ho used asthma 
m edication w ith in  1 2  h r  before going to the 
beach, were more like ly  to have an FE V j value 
greater than the mean F E V j from  the unex­
posed p e rio d  (data no t show n). Therefore , 
o n ly  the use o f  asthma m ed ica tions w ith in  
1 2  h r  before going to the beach was used as a 
surrogate fo r increased asthma severity.

S p irom etry tests were perform ed using a 
portable O M I2 0 0 0  10-L  dry-rolling-seal vo l­
um e sp irom ete r (O ccup a tio n a l M a rke tin g , 
In c ., H o u s to n , T X )  b y  pe rsonne l tra in e d  
accord ing to  the standards o f  the N a tio n a l 
Ins titu te  fo r Occupational Safety and H ealth  
(N IO S H  1997). T he  sp irom e tric  values o f  
in te re s t w ere F E V j,  fo rce d  v ita l ca p a c ity  
(F V C ), fo rced e xp ira to ry  flo w  betw een 25 
and  7 5 %  (FE F 2 5 _7 5 , peak e xp ira to ry  flo w  
(PEF), and F E V j/F V C  percentage. F or the 
purposes o f  this study, each partic ipant served 
as his or her own spirom etry con tro l (i.e., pre­
exposure/postexposure); all study participants 
had  at least th ree  rep ro d u c ib le  sp irogram s 
before and after v is iting  the beach. The data 
were considered adequate i f  they conform ed 
to standard guidelines fo r the co llection  and 
in te rp re ta tio n  o f  sp irom e try  measurements 
(A m e rica n  T h o ra c ic  S oc ie ty  1991, 1995; 
Hankinson et al. 1999).

As an effect b iom arker o f  in flam m ation , 
nose and throat swabs were collected from  the 
study participants before and after they went to 
the beach. Samples were obtained by  gently 
w ip ing  the nose or throat w ith  a cotton-tipped 
swab, sm earing the m ate ria l on to  dup lica te  
microscope slides, and fix ing  w ith  a cytologic 
adhesive spray (Spray-Cyte; Becton D ickinson, 
Sparks, M D ) .  O ne slide fro m  each pa ir was 
stained using D i f f  Q u ik  (Dade Behring Inc., 
N e w a rk , D E ) fo r  c y to lo g ic  e v a lu a tio n  o f  
epithelial and in flam m atory cells. The in flam ­
m atory response was characterized according to 
ce llu la rity  and the percentage o f  neutroph ils 
and chron ic in flam m ato ry  cells (e.g., m acro­
phages, lym phocytes, and plasma cells). In  
addition, protein transudation and amount o f 
fib rin  present were evaluated because increas­
ing ly permeable cell membranes, a key event in 
the inflam m atory process, lead to protein tran­
sudation as prote ins leak out o f  the cells. As

described above, b revetoxin  levels also were 
analyzed b y  a n e w ly  deve loped b reve tox in  
E L IS A  (N aar et al. 2002) on the nasal and 
throat swabs as an exposure biomarker.

Statistics, A  study database was created in 
M icrosoft Access. Descriptive and other statis­
tical analyses were performed using SAS statis­
tical software (version 8.03; SAS Institu te Inc., 
Cary, N C ). Statistical hypothesis testing was 
performed using the paired f-test fo r con tinu­
ous data and the M cN em ar’s test fo r categori­
cal data (K le inbaum  et al. 1982) to  compare 
pre- and postexposure data. T he  num ber o f  
persons reporting  no sym ptom  before going 
on th e  beach b u t re p o r tin g  the  p a rt ic u la r  
sym ptom  after exposure was compared w ith  
th e  n u m b e r w h o  re p o r te d  no sym p to m s  
before and after the ir beach walk. Because this 
was an in itia l evaluation o f  the possible human 
adverse health effects o f  F lorida  red tide  a ir­
b o rn e  to x in  exposure , i t  was co n s id e re d  
hypothesis generating. There fore , m u ltip le  
comparisons were not adjusted for in  the level 
o f  statistical significance.

Results
The results contrast the environm ental m on i­
toring and human adverse health effects evalu­
a tions co llec ted  d u rin g  3 days w hen s tudy 
partic ipants were exposed to the F lorida  red 
tide aerosol (exposed sampling period, M arch
2003) w ith  sim ilar data collected during 3 days 
when no Florida red tide occurred (unexposed 
sampling period, January 2003).

Environm en ta l data. Environm ental sam­
p ling  confirm ed the presence o f  K  brevis and 
brevetoxins in  the w ater and a ir d u rin g  the 
Florida red tide  exposed period, and the lack 
o f  significant tox in  and organism levels in  the 
water and air during the F lorida red tide unex­
posed evaluation (Table 1 ). S u rf water samples 
from  the unexposed period exhibited K  brevis 
c e ll c o u n ts  ra n g in g  f ro m  n one  d e te c te d  
(< 1,000 cells/L) to  a h igh o f  6,000 cells/L on 
17 January  2 003 , d im in is h in g  to  < 1 ,000 
cells/L on 18 January. D u rin g  this time, water 
samples c o n ta in e d  lo w  c o n c e n tra tio n s  o f  
b re ve to x in s , ra n g in g  fro m  none  de tected  
(< 0.05 p g /L )  to  2 . 0  p g /L  fo r  samples c o l­
lected on bo th  days. H igh-volum e air samplers 
recovered on ly  trace amounts o f  brevetoxins 
fro m  th e  a ir  on 17 Ja n u a ry , w i th  n one  
detected (<0 .5  ng/m 3) on 18 January.

W a te r  sam ples c o lle c te d  d u r in g  th e  
F lorida red tide exposed period showed m od­
erate to  h igh  concentrations o f  K  brevis cells 
(daily mean ± standard deviation) on the first 
day o f  the  exposed study, 29 M a rc h  2003 
(181,000 ± 131,000 cells/L). C ell concentra­
tions increased on the second day o f  exposed 
s tu d y  on 30 M a rc h  (7 6 4 ,0 0 0  ± 2 6 4 ,0 0 0  
cells/L) and remained h igh through 31 M arch 
m o rn in g  (236 ,000  ± 69 ,000 ce lls /L ), then  
d im in is h in g  ra p id ly  by  the 1 2 0 0  h r  sample
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co lle c tio n  (2 2 , 0 0 0  ± 1 1 , 0 0 0  c e lls /L ). T he  
mean to ta l brevetoxin concentration in  water 
samples on 29 M a rc h  was 3 .4  ± 1.9 p g /L  
th roughout the day. T ox in  concentrations in  
water were higher on 30 March, w ith  a mean 
and standard deviation o f  14 ± 8  pg/L, d im in ­
ishing again to  3.3 ± 3.7 pg /L  on 31 March.

In  a d d itio n  to  tem pera tu re  and relative 
hum id ity , w in d  speed and w in d  direction were 
measured. Both w in d  speed and w in d  direction 
are essential in  the production and transport o f 
the red tide  aerosol to  the beach. D u rin g  the 
unexposed Florida red tide period, w in d  direc­
t io n  d u rin g  the sam pling was offshore. T h is  
and lo w  b reve tox in  co n cen tra tion  in  water 
resulted in  only trace or undetectable amounts 
o f  brevetoxin concentration in  the air. D u ring  
the first 2 days o f  the exposed Florida red tide 
p e rio d , th e  w in d  d ire c t io n  was p a r t ia l ly  
onshore w ith  m edium  to h igh  concentrations 
o f  brevetoxins in  water. These environm ental 
conditions produced m edium  levels o f  breve­
toxins in  the air. O n  31 March, the last day o f 
the exposed Florida red tide period, the w in d  
d irection changed to offshore w ind, and the air 
concentration o f  brevetoxins was m uch lower.

B y  L C -M S  analyses, co n ce n tra tio n s  o f  
b reve tox ins  in  the a ir samples were fo u n d  
throughout the first day o f  the study, 29 March, 
w ith  an overall daily mean and standard devia­
tion  o f  37 ± 18 ng/m 3. Samples collected near 
the s u rf d id  n o t d iffe r  fro m  those collected 
50 m  up the beach, probab ly because o f  the 
strong winds rapidly dispersing the toxins, pro­
v id ing  un ifo rm  exposure over the beach study 
area. Aerosolized brevetoxin concentrations in 
the am bient air d im in ished  on 30 M arch  to 
< 1 / 1 0 th  that observed on the first day o f  the 
exposed study, w ith  none detected in  air sam­
ples on 31 March, even though the cell counts 
and brevetoxin concentrations remained h igh 
in the water. This probably occurred because o f 
a shift in w in d  direction from  onshore to along­
shore and offshore.

E L IS A  analyses detected no brevetoxins 
on either the swabs or the personal m on ito r­
in g  d u r in g  th e  u n e xp o se d  s tu d y  p e r io d  
(January 2003). In  the exposed study period 
(M arch  2003), brevetoxins were detected in 
seawater, e n v iro n m e n ta l and personnel a ir 
m on ito ring  filters, and nose swabs o f  some o f 
the participants by  ELISA. However, in  in itia l

experim ental analysis, the presence o f  toxins 
in  nose swabs d id  n o t appear to  be s im p ly  
correlated w ith  the amount o f  tox in  that par­
tic ipan ts  were exposed to  in  th e ir  breath ing 
zone (i.e., the to x in  levels measured on per­
sonnel a ir m o n ito r in g  f ilte rs ) . D u r in g  the 
other 2 days o f  the F lo rida  red tide  exposed 
p e rio d , to x in  levels in  the  sea spray at the 
beach were too low  to be detected on air per­
sonnel filte rs and/or on nose swabs w ith  the 
brevetoxin ELISA.

T he  p a rtic le  size d is tr ib u t io n  fro m  the 
im p ac to r sample co u ld  be represented by a 
lo g -n o rm a l d is tr ib u t io n . T he  mass m edian 
aerodynam ic diam eter was 6.54 ± 1.34 pm , 
w ith  a geometric standard deviation o f  1.73 ± 
0.05 pm.

Adverse health effects. O f  the 130 persons 
in it ia lly  enrolled in  the study o f  sensitive sub­
populations, 59 w ho had asthma participated 
in  study activities du ring  bo th  an unexposed 
(January 2003) and an exposed (March 2003) 
s tudy period evaluation. T h e ir  mean age was 
35-8 ± 18.7 years (range, 12 -69  years); most 
were w h ite  non-H ispan ic  wom en (Table 2 ). 
T h is  popu la tion  was relative ly healthy, w ith  
very few current smokers [5 (8.5% )]; however, 
1 1  (19.6%) had been hospitalized at least once 
in  the past year fo r pu lm onary reasons. M ost 
(93.2% ) o f  these participants reported variable 
use o f  asthma medications (predom inantly ß2  

agonists) and had experienced a F lo rida  red 
tide w ith  reported symptoms (82.3%).

D u ring  the unexposed period, the 59 par­
ticipants who had asthma experienced neither 
significant respiratory im pairm ent nor develop­
m ent o f  symptoms after being at the beach for

1 hr. The participants were significantly more 
lik e ly  to  repo rt sym ptom s and s ig n ifica n tly  
m ore lik e ly  to  have a measurable respiratory 
im pairm ent on sp irom etry after going to  the 
beach for 1 h r during a Florida red tide expo­
sure (Table 3), although there was considerable 
variation in the respiratory function during the 
January 2003 unexposed period. T he  s ign ifi­
cant sym ptom s reported  o n ly  d u rin g  active 
exposure to F lorida red tide included respira­
to ry  complaints o f  cough (p  < 0.01), wheezing 
(p < 0.03), and chest tightness (p < 0.02), as 
w e ll as th ro a t (p < 0 .02) and eye ir r ita t io n  
(p < 0.01). Participants d id  not report diarrhea 
(p = 1.00). Statistically significant decreases in 
respiratory function during the Florida red tide 
exposed period  were measured fo r the F E V j 
(38.0 ± 118.0 m L; p  < 0.02) and the FEF2 5 _ 7 5  

(95.0 ± 296.0 mL/sec; p  < 0.02) w ith  sign ifi­
cant change from  preexposure. N o  significant 
changes in  the F V C  or F E V j/F V C  percentage 
were seen.

T he  association between sym ptom s and 
change in  FE V j during F lorida red tide expo­
sure was evaluated as a) greater or less than the 
mean change in FE V j (i.e., preexposure m inus 
postexposure F E V j) and b) as a positive change 
(i.e., preexposure > postexposure F E V j)  vs. 
negative change (i.e ., p reexposure < p o s t­
exposure FE V j). Participants w ith  a decrease in 
F E V ] a fte r exposure  to  F lo r id a  red  t id e  
re p o rte d  s ta tis t ic a lly  s ig n if ic a n t increased 
coughing (p  < 0.04) and borderline increased 
d ifficu lty  breathing {p < 0.06) and chest heavi­
ness (p < 0.06). However, asthmatics w ith  an 
increase in  F E V j after exposure to Florida red 
tide reported a statistically significant increased

Table 2. D em ographics of 59 physic ian-d iagnosed asthm atic study p a rtic ip a n ts /

V a r ia b le A s th m a tic s  [o  (% )]

n 59
A g e  ±  SD (ra n g e  in ye a rs ) 3 5 .8  ± 1 8 .7  (1 2 .0 -6 9 .0 )
F em a le 34  (5 7 .6 % )
R ace—e th n ic ity

W h ite  (% ) 58 (9 8 .3 % )
H is p a n ic  (% ) 2 (3 .4 % )

Y e a rs  w i th  d ia g n o s is  ±  SD 18.2 ±  14.9
U s in g  a s th m a  m e d ic a t io n s  c u r re n t ly 3 55 (9 3 .2 % )
P o s itiv e  h is to ry  o f red  t id e  s y m p to m s  w i th  exp o su re 37 (8 2 .2 % )
C u rre n t sm o k e r 5 (8 .5 % )
N u m b e r h o s p ita liz e d  in >  1 in p a s t y e a r fro m  re s p ira to ry  causes 11 (1 9 .6 % )

"B a sed  on base line  q ue s tion n a ire  in fo rm ation . ' ’P re do m in a n tly  ß2 agonis ts .

Table 1. Environmental cond itions and concen tra tions of b revetoxins in w a te r and air sam ples during the  unexposed and exposed sampling periods.

D a te
T e m p e ra tu re

(°C )
H u m id ity

(% )
A v e ra g e  w in d  
sp e e d  (k m /h r)

P re d o m in a n t 
w in d  d ire c t io n  

(%  onsh o re )
K. brevis 
(c e lls /L )

B re ve to x in
S e a w a te r

(p g /L )
A ir

(n g /m 3)

U n e xp o se d
17 J a n u a ry  2 0 0 3 12 .2  ±  1.6 68 ± 5 2 5 .6  ± 3 .4 O ffs h o re  (1 % ) 2 ,4 0 0  ± 1 4 0 0 <  L0D <  L0D
18 J a n u a ry  2 0 0 3 8 .3  ± 1 .6 47  ± 5 10 .9  ± 3 .7 O ffs h o re  (4 % ) <  L0D <  L0D <  L0D
19 J a n u a ry  2 0 0 3 13 .3  ±  1.1 53 ± 7 12 .4  ±  4 .0 O ffs h o re  (2 % ) <  L0D <  L0D <  L0D

Exposed
29 M a rc h  200 3 2 4 .4  ± 0 .5 83  ± 4 10 .5  ± 5 .4 P a r tly  o n s h o re  (5 8 % ) 180 ,6 0 0  ±  131 ,000 3 .4 4  ± 1 .9 3 3 6 .5 7  ± 1 7 .5 1
30 M a rc h  200 3 18 .9  ± 2 .2 8 4  ±  6 2 4 .9  ± 6 .0 P a r tly  o n s h o re  (4 4 % ) 7 6 4 ,4 0 0  ± 2 6 3 ,7 0 0 14.01 ± 8 .0 6 3.71 ± 2 .6 3
31 M a rc h  200 3 12 .8  ±  1.1 32 ±  12 2 2 .7  ± 2 .6 O ffs h o re  (0 % ) 9 6 ,3 0 0  ± 8 6 ,4 0 0 3.31 ± 3 .7 4 <  L0D
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chest heaviness (p < 0 .0 1 ) bu t no other respira­
to ry  sym ptom s. O f  note, repo rting  a cough 
(no t wheezing) after go ing to the beach was 
associated w ith  statistically significant decreases 
in  th e  PEF (p  < 0 .03 ) fo r  asthm atics o n ly  
during the Florida red tide exposed period.

Because the partic ipants lived  in  an area 
w ith  annual and often continuous Florida red 
tides , the re  was th e  p o s s ib il ity  th a t th e ir  
decreased re s p ira to ry  fu n c t io n  be fore  the 
s tu d y  beach w a lk  existed because o f  some 
p r io r  exposure (e.g., a p rio r F lorida  red tide 
exposure). T h is  poss ib ility  was examined by 
comparing the pulm onary function before the 
beach w alk during  the unexposed tim e period 
w ith  the pu lm onary function  before the beach 
w a lk  d u r in g  the  F lo r id a  red t id e  exposed 
period. N o  significant differences were found 
be tw een  F E V [, F E F 2 5 _7 5 , PEF, F V C , o r 
F E V ¡ /F V C  va lues b e fo re  the  unexposed  
beach w a lk  and those be fore  the  exposed 
beach w a lk . In  fact, the  mean p u lm o n a ry  
function  was s ligh tly  better before the beach 
w a lk  d u r in g  the  F lo r id a  red t id e  exposed 
p e r io d  th a n  i t  was be fo re  the  unexposed  
period (data not shown).

A s th m a tics  w ho  liv e d  away (> 1 m ile ) 
fro m  the seashore were s ig n if ic a n t ly  m ore 
lik e ly  to  repo rt resp ira to ry  sym ptom s after 
going to the beach during  the Florida red tide 
exposed period, whereas those who lived close 
(i.e., w ith in  <  1 m ile) to the seashore had no 
s ta tis tica lly  s ig n ifica n t increase in  reported 
symptoms. Asthmatics who lived far from  the 
beach also were s ig n ifica n tly  m ore lik e ly  to 
e xp e rie n ce  a decrease in  F E V j (4 8 .0  ± 
122.3 m L; p  < 0.01) and FEF 2 5 _ 7 5  (104.1 ± 
2 54 .7  m L/sec; p  < 0 .009 ) w ith  s ig n ific a n t 
change a fte r beach exposure to  F lo rida  red 
tide . R esp iratory fu n c tio n  d id  n o t d iffe r  in

asthmatics who lived close to the beach du r­
ing the Florida red tide exposed period.

The day w ith  the highest Florida red tide 
exposure by a ir e n v iro n m e n ta l m o n ito r in g  
(29 M a rch ) was exam ined, a lth o u g h  o n ly  
29 asthm atics were evaluated on th a t day. 
Reported symptoms and pu lm onary function 
d id  n o t change s ig n if ic a n t ly  d u r in g  th e ir  
unexposed evaluations. D u r in g  the F lo rida  
red tid e  exposed pe riod , these p a rtic ipan ts  
reported s ign ificantly  more cough (p < 0 .0 2 ) 
after return ing from  the beach, and there was 
a statistically significant decrease in FEF 2 5_7 j  
(116.9 ± 272.9 mL/sec; p  < 0.04).

A d d itio n a l analyses determ ined  w hether 
other factors such as age, gender, and severity 
o f  illn e ss  w ere  im p o r ta n t  w i th  regard  to  
reported  sym ptom s and sp iro m e try  before 
an d  a fte r  g o in g  to  th e  beach (d a ta  n o t 
shown). O n ly  the 18- to  60-year-old pa rtic i­
pants had statistically sign ificant increases in 
repo rted  resp ira to ry  sym ptom s d u r in g  the 
F lo rida  red tide  exposed period, b u t no t in 
the unexposed period. Age was not associated 
w ith  any significant changes in  spirom etry in 
the unexposed period, but during  the F lorida 
red  tid e  exposed p e rio d , o n ly  as thm atics  
18-60 years o f  age had statistically significant 
decreases in  F E V ¡ (p  < 0 .0 4 ) , F E F 2 5 _7<; 
(p < 0.03), and PEF (p < 0.05) after going to 
the beach. N o  s ign ificant differences fo r the 
sym ptom s were reported  by gender d u rin g  
the unexposed period; during  the Florida red 
t id e  exposed p e r io d , fem a le  a s th m a tics  
reported significantly more respiratory symp­
tom s a fte r go ing  to  the beach. D u r in g  the 
exposed period, there were statistically sign ifi­
c a n t decreases in  F E V j (p  < 0 .0 0 9 )  and 
FEF2 5 _ 7 5  (p < 0.05) fo r female asthmatics, as 
w e ll as s ta tis tica lly  s ig n ific a n t decreases in

F E V j (p  < 0 .0 2 )  d u r in g  th e  une xpo se d  
period; male asthmatics had no sta tis tica lly  
significant changes during  the F lorida red tide 
exposed or unexposed periods.

T o  explore asthma severity, the surrogate 
measure was used to compare those asthmatics 
who d id  and d id  not use asthma medications 
w ith in  the 1 2  h r  before going to  the beach. 
M o re  persons [42 (5 8 % )] re p o rte d  u s ing  
asthma medication w ith in  1 2  h r  before going 
to the beach during the exposed to Florida red 
tide  tim e period than d u rin g  the unexposed 
tim e  period  [30 (42% )]. T he  use o f  asthma 
medications w ith in  1 2  h r before going to the 
beach was associated w ith  statistically s ign ifi­
cant increased report o f  cough (p < 0.004) and 
chest heaviness (p < 0.04) after going to the 
beach d u rin g  the F lo r id a  red tid e  exposed 
period only. The reported use o f  asthma med­
ications 1 2  h r before the beach walk was asso­
c ia te d  w ith  no changes in  the unexposed 
p e rio d , b u t w i th  s ta t is t ic a lly  s ig n if ic a n t 
changes in  th e  F E V t (4 5 .0  ± 100.1 m L  
p  < 0.02), FEF 2 ,_ 7 ,  (120.0 ± 299.3 mL/sec 
p  < 0.03), and PEF (160.0 ± 435.7  m L/sec 
p  < 0.04) during the Florida red tide exposed 
period. Asthmatic females [22/34 (65% )] were 
more like ly  to report using medication before 
g o in g  to  the  beach co m p a re d  w ith  males 
[10/25 (40% )]; female asthmatics using med­
ications experienced s ta tis tica lly  s ign ifican t 
decreases in  the ir pu lm onary function  during  
the F lorida red tide exposed period, particu ­
larly FE V j (78.0 ± 93.6 m L; p  < 0.0008) and 
FEF 2 5 _ 7 5  (166.4 ± 423.7 mL/sec; p  < 0.04). 
Asthmatics o f  both genders who lived far from  
the beach were m ore lik e ly  to  report tak ing  
m edication before going to the beach [25 o f  
44 (57% )] com pared w ith  those w ho lived  
close to the beach [7 o f  15 (47% )]; these same

Table 3. Se lf-reported  sym ptom s and sp irom etry  results fo r study partic ipants preexposure and postexposure to  beach.

R e p o rte d  s y m p to m

No red  tid e e xp o su re Red t id e  e xp o su re
P re e xp o su re  = no 

P o s te xp o su re  = yes 
[n]

Pre- vs . p o s t­
d if fe re n c e  

s ig n if ic a n c e 3

P re e xp o su re  = no 
P o s te xp o su re  = yes 

(n)

P re -v s . p o s t­
d if fe re n c e  

s ig n if ic a n c e 3

Respiratory
C ough 9 0 .4 4 15 0.01
W h e e z in g 4 0 .7 4 7 0.03
S h o rtn e s s  o f b re a th 7 0.56 8 0.06
C h es t t ig h tn e s s 8 0 .2 5 17 0.002

O th e r
T h ro a t ir r ita t io n 5 0.56 12 0.02
N a sa l c o n g e s tio n 6 0.76 12 0.2 5
Eye ir r ita t io n 3 1.00 9 0.01
H e a d a ch e 5 0.26 6 0.06
Itch y  sk in 1 0.32 1 0.56
D ia rrh e a 0 0 1 1.00

P rebeach M e a n  d if fe re n c e S ig n ifica n c e P rebeach M e a n  d if fe re n c e S ig n ifica n c e
S p iro m e try  v a lu e m ea n  ±  SD ±  SD p o s te xp o su re (p -V a lu e )4 m e a n  ±  SD ±  SD p o s te xp o su re (p -V a lu e h

FEV, 3.01 ±  0 .8 8  L 2 1 .0  ±  1 3 9 .0  mL 0 .2 4 3 .0 3  ±  0 .8 7  L 3 8 .0  ±  118 .0  mL 0.02
FVC 4 .0 2  ±  1.07  L 2 .0  ±  179 .0  mL 0.93 4 .0 4  ±  1.03 L 3 5 .0  ±  176 .0  mL 0.13
FEV|/FVC 7 5 %  ±  9 % 0 .6 %  ± 3 % 0.09 7 5 %  ±  9 % 0 .3 %  ±  3 % 0.48
FEF25_75 2 .4 8  ± 1 .1 9  L /se c 3 9 .0  ±  3 3 2 .0  m L /se c 0.36 2 .5 3  ±  1.26 L /s e c 95 .0  ±  2 9 6 .0  m L /se c 0.02
PEF 7 .5 6  ±  2 .0 2  L /s e c 4 2 .0  ±  6 9 3 .0  m L /se c 0 .6 4 7 .5 9  ± 2 .0 2  L /s e c 8 1 .0  ± 4 5 8 .0  m L /se c 0.18

3M c N e m a r's  test. ' ’Paired f-test.
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asthmatics were more like ly  to  experience sta­
t is t ic a lly  s ig n ifica n t decreases in  th e ir  p u l­
m onary func tion  d u ring  the F lorida red tide 
exposed pe riod , p a rt ic u la r ly  F E V j (57 .6  ± 
104.9 m L; p  < 0.01) and FEF 2 5 _ 7 5  (132.0 ± 
273.6 L/sec; p  < 0 .0 2 ). The seven asthmatics 
tak ing  m edication w ho lived  near the beach 
experienced a statistically significant decrease 
in  PEF (430.0 ± 394.0 m L; p  < 0.03) during 
the Florida red tide exposure period.

Swabs. The 59 asthmatics were sampled by 
nasal and throat swabs bo th  when unexposed 
(January 2003) and exposed to Florida red tide 
(M arch  2003). The  F lorida  red tide  exposed 
swab data were compared w ith  the unexposed 
swab data. Several parameters were evaluated 
(i.e., in fla m m a tio n  between pre- and post­
beach w a lk  samples, p ro te in  transu d a tio n , 
am ount o f  f ib r in  present in  the sample, and 
percentage o f  reactive cells). These parameters 
were all higher, although not statistically signif­
icant (chi square, 0 . 1  > p  > 0.05), on the sec­
ond exposed day (30 M arch) than throughout 
the unexposed period when no Florida red tide 
was present. Analyses am ong the 3 days o f  
F lo rida  red tide  exposure ind ica ted  tha t the 
swab sam ples on th e  second exposed day 
(30 M arch ) showed the greatest increase in  
in fla m m a to ry  response w ith in  the day (i.e., 
postexposure  samples co n ta in e d  a greater 
in flam m ation  than preexposure sample); the 
first exposed day (29 March) was intermediate, 
and the last exposed day (31 M arch) had the 
least increase in  inflam m ation. O n  the second 
exposed day, more (although again not statisti­
cally significant) protein and fib rin  and a larger 
percentage o f  reactive e p ith e lia l cells were 
found (chi square, 0 . 1  > p  > 0.05) in  the sam­
ples than on the other days.

Discussion
This is the first study to demonstrate measur­
able adverse hea lth  effects, b o th  in  term s o f  
reported symptoms and objectively measured 
re s p ira to ry  decreases, fro m  exposure  to  
aerosolized F lorida  red tide  toxins in  persons 
w ith  asthma. In  addition, this study documents 
the water and air exposures to the aerosolized 
F lo rida  red tide  toxins associated w ith  these 
adverse health effects. T h is  study shows that 
ju s t v is it in g  th e  beach d id  n o t appear to  
adversely affect health for persons w ith  asthma 
during periods o f  no red tide, despite relatively 
low  temperatures and strong winds; in  the past, 
these environm ental factors have been associ­
ated w ith  increased bronchoconstriction among 
asthmatics (Koh and C hoi 2002). In  fact, addi­
tional analysis o f  data collected on a subsequent 
unexposed w arm er and m ore h u m id  day in  
M a y  2004 (data n o t shown) illu s tra ted  tha t 
there was some effect o f  the cold temperatures 
in the January 2003 nonexposure period on the 
lung function  o f  the asthmatics; however, the 
M arch  2003 F lorida  red tide  to x in  exposure

caused su b s ta n tia l s ig n if ic a n t re s p ira to ry  
changes in the asthmatics.

In  th is  p re lim ina ry  study, the asthmatics 
who appeared to be at greatest risk fo r a statis­
t ic a lly  s ig n ifica n t resp ira to ry  decrease after 
exposure to  F lorida  red tide  were those who 
ch ro n ica lly  used m ed ica tions. As discussed 
above, a lthough precisely defin ing the asthma 
severity is not possible w ith o u t an untreated 
unexposed baseline assessment o f  all the asth­
m atics , the  m ost severe asthm atics in  th is  
s tu d y  p o p u la t io n  are p ro b a b ly  those w ho  
reported  regu lar use o f  m ed ica tions w ith in  
1 2  h r  o f  go ing  to  the  beach fo r the study. 
These m ore severe asthmatics had the m ost 
s ign ifican t decreases in  resp ira tory fu n c tion  
during Florida red tide exposure among all the 
study participants. Furthermore, the effects o f 
o ther possible factors (i.e., age, sex, and resi­
dence p rox im ity  to the shore) were less im por­
ta n t when the data were s tra tified  by use o f  
medication. Therefore, the results suggest that 
the more severe asthmatics were the most sen­
sitive to Florida red tide tox in  exposure.

Prelim inary w o rk  w ith  an asthmatic sheep 
m odel has ind ica ted  tha t pre treatm ent w ith  
regularly used asthma m edications (i.e., cro­
m o lyn , a lbu tero l, and even an tih istam ines) 
m in im ize  the respiratory depressive effects o f 
brevetoxins and o f  F lo rida  red tid e  aerosol. 
Therefore, the respiratory decreases in  partic i­
pants w ith  m ore severe asthma in  th is  study 
m igh t have actually been m uch greater i f  they 
had not premedicated.

The  brevetox in  dose to w h ich  the study 
partic ipants were exposed was relatively low , 
w ith  an average ambient air concentration on 
the beach even during the highest exposure day 
(29 March) o f  36.67 ± 17.54 ng/m 3. In  a p rior 
study o f  recreational beachgoers by these inves­
tigators, this was considered “ moderate”  expo­
sure compared w ith  a “h igh”  exposure day w ith  
up  to  108 n g /m 3 o f  b re v e to x in  in  th e  a ir 
(Backer et al. 2003, 2005). I f  an average adult 
at rest breathes in about 6  L  o f  air per m inute 
(G u y to n  1981), then  persons v is it in g  the 
beaches during this study on the highest expo­
sure day inha led  a p p rox im a te ly  12.9 ng o f  
brevetoxin  each hour, o r an inha led dose o f  
0.18 ng /kg  (assum ing an average w e igh t o f  
70 kg) each hour. Franz and LeClaire (1989) 
reported respiratory failure in  < 3 m in  in guinea 
pigs exposed in trave n o u s ly  to  0 .016  ng /kg  
brevetoxin 3, and Benson et al. (1999) exposed 
12-week-old male F344/C rl B R  rats to a single 
dose o f  6 . 6  pg/kg brevetoxin 3 through in tra­
tracheal instillation resulted in  systemic distrib­
u tion  o f  brevetoxin 3 lasting more than 7 days 
postexposure. Singer et al. (1998) and Abraham 
et al. (2003, 2005) have found  that in tra tra ­
cheal administration o f  picogram doses o f  both 
brevetoxins and aerosolized F lo rida  red tide  
samples caused significant respiratory depres­
sion in  asthmatic sheep. Therefore, aerosolized

F lorida red tide  and brevetoxins appear to  be 
significant respiratory toxins at very low  expo­
sures in both humans and animals.

The physiologic impact o f  exposure to the 
F lorida  red tide  aerosol depends on the mass 
and chem ica l characteristics o f  the inha led  
particles. In  a sim ilar study o f  red tide aerosols 
conducted in  Texas (Cheng et al. 2005a) and 
in  the  present s tu d y  (C heng  et al. 2005b ; 
Pierce et al., in  press), the particles containing 
brevetoxin were 2 .9 -1 5  pm  in  mass m edian 
aerodynam ic d iam eter. Inha led  partic les o f  
th is size w ou ld  be deposited p rim a rily  in  the 
upper resp ira to ry  trac t (Schlesinger 1985); 
subsequent respiratory ir r ita tio n  cou ld  result 
fro m  the im pact o f  the partic les themselves 
an d /o r fro m  the tox ins  associated w ith  the 
particles. In  the present study, the reported 
re s p ira to ry  i r r i t a t io n  and  th e  m easured  
decreases in  respiratory function  were caused 
by exposure to aerosolized Florida red tide and 
brevetoxins; in  general, the study participants 
d id  no t report sym ptom s or have measured 
respiratory decreases d u rin g  nonexposure to 
Florida red tide, bu t they d id  when brevetox­
ins were measured in  the env ironm enta l air 
sampling, as w e ll as in  the ir noses, using the 
newly developed E LIS A  for brevetoxins.

Possible chron ic effects from  exposure to 
aerosolized F lo rida  red tid e  and brevetoxins 
may occur and should be evaluated. The swab 
in flam m atory  data suggest a possible delayed 
increased effect among the sensitive subpopula­
tio n  after the beginning o f  red tide exposure. 
Anecdota lly, several o f  the asthmatic p a rtic i­
pants have reported delayed effects after the ir 
Florida red tide beach exposures. This is further 
supported  b y  ano ther s tudy (Q u ir in o  et al.
2004) using Florida Poison In form ation Center 
data to  compare persons calling w ith  F lorida 
red tide-associated symptoms w ith  unexposed 
co n tro l callers. Callers w ith  F lo rida  red tide  
exposure reported significantly more respiratory 
symptoms at the tim e o f  exposure, and a signifi­
c a n tly  lo n g e r d u ra tio n  o f  these sym ptom s 
(12.84 ± 25-35 days d u ra tio n  o f  sym ptom s 
compared w ith  2  ± 1.41 days for the unexposed 
callers). Also, callers exposed to Florida red tide 
were significantly more like ly  than unexposed 
callers to  re p o rt seeking m ed ica l care (an 
elevated relative risk o f  3.00; p  < 0.025).

Study lim ita tions a n d  strengths. This study 
has several l im ita t io n s .  F irs t, exposure to  
aerosolized Florida red tide is d ifficu lt to assess. 
I t  is a natural event w ith  significant variation 
over tim e  and space caused by the ongoing  
effects o f  seawater concentrations, w in d  direc­
tio n  and speed, and other environm ental fac­
tors. Furthermore, the aerosol is a m ix ture  o f  
seawater and salt, various brevetoxins, cellular 
partic les, and o ther substances as yet to  be 
defined. For example, the study investigators 
have d iscovered  th a t K. brevis  p roduces a 
n a tu ra l in h ib ito r  o f  b re ve to x in , k n o w n  as
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brevenol; brevenol was measured d u rin g  the 
M arch 2003 study period on the environmen­
tal air samplers (Bourdelais et al. 2004; Cheng 
et al. 2 0 0 5 b; Pierce et al., in  press; Purkerson- 
Parker et al. 2000). The exact constituents o f  
F lorida red tide  aerosols and the ir ind iv idua l 
and com bined  effects on humans and other 
animals need further evaluation.

T h is  s tu d y  to o k  place in  an area w ith  
annual F lorida red tide  exposure. D e fin in g  a 
complete unexposed period was no t possible 
because there were K  brevis cells in  the waters 
along the beach s tudy site even d u rin g  the 
“ unexposed”  period. Furthermore, the partic i­
pants were all residents o f  this area, and many 
had a h is to ry  o f  F lo r id a  red tid e  exposure. 
Therefore, these participants may have experi­
enced in te rm it te n t F lo r id a  red tid e  aerosol 
exposure unm easured b y  the  investiga to rs  
before, after, and d u ring  the tw o study peri­
ods. In  add ition, residents o f  th is geographic 
region m ay have adapted to chron ic  F lorida  
red tide aerosol exposure.

Techniques to measure hum an exposure 
and subsequent adverse hea lth  effects fro m  
exposure to aerosolized Florida red tide toxins 
are curren tly  under development. The  newly 
developed brevetoxin ELISA, as well as LC -M S  
and H P L C , were close to  th e ir  L O D s  even 
d u rin g  the F lorida  red tide  exposure period; 
this was particularly true for the relatively low- 
flow  personal air m onitoring and for the swabs. 
The use o f  th roat and nose swabs to evaluate 
in fla m m a to ry  change is also under develop­
ment. Nevertheless, these methodologies offer 
the p o ss ib ility  o f  quan tita tive  and objective 
measurement w ith  b o th  exposure and effect 
b iom arkers o f  brevetoxins in  humans in  the 
fu tu re , in  a d d itio n  to  the m ore  tra d it io n a l 
exposure assessment (i.e., water, environmental 
air, personal air) and health effect assessment 
(i.e., questionnaire and spirometry).

In  this in itia l study, the asthmatic partic i­
pants were evaluated w ith o u t Florida red tide 
exposure b u t n o t w ith o u t the  use o f  th e ir  
medications. This is im portant fo r several rea­
sons. P re lim in a ry  data us ing  an asthm atic  
sheep animal model have shown that pretreat­
m ent w ith  co m m o n ly  used asthma m edica­
tions (i.e., albuterol, atropine, crom olyn, and 
even antihistamines) can m in im ize the effects 
o f  brevetoxins and o f  Florida red tide aerosols 
on respiratory function (Abraham et al. 2005). 
Therefore, the ongoing use o f  asthma medica­
tions among the participants w ith  more severe 
asthma m ay have decreased the physio log ic  
effects o f  Florida red tide exposure in  the most 
sensitive subpopulation.

In  addition to the advantage o f  employing 
the objective effect measure o f  spirometry, this 
study used a methodology in  w hich each sub­
je c t served as h is  o r h e r ow n  c o n tro l w ith  
regards to all effect measures, before and after 
1 h r  o f  beach exposure  as w e ll as d u r in g

Florida red tide exposed and unexposed peri­
ods. T h is  m ethodology has been used exten­
sively looking at cross-shift and at long itudina l 
changes in  respiratory function  (Anees 2003; 
Chan-Yeung 2000; Eisen et al. 1997; Hn izdo 
et al. 1999; Skogstad et al. 2002; Waters et al.
2003) in  occupational studies o f  respiratory 
toxins, as w e ll as in  environm enta l air p o llu ­
tio n  studies (Desqueyroux et al. 2002).

The  strengths o f  th is  p re lim in a ry  s tudy 
o f  sensitive population  and exposure to aero­
solized Florida red tide outweigh its lim itations. 
Th is  study integrated extensive environmental 
assessment w ith  evaluation o f  adverse hum an 
health effects. I t  is the first study to objectively 
measure b o th  exposure and adverse hea lth  
effects in  a relatively large population  o f  per­
sons w ith  u n d e r ly in g  re s p ira to ry  disease. 
F ina lly, a lthough small, the objective ly mea­
sured respiratory decreases were statistically sig­
n if ic a n t and co rre la te d  w ith  the  b o th  the 
environm enta l assessment and w ith  the self- 
reported respiratory symptoms.

T h e  inves tig a to rs  p lan  to  evaluate the 
p o s s ib le  c h ro n ic  e ffe c ts  o f  expo sure  to  
aerosolized F lorida red tide toxins among the 
sensitive subpopulations. N o t all persons w ith  
asthm a m ay be e q u a lly  sens itive  to  to x in  
exposures. In  addition, evaluation o f  possible 
therapeutic interventions using animal models, 
as w ell as contro lled trials in  humans, needs to 
be explored.
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