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R ed tides in  th e G u lf  o f  M exico  are co m m o n ly  form ed by  th e tisii h illing dinoflagellate Karenia  
brevis, w h ich  produces n in e p o ten t polyether brevetoxins (P bT xs). Brevetoxins can be transferred 
from  w ater to air in  w in d -p o w ered  w h ite-cap p ed  w aves. In h alation  exposure to  m arine aerosol 
c o n ta in in g  b revetox in s causes respiratory sy m p to m s. W e  describe d eta iled  characterization  o f  
aerosols d u rin g  an e p id em io lo g ic  stu d y  o f  o ccu p ation a l exposure to F lorida red tid e  aerosol in  
term s o f  its concentration , tox in  profile, and particle size distribution . T h is  in form ation  is essen­
tia l in  u n d ersta n d in g  its source, a ssessin g  exp osu re to  p eop le , and  est im a tin g  d ose  o f  in h a led  
aerosols. E nvironm ental sam plin g confirm ed th e presence o f  brevetoxins in  w ater and air du rin g a 
red tid e exposure period (Septem ber 2 0 0 1 ) and lack o f  significant toxin  levels in  th e w ater and air 
d u rin g  an u n exp osed  period  (M ay 2 0 0 2 ) .  W a ter  sam ples c o llected  d u rin g  a red tid e  b lo o m  in  
20 0 1  show ed  m od erate-to-h igh  concentrations o f  K  brevis cells and P b T xs. T h e  daily  m ean P b T x  
concentration  in  w ater sam ples ranged from  8 to 2 8  p g /L  from  7  to 11 Septem ber 2 0 0 1 ; th e daily  
m ean P b T x  concentration  in  air sam ples ranged from  1.3 to 2 7  fig u i'. T h e  daily  aerosol con cen ­
tration o n  th e beach can be related to  P b T x  concentration  in  w ater, w in d  speed, and w in d  direc­
t io n . P e r so n a l sa m p le s  c o n f ir m e d  h u m a n  ex p o su r e  to  red  t id e  a e ro s o ls . T h e  p a r tic le  s ize  
d istr ib u tion  sh ow ed  a m ean aerodynam ic d iam eter in  th e size range o f  6—12 pm , w ith  deposits  
m a in ly  in  th e  u p p er  airw ays. T h e  d e p o s itio n  pattern  correlated  w ith  th e  ob served  increase o f  
upper airway sym ptom s in  healthy lifeguards during the exposure periods. Key words: brevetoxin, 
exposure assessm ent, Karenia brevis, m arine aerosol, particle size d istribution , personal exposure, 
red t id e . E n viro n  H ea lth  Perspect 1 1 3 :6 3 8 —6 4 3  (2 0 0 5 ) .  d o i: 1 0 .1 2 8 9 /e h p .7 4 9 6  availab le  v ia  
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R ed  t id e s  in  th e  G u l f  o f  M e x ico  are 
com m only form ed by the fish-killing dinofla­
g e lla te  K arenia  brevis ( fo rm erly  k n o w n  as 
Gymnodinium breve). T he organism  produces 
as m any as nine p o ten t polyether brevetoxins 
called PbTxs and designated PbTx-1, PbTx-2, 
etc., that result in the death o f a massive num ­
ber o f  fish (Forrester et al. 1977), m am m als 
(Bossart et al. 1998), and other m arine species 
d u r in g  re d  t id e  b lo o m s . P b T x s  can  also  
concentrate in the tissues o f  shellfish that feed 
on dinoflagellates. People who eat these shell­
fish m ay suffer from  neurotoxic shellfish poi­
soning, a food poisoning syndrom e th a t can 
cause severe gastro in testinal and  neurologic 
symptoms.

Brevetoxins can also be transferred  from  
w a te r  to  a ir in  th e  w in d -p o w e re d  w h ite -  
capped waves during red tide episodes (Pierce 
et al. 1989a). Inhala tion  exposure to m arine 
aerosol containing brevetoxins causes respira­
tory  sym ptoms, including involuntary cough­
ing and  sneezing, w atery  eyes, rh inorrhea, a 
burning sensation in the throat and nose, and 
d i f f ic u l ty  b re a th in g  (B ack e r e t al. 2 0 0 3 ; 
C heng  et al. 2005; Pierce et al. 2003). R ed 
tid e s  o f f  F lo rid a  co asta l w a ters  are a lm o st 
annual events. Ffistorically, anecdotal reports 
and lim ited references to hum an  sym ptom s in 
the  literature (M usic et al. 1973; W oodcock

1948) have consistently cited acute respiratory 
and  eye irrita tions as typical responses from  
exposure to  aerosolized  PbT x. In  ad d itio n , 
experimental w ork (Abraham et al. 2004; Asai 
et al. 1982; Baden et al. 1982) dem onstrated  
th a t inhaled PbT x cou ld  cause b ronchocon- 
s tr ic tio n  a n d  a sm o o th  re sp ira to ry  m uscle  
response that could result in an asthm a attack 
in susceptible individuals.

D uring  two red tide events in Florida in 
1999, P b T x  levels in air an d  seaw ater were 
m easured  an d  personal interview s and  p u l­
m o n a ry  fu n c tio n  tes ts w ere c o n d u c te d  on 
people before and  after th ey  v isited  F lorida  
beaches (Backer et al. 2003). D uring  m oder­
a te -  a n d  h ig h -e x p o s u re  p e r io d s ,  36  a n d  
80 n g /m 3, re sp e c tiv e ly , o f  P b T x  w ere  
d e tec ted  in th e  air. Low er resp ira to ry  trac t 
sym ptom s (e.g., tightness o f  chest, wheezing, 
shortness o f  breath) were reported  by 8%  o f 
the people who had  no or low exposure, 11 % 
w ith  m oderate exposure, and 28%  w ith  h igh 
exposure; u p p e r resp ira to ry  sym ptom s (eye 
and th roat irritation, nasal congestion, cough) 
w ere  also in c re ased  in  th e  m o d e ra te -  an d  
h ig h -e x p o s u re  g ro u p s . N a sa l-p h a ry n g e a l 
swabs w ere taken  from  peop le  w ho experi­
en ced  m o d e ra te  o r h ig h  exposure , an d  we 
fo u n d  a m ild  in f la m m a to ry  re sp o n se  in  
> 33%  o f  these participants. T his initial study

ind icated  th a t b rie f  recreational exposure to 
re d  t id e  ae ro so l by  b e ac h  g o ers  c o u ld  be 
re la ted  to  increased  resp ira to ry  sym ptom s. 
W e also found in the fall o f  2000 in a red tide 
event near C orpus Christi, Texas, that low air 
concentrations o f brevetoxins in the  range o f 
3 - 4  n g /m 3 co u ld  in itia te  sy m p to m s in  th e  
upper respiratory tract, including cough, irri­
ta tio n  in th e  th ro a t, an d  itchy  eyes (C heng  
et al. 2005).

R ed  t id e  aero so ls  a re  m a r in e  aero so ls  
c o n ta in in g  aeroso lized  K. brevis fragm en ts 
and  associated bacteria (Pierce et al. 1989a). 
Environm ental aerosol samples collected d u r­
ing red tides in Florida and  N o rth  C arolina 
in 1987 (Pierce et al. 1989b) show ed  h ig h  
c o n c e n tr a t io n s  o f  th re e  P b T x s (P b T x -2 , 
PbTx-3, and PbTx-5). G eneration o f  red tide 
aeroso l was also s tu d ie d  in th e  lab o ra to ry  
u s in g  c u ltu re s  o f  K. brev is  (P ie rc e  e t al. 
1 9 89a , 1 9 8 9 b ). In  g enera l, s im ila r PbT xs 
profiles were observed in the  laboratory  and 
the  field.

Characterization o f the red tide aerosols in 
term s o f its concentration, chemical com posi­
tion , toxin profile, and particle size d istribu­
tion  is essential in understand ing  the  source, 
assessing h u m a n  exposure, a n d  e s tim a tin g  
dose o f  inhaled aerosol. W ith  additional infor­
m ation on local weather conditions and water 
samples in the  bloom, one can also establish a 
relationship between the aerosol concentration 
and environm ental conditions. W e describe in 
th is  a r tic le  a d e ta i le d  c h a ra c te r iz a t io n  o f  
aerosols and environm ental conditions during

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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an  e p id e m io lo g ic  s tu d y  o f  o c c u p a tio n a l  
exposure to  Florida red tide aerosol.

Materials and Methods
F ie ld  sa m p lin g  s tu d y .  T h e  o c c u p a tio n a l  
exposure  s tu d y  was c o n d u c ted  in Sarasota, 
F lo rida . T h e  ex p erim en ta l design  h a d  two 
5-day  s tu d y  periods in c lu d in g  an exposure 
p e rio d  be tw een  7 an d  11 S ep tem b er 2001 
during  a red tide episode and a nonexposure 
p e r io d  b e tw e e n  3 a n d  7 M ay  2 0 0 2 . T h e  
de ta iled  study  design for th e  epidem iologic  
study is described in this m in i-m onograph  by 
Backer et al. (2005). A ir samplers were set up 
along Siesta Beach and Lido Beach (Sarasota, 
F lo rid a) to  co llect m arin e  aerosols. H ig h - 
v o lu m e  a ir  s a m p le rs  (m o d e l  G 2 0 0 0 F 1 ; 
A n d ersen  In s tru m en ts , Sm yrna, GA) w ere 
placed near the  w ater to collect large q uan ti­
ties o f  m ate ria l for analysis o f  P bT x. Som e 
sam plers co llected  a irbo rne  particles in one 
filter substrate for total aerosol concentration, 
w hereas o th er sam plers h o u sed  a five-stage, 
h ig h - v o lu m e  c a sc a d e  im p a c to r  (m o d e l  
SA235, Andersen Instrum ents) for to ta l con­
centration  as well as particle size distribution . 
Glass-fiber filters (20 cm  X  25 cm) were used 
as the  collection substrates (m odel EPM 2000; 
W hatm an  International Ltd., M aidstone, UK) 
for the single-stage filter sampler. Cellulous fil­
te r s  (1 5  cm  X  14 cm ; f i l te r  p a p e r  4 1 , 
W hatm an) were used for the five-stage cascade 
im pactor. T h ere  were one im pactor sam pler 
an d  th ree  filter sam plers at Siesta an d  Lido 
beaches. T h e  sam pling  tim e  usually  s ta rted  
b e tw e e n  0 8 0 0  a n d  0 8 3 0  h r  a n d  e n d e d  
between 1530 and 1630 hr. W e also ran one 
im p a c to r  s a m p le r  a t n ig h t  fo r  a to ta l  o f  
approx im ately  15 h r  at Siesta Beach du rin g  
the  exposed period o f 7 -1 0  Septem ber 2001. 
T h e  sam ples collected represented  th e  tim e- 
integrated am bient concentration and particle 
size in the sam pling area.

Seaw ater sam ples w ere co llected  in 1-L 
glass b o ttle s 3 tim es each day (0830 , 1200, 
and 1600 hr) from  th e  su rf  zone adjacent to 
each air sam pler location to provide an indi­
c a tio n  o f  changes in  cell co u n ts  a n d  to x in  
com position  th ro u g h o u t each day. A  20-m L  
subsample was collected from  each bottle  and 
fixed w ith  U te rm o h l’s so lu tio n  fo r m ic ro ­
sco p ic  id e n tif ic a t io n  a n d  e n u m e ra tio n  o f  
K. brevis cells. T h e  rem ain ing  w ater sam ple 
was processed for brevetoxin analysis by liq­
u id  chrom atography-e lectrosp ray  ionization  
mass spectrom etry (LC-M S) and for verifica­
tion  by enzym e-linked im m unosorben t assay 
(ELISA).

Personal exposure. Personal exposure was 
m easured by th e  occupational s tudy  p artic i­
p a n ts  w h o  w ore a p e rso n a l sam p le r ( IO M  
in h a lab le  d u st sam pler; SK C , In c ., E ig h ty  
F our, PA) c o n n ec ted  to  a b a tte ry -o p e ra ted  
pum p (H i Flow Sampler; Gillian Instrum ent,

W ayne, N J). T h e  sam pler was placed at the 
lapel near the  breathing zone. A  25-m m  glass 
fiber filter (type A /E; Pali Life Science, A nn 
A rbor, M I) was used  as th e  co llection  sub­
strate . T h e  sam pling  flow rate was 2 -L /m in  
c o n tro lle d  b y  a ro tam e te r  in th e  sam p lin g  
pum p.

M o n ito r in g  o f  w e a th e r  c o n d itio n s .  A 
portab le, so lar-pow ered w eather sta tion  was 
d ep loyed  at Siesta Beach near th e  im p ac to r 
sam pler to provide w ind  speed and direction, 
tem perature, and relative hum idity  (Com plete 
W eather Station; Davis Instrum ents, Hayward, 
CA). It continued to  m on ito r w eather condi­
tions during the sampling period, and the data 
w ere dow nloaded  daily. T h e  w in d  d irection  
m easured  at Siesta Beach included  16 qu ad ­
rants. W e assigned arbitrary values for onshore 
w ind (1 for W , W SW , SW, SSW, and S), off­
shore w ind  (0 for ESE, E, E N E , N E , N N E , 
and  N ), and  partially  onshore w in d  (0.5 for 
SSE and W N W , 0.3 for N W , 0.1 for N N W  
and SE). T he daily average o f the direction was 
th en  the  m ean value averaged over the  sam ­
pling period; the standard deviation was a mea­
su re  o f  th e  v a r ia b i l i ty  in  w in d  d ir e c tio n  
m easurem ent. T h e  m ean w in d  d irection  can 
also be viewed as the fraction o f tim e the w ind 
direction was onshore.

Analysis fo r  a ir  samples. A fter collection, 
th e  h ig h -v o lu m e  im p a c to r su b s tra tes  w ere 
s to red  at -2 0 ° C . Filters were rem oved from  
th e  co ld  sto rage  a n d  e q u ilib ra te d  to  ro o m  
te m p e ra tu re  b e fo re  e x tra c tio n . F irs t, su b ­
strates were cu t in to  several sections. A bou t 
3.0 cm 2 was used for ELISA analysis for total 
concentration o f  brevetoxins and related com ­
p o u n d s .  A b o u t  90  c m 2 o f  sa m p le s  w e re  
extracted and analyzed by LC-M S.

T h e  e x trac tio n  a n d  L C -M S  tec h n iq u es  
have been  d escribed  in de ta il (C heng  et al. 
2 0 0 5 ) .  B rie fly , th e  se c tio n  o f  f i l te r  fo r 
LC-M S-M S analysis was extracted first by fold­
ing  over an d  ro llin g  it in to  a 15-m L  p o ly ­
propylene tube. T en milliliters o f  acetone were 
added to the tube and the sample was vortexed 
fo r 20  sec, so n ic a te d  fo r 2 m in , a n d  th e n  
placed on a circular rotator (Roto-Torque, low 
speed #10; Cole-Parm er Instrum ents, V ernon 
Hills, IL) for 20 m in. T he 10-mL extract was 
then  evaporated under a gentle stream o f nitro­
gen to  ap p ro x im ate ly  100 pL, v o rtexed  for 
5 sec to rehomogenize the extract, and recom­
bined w ith a 50:50 m ethanokpurified water to 
th e  final analysis volum e (typically 200 pL). 
T he samples were then  analyzed for brevetox­
ins by an LC-M S technique using a high-per­
formance liquid chrom atograph (SIL-DAD vp; 
Shim adzu Co., Kyoto, Japan) coupled w ith the 
A PI 365 M S /M S (A pplied B iosystem s Inc., 
Foster C ity , CA). W e ran th e  in stru m en t in 
m ultiple-response m onitor m ode and used the 
p a re n t /d a u g h te r  io n  p a irs  o f  8 6 7 .5 /8 4 9 .5  
(PbTx-1), 895.5/877.5 (PbTx-2), 897.5/725.4

(PbTx-3), 911.6/893.7 (PbTx-6), 899.6/863.9 
(PbTx-9), and 657.4/273.2 (brevenal) to iden­
tify and quantify  the PbT x com ponents. T he 
lim it o f  q u a n tita tio n  for th e  analysis o f  th e  
im pactor sample was 0.01 ng/mL

Filter sam ples from  personal samples and 
sm all se c tio n s  o f  each  im p a c to r  su b s tra te  
were analyzed by a com petitive ELISA (N aar 
et al. 2002) based on the  specific activity o f 
th e  goat a n ti-P b T x  an tib o d y  (T ra in e r and  
Baden 1991). T h e  analysis p rov ided  a to ta l 
a m o u n t o f  P b T x s b u t  n o t  th e  in d iv id u a l 
P b T x s . T h e  l im it  o f  q u a n t i t a t io n  o f  th e  
b r e v e to x in s  u s in g  th e  E L IS A  assay  w as 
0.6 ng/sam ple. For the  personal samples, this 
c o r r e s p o n d e d  to  a b o u t  1 n g / m 3 fo r  a 
sam pling period o f  300 m in.

Analysis o f  w a ter samples. W e extracted  
brevetoxins from  the w ater samples by  passing 
the seawater th rough  a C ls solid-phase extrac­
tion  disk under vacuum  (Ansys Technologies, 
Inc., Lake Forest, CA) according to the  proce­
d u re  o f  Pierce e t al. (2003). T h e  C jg disks 
were then  rinsed w ith  reverse osmosis w ater to 
rem ove any rem ain ing  salts and e lu ted  w ith  
m e th a n o l fo r L C -M S  an d  ELISA  analyses. 
W e verified the extraction efficiency by recov­
ery  o f  s ta n d a rd  to x in s  a d d e d  to  seaw ate r  
samples and processed as described above.

Brevetoxin analyses o f  water samples were 
perform ed at the M ote M arine Laboratory by 
LC-M S using a Therm oFinnigan AqA LC-MS. 
T h e  L C  co n sisted  o f  a SpectraSystem s: L C  
p u m p  P 4 0 0 0 , a u to s a m p le r  A S 3 0 0 0 , a n d  
degasser S C M 1000  (T h erm o  E lectron  C o., 
W altham , M A). M ass spectral detection  was 
o b ta in e d  using  an A qA  single q u a d  system  
scanned from  204  to  1 ,216 A M U  w ith  AqA 
M ax 40 V, and a scan rate o f 1.1 scans/sec. All 
analysis was conducted using electrospray w ith 
the probe at 3 kV  and 250°C. T he colum n was 
a Phenom enex Security G uard  C 18 guard col­
um n w ith a Phenomenex Luna Cjg 5Fm  250 X  

2 m m  analytical colum n (Phenom enex USA, 
Torrance, CA). T he solvent gradient was com ­
posed o f acidified (0.3%  acetic acid) acetonitrile 
(A C N )/H 20  w ith initial 50:50 A C N /H 20  to 
95:5 A C N /H 20  over 40 min.

Dose estim ation  o f  inh a led  PbTxs. T h e  
d e p o s itio n  p a tte rn  o f  th e  in h a le d  red  tid e  
aerosol in different regions o f  the  respiratory 
tract can be estim ated using the  International 
C o m m iss io n  on  R a d io lo g ic a l P ro te c t io n  
(IC R P ) 66 lu n g  m o d e l (IC R P  1994). T h e  
h um an  respiratory tract is divided in to  three 
anatom ical regions. T h e  extra thorac ic  (ET) 
airw ay in c lu d in g  th e  n a s o -o ro -p h a ry n g o -  
laryngeal region is the  entry  to  the  respiratory 
tract and  the  first defense against hazardous 
inhaled m aterial. T h e  tracheobronchial (TB) 
tree region includes th e  trachea and  16 gen­
erations o f  b ranch ing  airways. Gas exchange 
takes place in the  pu lm onary  region. Particles 
d e p o sit in  th e  lu n g  by  in e rtia l im p a c tio n ,
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se d im e n ta tio n , d iffu sio n , an d  e lec tro sta tic  
mechanism s.

A ssum ing  a b rea th in g  ra te  o f  25 L /m in  
for light exercise o f  an adult m ale and m eas­
u red  particle size d istribu tion , we calculated 
the deposition fractions o f  inhaled particles in 
th e  th ree  regions o f  th e  h u m an  resp ira to ry  
tract using L U D E P software (N R PB , O xon, 
UK), w hich is based on the IC R P lung m odel 
(IC R P 1994).

S ta tis tic a l analysis. A  p a ire d  i-te st was 
used to determ ine w hether differences o f  mass 
m e d ia n  a e ro d y n a m ic  d ia m e te r  (M M A D ) 
between the LC-M S and ELISA analysis were 
significant. A  R v a lu e  < 0 .05 was considered 
significant.

Results
Environmental, conditions. T able  1 sum m a­
rizes the  environm ental data obtained for the 
two sam pling periods during  the 2 0 0 1 -2 0 0 2  
O c c u p a t io n a l  E x p o su re  S tu d y  in  S ie s ta  
Beach, Florida. T h e  data show ed th a t during 
th e  tw o sam p lin g  periods, th e  tem p era tu re  
and relative hum id ity  were stable. In addition 
to  te m p e ra tu re  an d  re la tive  h u m id ity , th e  
w in d  speed  [in m iles pe r h o u r  (m ph)] an d  
w ind direction were measured.

Both w ind direction and w ind speed varied 
daily  d u rin g  th e  exposure an d  nonexposure  
periods. For example, on 7 Septem ber 2001, 
the air was calm w ith  little w ind. O n  8 and 9 
Septem ber 2001 , w in d  speed increased, and 
> 50%  o f  th e  tim e  th e  w in d  carried  m arine  
aerosols onshore. O n  10 Septem ber 2001, the

w ind speed decreased and was offshore m ost o f 
th e  tim e. O n  11 Septem ber 2001 , th e  w ind  
speed increased bu t was still offshore.

P b T x  co n cen tra tion  in  a ir  a n d  w ater. 
E nvironm ental sam pling confirm ed the  pres­
ence o f  K. brevis in w ater and brevetoxins in 
the  w ater and air during the  red tide exposure 
period (Septem ber 2001 ), and the lack o f  sig­
nificant toxin levels in the water and air du r­
in g  th e  u n e x p o s e d  p e r io d  (M a y  2 0 0 2 )  
(Table 2). S u rf w ater samples from  the  n o n ­
exposed M ay 2002 period contained low con­
c e n tra t io n s  o f  b re v e to x in s , ra n g in g  fro m  
below the  lim it o f quantitation  (0.05 pg/L) to 
0 .3  p g /L  for sam ples co llected  from  3 to  7 
M ay 200 2  in b o th  Lido and  Siesta beaches. 
A ir co n cen tra tio n s w ere expressed as n an o ­
g ram s p e r  c u b ic  m e te r  o f  P b T x s (L C -M S  
technique) and were the  m ean value o f  three 
filter and  one im pacto r sam ples collected  at 
L ido and  Siesta beaches. D u rin g  th e  nonex­
p o su re  p e rio d , air sam plers recovered  trace 
am ounts o f  brevetoxins from  the air ranging 
b e low  th e  d e te c tio n  l im it o f  q u a n ti ta t io n  
(< 0.01 ng/m 3) to 1 ng /m 3.

W ater samples collected during  a red tide 
bloom  showed moderate-to-high concentrations 
o f  K. brevis cells and PbTxs. T h e  daily m ean 
total PbT x concentration and standard  devia­
tion in water samples ranged from 8 to 28 pg/L 
from 7 to 11 September 2001. T he mean con­
centrations were between 18 and 28 pg/L  for 
the first 2 days. T he aerosol concentrations were 
between 1.9 and 12 ng/m 3 at the Siesta Beach 
a n d  1.3 a n d  27  n g /m 3 at th e  L ido  B each.

Table 1. Summarized data fo r environm enta l cond itions in Siesta Beach, Florida (mean ± SD).

Date
T em pera tu re

(°F)
Humidity

(%)
Average  w ind 
s p e e d  (mph)

M axim um  w ind  
s p e e d  (mph) W in d  direction

7 S e p t  2001 28.9 ± 0 . 9 69.5 ± 4 . 7 0.0 ± 0 . 0 0.1 ± 0 . 4 0.37 ± 0 . 5 5
8 S e p t  2001 27.6 ± 0 . 6 75.0 ± 3 . 2 7.0 ± 2 . 8 10.9 ± 3 . 3 0.68 ± 0 . 3 0
9 S e p t  2001 26.1 ± 0 . 7 81 .5  ± 3 . 2 9.2 ± 3 . 5 13.3 ± 3 . 8 0.50 ± 0 . 4 7
10 S ep t  2001 25.9 ± 0 . 7 86.3 ± 3 . 0 5.8 ± 2 . 2 9.3 ± 2 . 6 0.17 ± 0.36
11 S ep t  2001 27.9 ± 1 . 9 NA 10.0 ± 2 . 0 16.7 ± 2 . 4 0.09 ± 0.16
3 M ay  2002 NA NA NA NA NA
4 M ay  2002 27.6 ± 0 . 6 NA 9.0 ± 1 . 8 12.2 ± 1.9 0.61 ± 0 . 4 3
5 M ay  2002 28.6 ± 0 . 8 65.8 ± 4 . 8 7.1 ± 3 . 0 10.1 ± 3 . 2 0.52 ± 0 . 4 2
6 M ay  2002 29.1 ± 2 . 7 56.9 ± 1 4 . 3 7.4 ± 1 . 9 13.2 ± 3 . 3 0.00 ± 0 . 0 2
7 M ay  2002 27.3 ± 1 . 2 69.8 ± 6 .1 6.6 ± 0 . 8 9.3 ± 1 .1 0.73 ± 0 . 4 2

NA, no t  applicable.

Table 2. Summarized air and w a te r concen tra tion  of P b T x s  by LC-MS method (mean ± SD).

S ie s ta  Beach Lido Beach
W a t e r  concen tra t ion Air concen tra t ion  W a t e r  concen tra t ion Air concen tra t ion

Date (pg/L) (n g /m 3) (pg/L) (n g /m 3)

7 S e p t  2001 27.9 ± 14 7.53 ± 3 . 8 6 26 ± 16 26 .90 ± 1 7 . 5 4
8 S e p t  2001 18.9 ± 8 9.94 ± 6 .41 18.3 ± 12.8 20 .36 ± 2 7 .1 6
9 S ep t  2001 8.6 ± 3 . 7 11.89 ± 7 . 0 7 9.3 ± 6 . 6 17.43 ± 9 . 6 0
10 S ep t  2001 10 ± 3 . 3 2.40 ± 2 . 6 4 13.8 ± 5 5.93 ± 7 . 2 6
11 S ep t  2001 12.3 ± 2 . 3 1.90 ± 1 . 6 6 8.2 ± 2 . 4 1.32 ± 2 . 6 4
3 M ay  2002 0.04 ± 0 . 0 4 1.11 ± 0 . 4 8 < L0Q 0.08 ± 0.17
4 M ay  2002 0.3 ± 0 . 4 1.16 ± 0.17 < L0Q 0.08 ± 0.17
5 M a y  2002 < L0Q 0.05 ±0 .11 < L0Q 0.04 ± 0.09
6 M a y  2002 < L0Q < L0Q < L0Q < LOQ
7 M ay  2002 < L0Q 0.06 ± 0.14 < L0Q 0.03 ± 0 . 0 6

H ig h e r  c o n c e n tra tio n s  (> 8 .6  n g /m 3) w ere 
reported between 7 and 9 September 2001, in 
general corresponding to higher PbTx concen­
trations in water and onshore w ind direction. 
O n  10 and 11 September 2001, the w ind direc­
tions were mostly offshore, resulting in lower air 
concentrations (< 6 ng /m 3). W e also analyzed 
evening samples collected on impactors at night 
betw een 7 and  10 Septem ber 2001 . T h e  air 
concen tra tions o f  P bT x  were very low: from  
below  lim it o f  q u an tita tio n  (0.01 n g /m 3) to 
0.32 ng/m 3. W eather conditions were not m on­
itored, nor were water samples taken at night.

T he brevetoxin profiles in aerosol samples 
taken du ring  th e  m o n th  o f  Septem ber 2001 
at Lido Beach are show n in Figure 1. These 
data show th a t PbTx-2 and PbTx-3 were the 
m a jo r  b re v e to x in  sp ec ie s  p re se n t .  M u c h  
lower concentrations o f  PbTx-1, PbT x-6 and 
PbT x-9  w ere also observed. T race am oun ts 
o f  brevenal, a natural brevetoxin antagonist, 
were also detected  in w ater and  air samples. 
T h e  b re v e n a l w as re c e n tly  iso la te d  fro m  
K. brevis c u ltu re  by  o u r  co lleag u es a t th e  
University o f  N o rth  C arolina at W ilm ing ton  
(Bourdelais et al. 2004) and was beneficial in 
preventing airway responses in the  laboratory 
anim al study (Abraham  et al. 2004).

P a rtic le  s ize  d is tr ib u tio n .  P artic le  size 
d is tr ib u tio n s  o f  red  tid e  aerosol w ere e sti­
m ated  from  im p ac to r sam ples, w h ich  w ere 
an a ly zed  b y  b o th  th e  L C -M S  a n d  E L IS A  
techniques. Figure 2A and  B shows norm al­
ized size d is tr ib u tio n s  on sam ples ob ta in ed  
8 S e p te m b e r  2 0 0 1  at S ie s ta  a n d  L id o  
beaches, respectively. O u r da ta  show ed th a t 
the  particle  size d istribu tions as analyzed by 
b o th  ELISA and LC -M S analysis were sim i­
lar. T h e  size d is trib u tio n  show ed a range o f  
particles from  0.5 to 20 pm  w ith  a single-size 
m ode approxim ately 6 -1 2  pm . As show n in 
F ig u re  2A  a n d  B, th e  p a r tic le  size can  be  
described w ith  a lognorm al size distribution:

ƒ ( * )  =
yflZxlnO

- e x p
(lnx — ]nxoY  

2 (\n g J
[1]

w here  x0 is th e  M M A D  an d  Gg is th e  geo­
m etric standard deviation (GSD). T h e  best-fit 
curve using Sigm aPlot software (Version 8.0;

S / 9/7/2001
/9/8/2OOI

    /9/9/2OOI
/9/10/2001 

3 3  /9/11/2001

B r e v e n a l  P b T x - 9  P b T x - 6  P b T x - 3  P b T x - 2  PbTx -1

L0Q, limit of quantitation.
Figure 1. PbTx p ro f ile  In th e  Im p a c to r  sa m p le s  
co llec ted  at Lido Beach In Septem ber 2001.
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SPSS, C hicago, IL), as show n in F igure 2A 
and B, has an M M A D  o f 9.1 and 8.9 |am and 
a G SD  o f  1.85 and 1.76 for Siesta and  Lido 
beaches, respectively, based on LC-M S analy­
sis. T he M M A D s and G SDs o f the fitted log­
n orm al d is tr ib u tio n  o f  red  tid e  aerosols are 
listed in Table 3. T he M M A D  obtained from 
L C -M S an d  ELISA analyses was no t signifi­
c a n tly  d if fe re n t  fo r b o th  S iesta  a n d  L id o  
beaches. T h is  partic le  size in fo rm a tio n  was 
then  used to estim ate the  dose o f  inhaled red 
t id e  aeroso l in th e  h u m a n  v o lu n te e rs  (see 
below ). T h e  co ncen tra tion  o f  PbT x was too 
low to estim ate  particle  size d is trib u tio n  for 
sam p les o b ta in e d  d u r in g  th e  n o n e x p o se d  
period o f M ay 2002.

Dose calculation. T h e  fractional deposi­
tion  o f  inhaled red tide aerosol in the  hum an 
respiratory  trac t was estim ated  based on the  
size m easurements as listed in Table 3. A  total 
deposition fraction o f 7 6 -9 0 %  was calculated, 
w ith  the  m ajority  o f  aerosol deposited in the 
E T  reg ion  or u p p e r airw ay (7 5 -8 4 % ), and  
small bu t no t insignificant deposition (2-6% ) 
in  th e  lo w er a irw ays (T B  a n d  p u lm o n a ry  
region). T he inhaled red tide aerosol has high 
deposition  efficiency in th e  respiratory tract; 
thus, the  pattern  o f deposition w ould help to 
explain th e  observed resp irato ry  sym ptom s. 
T he dose rate o f  the deposited brevetoxins can 
be calculated from  Table 3 for a breathing rate 
o f  25 L /m in  and for a u n it air concentration 
o f 1 ng/m 3 o f  PbTx, as shown in Table 4.

Correlation o f  P bT x concentration w ith  
e n v iro n m en ta l fa c tors. T o  u n d e rs ta n d  th e  
con trib u tio n  o f  various param eters th a t m ay

-  ELISA a n a l y s i s  
■ F i t t ed  c u r v e  f o r  L C - M S  d a t a

in flu en ce  th e  air c o n ce n tra tio n  o f  red  tid e  
aerosol, we analyzed further the data obtained 
at Siesta Beach w here th e  w eather in fo rm a­
tion  was m easured during  b o th  the  2001 and 
2002  sam pling period . T h e  to ta l brevetoxin 
c o n ce n tra tio n  o b ta in e d  from  th e  im p ac to r 
sam ple was m odeled  as a fu n c tio n  o f  w ater 
co n cen tra tio n , w in d  speed, and  w in d  direc­
tio n  m o n ito red  near th e  im pacto r sam pling 
site. T he following empirical relationship was 
developed:

O r (ng/m3) = 3.73 Q ata°'42 bV a»-3» IT*0-77. [2]

This empirical m odel indicates the relative 
im p o r ta n c e  o f  w a te r  c o n c e n tra t io n , w in d  
speed , a n d  w in d  d ire c tio n  on th e  red  tid e  
aerosol concentra tion . T h e  four constants in 
th is  eq u atio n  w ere o b ta in ed  by  a n o n lin ea r 
regression procedure  o f  S igm aPlot software. 
A n value o f  0.99 indicates a very good fit 
between the m odel and the experimental data 
(Figure 3).

Personal samples. D uring the occupational 
study conducted  in 2001 and 2002, personal 
samples were worn by seven or eight researchers 
and  by  lifeguards w orking on th e  Siesta and 
Lido beaches for about 8 h r a day. All 39 per­
sonal samples taken during the sampling period 
o f  3 - 7  M ay  2 0 0 2  sh o w ed  no d e te c ta b le  
am ount o f  PbTx. D uring the exposure period 
from 7 to 11 September 2001, a total o f 39 per­
sonal samples (mean sampling time, 471 min) 
from  b o th  th e  Siesta and  L ido beaches were 
analyzed. T he exposure concentration o f PbTx 
is show n in Figure 4. O u r results indicated a

0.1 1 10  

Aerodynam ic diam eter (pm)
0 .1 1 10  

Aerodynam ic diam eter (pm)

Figure 2. P artic le  size d istribu tion  of red tide  aerosol based on LC-MS and ELISA analysis of im pacto r sam ­
ple fo r (A ) Siesta Beach on 8 Septem ber 2001 and (B) Lido Beach on 8 Septem ber 2001. A bbrevia tions: d ae, 
aerodynam ic diam eter; M,  PbTx mass co llec ted  on each stage; M 0I to ta l mass of the  im pactor sample.

large variability o f personal samples w ithin each 
sampling day. Com parison o f PbTx concentra­
tio n  ob ta in ed  from  area sam ples taken  w ith  
high-volume samplers showed that the personal 
samples indicated a lower exposure concentra­
tion  (on th e  average about 50% ) from  those 
obtained from  the  area sample. However, the 
daily  m eans o f  th e  exposure co n cen tra tio n s 
from the personal samples followed the concen­
trations obtained from  the  area samples. This 
may be attributable to different sampling tech­
niques w ith m uch lower flow rate for personal 
sam plers and  th e  possibility th a t the  subjects 
spent only part o f  the tim e in the exposure area. 
This was the case for bo th  the researchers and 
lifeguards, who were in and  ou t o f  the  beach 
area during the study periods.

Discussion
In the  pilot study  o f  inhaled red tide aerosol 
(Backer et al. 2003; C heng  et al. 2005), we 
sh o w ed  th a t  d u r in g  th e  red  tid e  ep isodes, 
nanogram  per cubic m eter levels o f  brevetox­
ins in the  environm ent could be related to the 
observed  re sp ira to ry  sy m p to m s o f  exposed 
volunteers. It was the  first evidence o f  health  
e ffec ts  o f  m e a su re d  e x p o su re  to  re d  t id e  
aerosol. T h is study was designed to com pare 
o c c u p a tio n a l  e x p o su re  d u r in g  a re d  t id e  
aerosol ep isode  an d  d u rin g  a n o n ex p o su re  
period . PbT x-2  an d  PbT x-3  w ere th e  m ost 
abundant species o f  brevetoxins in b o th  water 
and air samples, sim ilar to  w hat we observed 
in the pilot studies (Cheng et al. 2005; Pierce 
et al. 2 0 0 3 ). P b T x -2  a n d  PbT x-3  w ere th e  
m ajo r species p ro d u c ed  by  K  brevis. W ith  
im p ro v e d  L C -M S  a n a ly s is , w e d e te c te d  
PbT x-1, PbT x-6 , and  PbT x-9 at lower con­
centrations. W e also identified trace am ounts 
o f  a b rev e to x in  a n ta g o n is t (b revenal) p ro ­
d u ced  by K  brevis (B ourdelais et al. 2 0 04) 
th a t appears to  in h ib it th e  effects o f  breve­
toxins in anim al models. Identification o f  spe­
cific brevetoxins and  the  brevenal antagonist 
c o m p o u n d s  in m arin e  aeroso l w o u ld  h e lp  
explain w hy som e red tide  bloom s appear to 
have g rea te r re sp ira to ry  effects on  h u m an s 
than  others.

In addition  to the  LC-M S technique, we 
u se d  an  E L IS A  assay to  analyze  th e  sam e 
sam ple . T h e  L C -M S  w as m o re  sp ec ific  in 
identifying and  quantify ing  individual com ­
pounds. However, it requires standards for the

Table 3. Summary of partic le  size d istribution.

Sie s ta  Beach Lido Beach
LC-MS ELISA LC-MS ELISA

MMAD (pm) GSD MMAD (pm) GSD MMAD (pm) GSD MMAD (pm) GSD

7 S e p t  2001 5.97 1.73 7.02 1.81 10.85 1.89 8.33 1.65
8 S e p t  2001 9.06 1.85 9.69 1.87 8.90 1.76 8.90 1.56
9 S ep t  2001 10.32 1.91 11.82 1.71 8.18 1.43 8.82 1.67
10 S ep t  2001 12.21 1.77 9.61 1.98 10.73 1.78 8.04 1.68
11 S ep t  2001 10.20 1.73 10.87 2.05 7.59 1.95 7.45 1.83
M e a n  ± SD 9.55 ± 2 . 3 0 1.80 ± 0 . 0 8 9.80 ± 1 . 8 0 1.88 ± 0.13 9.25 ± 1 . 4 8 1.76 ± 0 . 2 0 8.31 ± 0 . 5 9 1.68 ± 0 . 1 0
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know n brevetoxins for analysis and m ay miss 
o th er m ateria l th a t has no t been iden tified . 
T he ELISA technique had  high sensitivity but 
was no t specific for individual brevetoxins. It 
detected a class o f com pounds reactive to the 
specific antibody. It required a small am ount 
o f sample and d id  no t need elaborated extrac­
tion  for the analysis. W e showed that in bo th  
air and w ater samples the  brevetoxin concen­
trations from ELISA analysis were higher than 
those  o f  L C -M S-M S analysis (C h en g  et al. 
2 0 0 5 ) .  T h is  w as re a so n a b le  b e c a u se  fo r 
LC-M S-M S analysis we only detect and quan­
tify  P bT x-1 , PbT x-2 , P bT x-3 , PbT x-6 , and  
PbTx-9, whereas ELISA analysis also detected 
o th e r co m p o u n d s  th a t w ere reactive to the  
assay. T his indicated that there are other com ­
ponents o f  red tide  aerosol that remain to be 
identified, fu rtherm ore, the particle size distri­
butions o f  red tide aerosol obtained from both 
analyses w ere  s im ila r , in d ic a tin g  th a t  th e  
PbTxs and related com pounds were from the 
sam e m arine aerosol or from  m arine aerosol 
that was produced from the same process.

T h e  ELISA technique was critical for the 
analysis o f  the  personal sam ples because o f  
very low am ounts o f  material collected on the 
substra tes. T h e  sensitiv ity  o f  th e  tech n iq u e  
allowed us to determ ine the am ounts o f breve­
to x in  a n d  re la ted  c o m p o u n d s  on  p e rso n al 
samples. T he positive results on personal sam­
ples provided inform ation  on personal expo­
sure levels o f  red tide aerosol. It also provided 
a m arker for exposure, a d irect indication  o f 
red tide aerosol exposure. T he exposure levels 
o f  these samples showed lower concentrations 
th a n  th e  red  t id e  a e ro so l c o n c e n tr a t io n s  
o b ta in e d  from  h ig h -v o lu m e  sam ples. T h is  
could be a ttributed  to  a difference o f sam pling 
te c h n iq u e  (h ig h -v o lu m e  vs. lo w -v o lu m e  
sam pling), bu t it was m ore likely because the

volunteers wearing the personal samples only 
spent part o f  the tim e in the exposure area. A 
record o f activities m ay be required in future 
studies to further assess personal exposure.

W e observed in the pilot studies that the 
w a te r  c o n c e n tra tio n  o f  P b T x  a n d  on sh o re  
w ind were im portant for red tide exposure. In 
th is s tudy  we h ad  the  w eather da ta  near the 
w a te r  a n d  a ir  sa m p lin g  lo c a tio n  at S iesta  
Beach. T h e  tem pera ture  and  h u m id ity  were 
stable during the sam pling periods. T he w ind 
speed and  w ind  d irec tion  were very variable 
am ong the 5-day sam pling periods. T he w ind 
d irection and speed changed during  the 8-hr 
sam pling day. T h e  variability o f  w ind  speed 
a n d  d ire c tio n  re su lte d  in changes o f  da ily  
m ean concentra tion  o f  PbTx in aerosol sam ­
ples during the 5-day study periods. Thus, the 
exposure periods in Septem ber 2001 show ed 
low concentrations o f PbTx levels in the air on 
10 and 11 Septem ber 2001 despite h igh  con­
centrations o f  K. brevis and PbTx in the water. 
M o re  f re q u e n t sa m p lin g  d u r in g  th e  sam e 
exposure  day m ay  be n eed ed  to reflect the  
tim e profile o f  red tide aerosol concentration.

T h e  daily  red tide  aerosol concen tra tion  
v aried  su b stan tia lly  d u rin g  th e  5-day  s tu d y  
period because o f the changes in environm en­
tal conditions. O u r em pirical m odel show ed 
the relative importance o f  water concentration, 
w ind speed, and w ind direction on the aerosol 
co n cen tra tio n . Basically the  red tide aerosol 
concentration increased w ith water concentra­
tion, w ind speed, and fraction o f  the tim e that 
th e  w in d  was in an onshore  d irec tio n . T he 
w ind  d irection  appeared to have the  greatest 
weight for the aerosol concentration, confirm ­
in g  o u r  p re v io u s  a n e c d o ta l o b se rv a tio n s . 
However, this is an empirical correlation and 
additional data sets are needed to validate and 
improve the correlation.

T he particle size d istribution showed that 
the  red tide aerosol consisted o f  coarse parti­
cles w ith  th e  m ean aerodynam ic d iam eter in 
th e  range  o f  6 -1 2  pm , sim ila r to  w h a t we 
observed  in  p rev ious s tu d ies (C h en g  e t al. 
2005). T he red tide aerosol m ay be produced 
by  a breakup o f  bubbles from  w hite-capped  
waves (Pierce et al. 1989a). M easured size dis­
tributions o f m arine aerosols showed a bimodal 
d is tr ib u tio n  w ith  a peak in th e  fine-particle  
m ode (0 .1 -0 .2  pm ) and  ano ther peak in the  
coarse-particle  m ode (2 -3 0  pm ) (L itzgerald 
1991). T h e  coarse  m o d e  co n s titu te s  ab o u t 
90 -9 5 %  o f  the total mass bu t only 5 -1 0 %  o f 
the total num ber o f particles. T he coarse-parti­
cle mass in clean m arine  air is m ain ly  com ­
posed o f  sea salt, w ith a strong dependence on 
w ind speed. T he red tide aerosol appears to be 
a co m p o n en t o f  m arine  coarse particles th a t 
m ay be associated w ith the sea salts.

In h a le d  red  t id e  p a r tic le s  can  d e p o s it  
efficiently in the respiratory tract. T he deposit 
pattern is seen predom inantly  in the nasal and 
ora l a irw ays ( 7 5 - 8 4 % )  a n d  2 - 6 %  in th e  
lower airways. Based on th e  env iro n m en ta l 
sam pling, the  estim ated deposited  dose rates 
w ere  b e tw e e n  1 a n d  31 n g /h r  in  th e  E T  
region and  0 .07  and  1.0 n g /h r in the  lower 
airway for the Septem ber 2001 study.

T he PbTx concentrations observed during 
the red tide episodes (including during previ­
ous studies) ranged from 1 to 80 ng /m 3. T he 
estim ated  to ta l deposited  dose rate is small, 
betw een 1 and 100 n g /h r (picom ole range). 
However, this small dose was sufficient to con­
tribu te  to the observed respiratory sym ptom s 
in the  study subjects. P rom  the  2000 study, 
we observed that a dose rate o f  4 -5  ng /h r in 
the  E T  region was associated w ith  observed 
u p p e r  airw ay sy m p to m s ( th ro a t ir r ita tio n , 
nasal irritation, itchy skin). In the same study, 
th e  e s t im a te d  d o se  ra te  in  th e  lu n g  was 
0 .1 5 -0 .2  n g /h r, w hich  was no t sufficient to 
cause lower respiratory sym ptom s. T h e  esti­
m ated dose rate in the E T  region for the occu­
p a tio n a l s tu d y  (1 -3 1  n g /h r) was associated 
with upper respiratory sym ptoms including eye 
irrita tion , nasal congestion, th ro a t irritation , 
and cough (Backer et al. 2005). This was con­
sistent w ith our observation in Texas (Cheng

100

E A r e a  s a m p l e  
P e r s o n a l  s a m p l tro

c
c
o

c
cou
XI—_n

CL

9/ 7 9/ 8 9/ 9 9/ 1 0 9/11

Figure 4. PbTx c o n c e n tra t io n  (m ean  ± SD) as 
d e te rm in e d  from  area  and p e rso n a l sam p les  in 
Septem ber 2001.

Table 4. Dose rate of PbTx (nanogram s per hour) in the  human resp ira to ry tra c t based on aerosol concen ­
tra tion  of 1 ng/m 3 (mean ± SD).

Extrathoracic TB Pulmonary Total

Oct 2000 (Corpus Christi, TX) 1,25 ± 0 , 0 3 0.03 ± 0 .01 0.02 ± 0 .01 1.30 ± 0 . 0 4
S ep t  2001 (S ies ta  Beach,  FL) 1.18 ± 0.05 0.03 ± 0 .01 0.02 ± 0 .01 1.23 ± 0 . 0 8
S ep t  2001 (Lido Beach,  FL) 1.19 ± 0.05 0.03 ± 0 .01 0.02 ± 0 .01 1.24 ± 0 . 0 5

E x p e r i m e n t a l  d a t a  
M o d e l  p r e d i c t i o n
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Figure 3. Com parison o f PbTx co n ce n tra tio n s  of red tid e  aeroso l observed in S iesta Beach and model 
ca lcu la tions (Equation 2) fo r (4 ) Septem ber 2001 and (B) M ay 2002 sam pling periods.
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et al. 2005) and supported the observation that 
a lower dose rate o f 1 -4  ng/hr in the upper air­
ways could cause upper respiratory symptoms. 
T he estim ated dose rate in the low respiratory 
airways (0 .0 7 -1  ng /hr) was no t sufficient to 
cause lower respiratory symptoms, particularly 
in norm al nonasthmatic subjects.
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