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Biomonitoring of Chemical Exposure among New York City Firefighters
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Philip Edelman,” John Osterloh,” James Pirkle,” Sam P. Caudill," James Grainger,” Robert Jones," Ben Blount,’
Antonia Calafat,” Wayman Turner,” Debra Feldman,? Sherry Baron,? Bruce Bernard,? Boris D. Lushniak,?

Kerry Kelly,? and David Prezant3*

TCenters for Disease Control and Prevention, National Center for Environmental Health, Division of Laboratory Sciences, Atlanta,
Georgia, USA; 2Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health, Cincinnati, Ohio, USA;
3New York City Fire Department Bureau of Health Services, Brooklyn, New York, USA; “Department of Pulmonary Medicine, Albert

Einstein College of Medicine and Montefiore Medical Center, Bronx, New York, USA

The collapse of the World Trade Center (WTC) on 11 September 2001 exposed New York City
firefighters to smoke and dust of unprecedented magnitude and duration. The chemicals and the
concentrations produced from any fire are difficult to predict, but estimates of internal dose expo-
sures can be assessed by the biological monitoring of blood and urine. We analyzed blood and urine
specimens obtained from 321 firefighters responding to the WTC fires and collapse for 110 poten-
tially fire-related chemicals. Controls consisted of 47 firefighters not present at the WTC. Sampling
occurred 3 weeks after 11 September, while fires were still burning. When reference or background
ranges were available, most chemical concentrations were found to be generally low and not outside
these ranges. Compared with controls, the exposed firefighters showed significant differences in
adjusted geometric means for six of the chemicals and significantly greater detection rates for an addi-
tional three. Arrival time was a significant predictor variable for four chemicals. Special Operations
Command firefighters (7 = 95), compared with other responding WTC firefighters (7 = 226), had dif-
ferences in concentrations or detection rate for 14 of the chemicals. Values for the Special Operations
Command firefighters were also significantly different from the control group values for these same
chemicals and for two additional chemicals. Generally, the chemical concentrations in the other fire-
fighter group were not different from those of controls. Biomonitoring was used to characterize fire-
fighter exposure at the WTC disaster. Although some of the chemicals analyzed showed statistically
significant differences, these differences were generally small. Key words: antimony, biomonitoring,
dioxins, disaster, firefighters, metals, PAHs, PCBs, VOCs. Environ Health Perspect 111:1906-1911
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The catastrophic collapse of the World Trade
Center (WTC) on 11 September 2001 pro-
duced unprecedented fire-related exposures for
New York City, New York, firefighters. The
initial fires, building collapses, and persistent
fires that burned for months, while intense res-
cue and recovery efforts continued, contributed
to exposures from a wide variety of pyrolysis,
combustion, and pulverized building materials.

Predicting the chemicals and their con-
centrations produced from a fire is difficult
because the composition depends on the diver-
sity of natural and synthetic fuels, fire temp-
erature and duration, availability of oxygen,
compression pressure, atmospheric conditions,
and the fire’s course relative to surrounding
topography. Firefighters and other rescue and
recovery personnel may inhale gases or vapors
released during a fire or collapse and may inhale
and ingest particulates. Hand-to-mouth conta-
mination, contamination inside masks, and
dermal absorption also may be important fac-
tors affecting chemical absorption. Although
some chemicals are common to most fires
(Austin et al. 2001), neither knowledge of the
burning materials nor environmental measure-
ments can accurately predict the absorbed dose
of combustion products. Recent studies have
focused on acutely toxic firefighter exposures
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and specific aspects of firefighter response
(Hartzell 1996); however, there has not been a
comprehensive biomonitoring assessment of
firefighters after a major incident.

Biomonitoring is the measurement of the
internal dose of a chemical or its metabolite in
body matrices (e.g., blood or urine) and pro-
vides critical information about the amount of
a chemical that actually enters the body from
any source—for example, air, water, dust,
soil, food, and other environmental sources
(Sampson et al. 1994). Biomonitoring is ide-
ally used in conjunction with measurements of
external exposure, however, because in this
case personal sampling of firefighter external
exposures was not possible initially and often is
impractical. The purpose of this study was to
characterize internal dose levels of fire-related
chemicals (including ancillary exposures to
petroleum-powered equipment chemicals and
their exhaust products) in New York City fire-
fighters and the relationship of those levels
with firefighter activities, including firefighter
job task, time of arrival at the site, and number
of work days at the site.

Materials and Methods

This study was a collaborative effort of the
New York City Fire Department Bureau of

Health Services (FDNY-BHS) and the
Centers for Disease Control and Prevention
(CDC). Disaster-related logistic limitations
delayed the start of blood and urine collection
until 1 October 2001. Search and rescue
operations were ongoing at this time, and
fires continued to burn at the WTC site. All
participants gave informed consent, approved
by Montefiore Medical Center’s Research
Review Board. The FDNY-BHS developed a
medical monitoring protocol in collaboration
with the CDC’s National Institute for
Occupational Safety and Health. In conjunc-
tion with these efforts, the CDC’s National
Center for Environmental Health, Division
of Laboratory Sciences (DLS) developed the
biomonitoring protocol to quantify 110
chemicals in firefighters’ blood and urine as
markers of exposure (Appendix 1).

This was a cross-sectional study using a
stratified sample of firefighter units based on
WTC arrival time. FDNY-BHS selected this
sample using dispatch records, officer inter-
views, and a worker questionnaire (the final
determinant of arrival time, if discrepancies
arose). Arrival time was categorized as a) pre-
sent at the WTC collapse, ) arrival on day 1
or 2 but postcollapse, and ¢) arrival on days
3-7. Arrival time was of potential interest
because exposure opportunity for different
chemicals could vary as a function of time
from the initial collapse. We also categorized
unit assignments as Special Operations
Command (i.e., rescue, squad, and marine
units) or other exposed firefighters (e.g., lad-
der, engine). This grouping was used as a sur-
rogate for job tasks based on the expectation of
different assignments for Special Operations
Command personnel. Number of work days
at the WTC site was categorized as 0-5 days
and 6-13 days. More work days at the site
could lead to higher internal dose concentra-
tions of chemicals that persist in the body.
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Controls were FDNY firefighters who did not
work at or near the WTC because of assign-
ment to office duties as a result of prior injury.
All information from the study participants
and blood and urine samples were obtained
during the week of 1-5 October, with nearly
equal numbers of participants each day.

Sample acquisition and analytic methods.
During 1-5 October 2001, firefighters
received FDNY-BHS WTC medical evalua-
tion, including a self-administered question-
naire (arrival time, work days on site, respirator
and other protective equipment use, and symp-
toms). A DLS response team processed blood
and urine samples collected at FDNY-BHS
and transported them to DLS in Adlanta for
biomonitoring analysis.

We analyzed samples from 370 firefight-
ers. Because of insufficient volume collection,
shortage of some precertified collection tubes,
failure to pass strict chromatographic quality
criteria, or overly dilute urine samples, com-
plete analyses were not available for all partici-
pants. Specifically, volatile organic compound
measurements were available for about 67% of
the firefighters, and dioxin, furan, and poly-
chlorinated biphenyl (PCB) measurements
were available for about 90% of the firefight-
ers. All analytic methods have been validated
and published (Bernert et al. 1997; Calafat
and Stanfill 2002; Cardinali et al. 2000; Chen
et al. 1998; Miller et al. 1987; Paschal et al.
1998; Smith et al. 2002; Turner et al. 1997)
and are subject to ongoing quality assurance
programs. Cotinine, a nicotine metabolite,
was used to assess the contribution of tobacco
smoke to levels of selected volatile organic
compounds (VOCs), cyanide, selected poly-
cyclic aromatic hydrocarbons (PAHs), and
selected metals. Urinary creatinine was mea-
sured to correct or exclude samples for urinary
dilution by standard methods and used as a
covariate for chemicals measured in urine.

Statistical analyses. We categorized the
firefighters into groups based on arrival time
(present during collapse, arrival day 1-2,
arrival day 3-7), number of work days at
WTC (0-5 days and 6-13 days), and unit
assignment (Special Operations Command
firefighters, other firefighters, and control fire-
fighters who were not present at WTC). In
addition, we defined another category for
analysis, the exposed group, as all noncontrol
firefighters. Of the 110 chemicals, 32 were
detectable in more than 60% of the firefighters
and were subjected to additional analysis. For
these 32 chemicals, we performed nonpara-
metric analyses (Kruskal-Wallis, o = 0.05)
testing for differences in concentrations of each
chemical between any two of the firefighter
groups. Chemicals that were statistically differ-
ent by this test were subjected to further analy-
sis by analysis of covariance (ANCOVA).

ANCOVA (o = 0.01) analysis of the fire-
fighter groups used the log-transformed chemi-
cal concentrations as the dependent variable and
covariates of age, race (white and other), creati-
nine, and log cotinine. Number of work days at
the WTC was found not to be a significant pre-
dictor of chemical concentrations and was not
used in further analysis. Arrival time grouping
was changed from three groups to two groups
because the number of persons arriving during
days 3-7 was small. So further ANCOVA
analysis was done on six firefighter groups: the
overall exposed group, firefighter groups
defined by arrival time (present during col-
lapse, and arrival day 1-2 since collapse), and
firefighter groups defined by unit assignment
[Special Operations Command firefighters,
other firefighters, and control firefighters (those
not present at WTC)]. As a result, we tested
specific hypotheses (ANCOVA contrasts) for
the effects of exposure (exposed vs. control),
arrival time (present during collapse vs. days
1-2, present during collapse vs. control, days

Table 1. Adjusted geometric mean chemical concentrations and ANCOVA results.

1-2 vs. control), and unit assignment (Special
Operations Command firefighters vs. other
exposed firefighters, Special Operations
Command vs. control, and other exposed fire-
fighters vs. control).

Of the 110 chemicals, 78 had detection
rates of < 60% among individuals tested and
were therefore considered as dichotomous
variables (i.e., detected or not detected). These
chemicals were examined initially for differ-
ences in detection rates among the six fire-
fighter groups described above with chi-square
tests (0 = 0.05). Chemicals that were statisti-
cally significant were further analyzed by logis-
tic regression (o = 0.01) for effects of the six
firefighter groups, including the same covari-
ates listed above [age, race (white and other),
creatinine, log cotinine]. The two probabilities
used for type I error rejection are considered
lenient because of multiple comparisons at
both stages of statistical analysis.

Cotinine from tobacco smoke exposure
was an important covariate in most analyses.
Tables 1 and 2 report the results of 102 statis-
tical tests examining group differences for
each of the chemicals. Only five of the tests
required adjustment for interaction terms
among the covariates. Statistical analyses were
performed using SAS software, version 8.0

(SAS Institute, Cary, NC).

Results

A total of 370 firefighters (321 exposed, 47
controls, and 2 with missing data) participated
in the biomonitoring study, with 368 firefight-
ers having chemical measurements. Of the par-
ticipating firefighters, 148 were present during
the WTC towers collapse, and 142 arrived
postcollapse on days 1-2. A significantly greater
percentage of Special Operations Command
firefighters were present on days 1 and 2
(90.7%) versus other exposed firefighters
(48.2%).

Arrival time Unit assignment

Exposed, Day 1 Days 1-2 p-Value, Special

all except present at present after present at Operations Other p-Value,

controls Control collapse collapse collapse vs. Command firefighters special
Chemical Units (n=318) (n=47) (n=148) (n=142) 1-2 days (n=95) (n=195) vs. other
1-Hydroxypyrene ng/L urine 93.2* 62.5 110* 113* NS 159* 779 <0.01
1-Hydroxyphenanthrene ng/L urine 186 158 197 206 NS 248* 164 <0.01
2-Hydroxyphenanthrene ng/L urine 164 119 163 191* NS 211* 147 <0.01
3-Hydroxyphenanthrene ng/L urine 162 127 168 185* NS 214* 145 <0.01
1,2,3,4,6,7,8-HCDBD pg/q lipid 27.8* 19.2 30.1% 26.4% NS 30.6* 25.9* NS
1,4-Dichlorobenzene ug/L blood 0.235 0.165 0.274 0.289 NS 0.343* 0.231 <0.01
meta/para-Xylenes ug/L blood 0.066* 0.051 0.066 0.071 NS 0.081* 0.057 <0.01
Methyl tert butyl ether pg/L blood 0.124 0.101 0.129 0.138 NS 0.166* 0.107 <0.01
Lead pg/dL blood 2.76* 1.93 3.08% 2.98* NS 3.77* 2.43* <0.01

ug/L urine 1.17 1.01 1.44% 1.19 NS 1.77* 0.96 <0.01

Antimony pg/L urine 0.203* 0.165 0.271* 0.238* <0.01 0.381* 0.169 <0.01
Cadmium ug/L urine 0.324 0.377 0.355 0.299 <0.01 0.351 0.303* <0.01
Uranium pg/L urine 0.00611* 0.00752 0.00643 0.00576* NS 0.00610" 0.00607* NS

Abbreviations: HCDBD, heptachlorodibenzodioxin; NS, not significant. To be listed in this table, a chemical had to show a difference between any two of the groups by Kruskal-Wallis
testing (p < 0.05). All chemicals listed in the table were significant by ANCOVA at p < 0.01, except 1-hydroxyphenanthrene (p = 0.0246) and uranium (p = 0.0273), for differences between
any two of the six exposure groups adjusted for covariates of age, race, creatinine, and log cotinine.

*Significantly different from controls, p < 0.01.
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Of the 110 chemicals, 32 were treated
as continuous variables, and Kruskal-Wallis
analysis showed 13 chemicals had statistically
significant differences between any two of the
six firefighter groups. Results of the ANCOVA
analysis for these 13 chemicals are presented in
Table 1. For 11 of the 13 chemicals, firefight-
ers in the Special Operations Command had
concentrations that were higher (p < 0.01) than
those of the other firefighter group. A 12th
chemical (1,2,3,4,6,7,8-heptachlorodibenzo-
dioxin) had higher levels (p < 0.01) for fire-
fighters in the Special Operations Command
compared with controls, and also for firefight-
ers in the other firefighter group compared
with controls. For only 2 of the 13 chemicals
(urinary antimony and urinary cadmium), lev-
els were higher (p < 0.01) in firefighters present
at the collapse compared with those who
arrived after the collapse during day 1-2.

Of the 110 chemicals, 78 had detection
rates < 60% and were therefore analyzed as
dichotomous variables (i.e., detected or not
detected). Chi-square testing showed that four
of these 78 chemicals had significantly differ-
ent detection rates between any two of the six
firefighter groups (see Table 2). All four of
these chemicals were more likely to be detected
in firefighters of the Special Operations
Command than in firefighters in the other fire-
fighter group. Two of the four chemicals were
more likely to be detected in firefighters pre-
sent at the collapse compared with those who
arrived after the collapse during days 1-2.

Discussion

This was the only biomonitoring study per-
formed after the WTC collapse and during
rescue operations. It is also the most extensive
biomonitoring study ever performed on any
occupational group during the first weeks of
exposure to a major fire, building collapse,
or urban disaster. We measured up to 110
chemicals in 368 firefighters. As expected,
known products of combustion, such as rep-
resented by PAH metabolites, were present
in greater amounts in exposed firefighters.

Unanticipated increases in urinary antimony,
serum heptachlorodibenzodioxin, and hepta-
chlorodibenzofuran also were associated with
exposure. Unit assignment was the most pre-
dictive variable for the internal dose chemical
levels. Arrival time was associated with levels
of a few chemicals; duration at the site was
not predictive. None of the measured chemi-
cals is presumed to be specific to the WTC and
might be seen in firefighters exposed to any
structural fire (and collapse) as well as from
exposures in the general environment.
Although statistically significant elevations
were found, their magnitude was not high
enough to be of immediate clinical concern.

Interpretation of biomonitoring measure-
ments is most straightforward when recognized
guidelines are available that define elevated lev-
els associated with health effects (e.g., blood
lead levels = 10 pg/dL for children, or = 40
pg/dL for adults). Concentration-related health
effects are not established for most chemicals
measured in this study. Biomonitoring results
of firefighters can be compared with levels
observed in other occupational groups or refer-
ence ranges for the general population, when
available. Reference ranges and tentative occu-
pational guidelines are available for 1-hydroxy-
pyrene, some of the metals, and some volatile
organic compounds. Interpretation is also most
straightforward when a single known exposure
is followed by analysis. In this study, exposures
may have continued at varying levels after the
initial incident.

We compared exposed firefighters to a fire-
fighter control group (all in New York City) to
determine how levels compared with those in
persons in the same occupation but who did
not respond to the WTC disaster. Although
firefighters may have similar fire exposure
backgrounds, those assigned to Special
Operations Command more often respond to
fires of greater intensity and have different job
tasks, all of which may have led to greater
exposure to combustion products before and
during the WTC disaster. However, it remains
unclear for some chemicals whether differences

Table 2. Adjusted odds ratios (95% Cls) for the detection of significant chemicals.

between Special Operations Command fire-
fighters and other exposed firefighters reflect
WTC exposures alone or cumulative exposure
occurring before the WTC events, or both.
Kinetic considerations may be useful in mak-
ing these distinctions.

Polycyclic aromatic hydrocarbons. The
burning of carbonaceous fuels (any organic
matter) produces gases and soot containing
PAHs. Our analytic method measured 14
hydroxylated metabolites in urine. The most
common PAH metabolite used for biomoni-
toring exposure is 1-hydroxypyrene, having
been studied in a variety of environmental set-
tings (Bouchard et al. 2001; Gilbert and Viau
1997; Gundel et al. 1996; Scherer et al. 2000;
Viau et al. 2000), aluminum refining (Levin et
al. 1995; Ny et al. 1993; Ovrebo et al. 1995b;
Van Schooten et al. 1995), and coke produc-
tion (Mielynska et al. 1997; Ovrebo et al.
1995a; Pan et al. 1998; van Delft et al. 2001;
VanRoojj et al. 1993; Wu et al. 1998).

Arrival time, when controlled for other fac-
tors (Table 1), was not an independent predic-
tor for urinary 1-hydroxypyrene. However,
Special Operations Command firefighters had
more than twice the level of urinary 1-hydroxy-
pyrene as did other exposed firefighters or con-
trol firefighters. The urinary concentrations in
the other exposed firefighters were similar
to controls. Because of the short half-lives
(Heikkila et al. 1995), higher urinary concen-
trations of 1-hydroxypyrene or other PAHs in
the Special Operations Command firefighters
may reflect either ongoing higher exposure,
larger exposures earlier in the WTC response,
or both. The adjusted geometric mean of uri-
nary 1-hydroxypyrene in the Special Operations
Command group was 159 ng/L or 0.72
pmol/mol creatinine. This value is similar to
median values in another firefighter study
(Caux et al. 2002), much less than mean values
seen in other occupational studies (Heikkila
et al. 1997; Van Schooten et al. 1995;
VanRoojj et al. 1992; Venier et al. 1985), and
similar to reported levels in firefighters during a
training exercise (Feunekes et al. 1997). The

Arrival before collapse Arrival on Special operations All exposed
Versus days 1-2 Versus Other firefighters
arrival on Versus versus other exposed Versus Versus Versus
Chemical days 1-22 control? control? firefighters? control? control? control®
1,2,3,4,6,7,8-HCDBF 1.48 6.48 381 325 9.15 270 354
(0.81-2.70) (2.30-18.22) (1.39-10.46) (1.70-6.21) (3.12-26.80) (1.02-7.10) (1.39-9.01)
Tetrachloroethylene 1.89 2.86 2.06 213 3.23 1.82 228
(1.04-3.42) (1.17-6.94) (0.89-4.79) (1.12-4.03) (1.30-8.03) (0.80-4.13) (1.04-5.02)
Blood cadmium 244 0.72 0.31 219 0.70 0.32 0.43
(1.42-4.20) (0.30-1.73) (0.13-0.73) (1.23-3.90) (0.28-1.71) (0.14-0.74) (0.19-0.94)
Ethylbenzene 0.71 5.85 8.04 6.25 18.14 2.59 4.04
(0.36-1.41) (1.57-21.83) (2.14-30.19) (2.99-13.08) (4.55-72.28) (0.73-9.20) (1.25-13.03)

Abbreviations: Cl, confidence interval, HCDBF, heptachlorodibenzofuran. Listed chemicals in this table were initially significant at p < 0.05 for differences between any of the six expo-
sure groups using the chi-square test. All chemicals listed were also significant at p < 0.01 for differences between any of the six exposure groups by logistic regression adjusted for

covariates of age, creatinine, and log cotinine.

aAdjusted for job task and other covariates. ?Adjusted for arrival time and other covariates; the group having arrival times from 3 to 7 days was too small for statistical comparison.

°Adjusted for covariates of age, creatinine, and log cotinine.
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Special Operations Command values were
slightly greater than reported general population
background levels (CDC 2003; Jongeneelen
2001), and only 13 (4.1%) firefighters had val-
ues above the 95th percentile of a nationally rep-
resentative sample 20 years and older (CDC
2003). The values were below a recommended
occupational guideline of 2.3 pmol/mol creati-
nine (Lauwerys and Hoet 2001).

Polychlorinated dibenzofurans, dibenzodi-
oxins, and biphenyls. These chemicals are pro-
duced when carbon and chlorine combine at
high temperatures. Heptachlorodibenzodioxins
and heptachlorodibenzofurans were the only
polychlorinated dibenzofuran and dibenzo-
dioxin found statistically significant in exposed
firefighters when compared with control fire-
fighters. Marklund et al. (1986), found that
heptachlorinated dibenzofurans were the most
abundant pyrolytic products in residues of
burned plastic material (polyvinylidene chlo-
ride, Saran plastic wrap). They found the con-
tent of heptachlorinated dibenzofurans and
dibenzodioxins were several orders of magni-
tude greater than other total congeners (tetra,
penta, hexa, octa); however, congener-specific
data within the hepta class were not reported.
Similar findings have been found in Japanese
incinerator workers (Kumagai et al. 2000,
2002). Our results demonstrating differences
for the two hepta congeners were not antici-
pated but are consistent with other published
data and suggest that these analytes may be
useful for detecting exposures to burning plas-
tics containing chlorine. Further kinetic data
are needed to understand the relationship of
exposure to burning plastics under various
exposure conditions with internal dose levels.
One report of firefighters after exposures to a
transformer fire found 1,2,3,4,6,7,8-hepta-
chlorodibenzofuran and 1,2,3,4,6,7,8-hepta-
chlorodibenzodioxin to have the highest
average blood levels, with the exception of the
fully chlorinated octa class compounds (Kelly
et al. 2002). These findings are also consistent
with the general U.S. population data showing
the octa and hepta congeners to be among the
most detectable (CDC 2003).

Metals. Antimony is generally present in
the environment in very low concentrations
and has been used in glass as a coloring agent,
in nonlead solders, metallurgy, electronics,
manufacture of plastics, and other applica-
tions. Firefighters present at the collapse had
urinary antimony levels that were statistically
higher than those of firefighters arriving on
days 1-2 postcollapse or of controls (Table 1).
The urinary antimony—adjusted geometric
mean for the Special Operations Command
group was two times higher (Table 1) than
that for the other exposed firefighters or con-
trols. Eighteen percent of exposed firefighters
had values greater than the 95th percentile of
the control group.

Differences between firefighter groups
with respect to antimony were unexpected.
Antimony in plastics is an integral part of fire-
retardant formulations (Einhorn 1975;
Landrock 1983; Liepins and Pearce 1976) as a
charring agent, and acts with halogenated
hydrocarbons to suppress fire. Plastics may
have 7-30% antimony by weight. Combustion
of plastics or particulate dusts containing anti-
mony from the WTC collapse probably
explains this increase in exposed firefighters.
Although antimony concentrations were signif-
icantly higher in firefighters present during the
collapse and in Special Operations Command
firefighters, they were well below recommenda-
tions for maximum exposure guidelines for
workplace antimony exposures (35 pg/g creati-
nine) or the general population (3 pg/g creati-
nine; Lauwerys et al. 2001) and were less than
reported industrial exposures (Kentner et al.
1995; Ludersdorf et al. 1987).

Lead levels were statistically higher in
exposed firefighters than in control firefighters.
Time of arrival was not a significant predictor
of adjusted geometric mean blood lead concen-
trations, whereas job task group was predictive.
For the entire cohort, the highest value was
12.7 pg/dL, with none exceeding the 40 pg/dL
adult workplace standard set by U.S.
Occupational Safety and Health Administration
(U.S. Department of Labor 2001). Because
lead is a cumulative toxic metal in the body,
blood lead represents a combination of long-
term exposure, compartmental equilibration,
and exposure several weeks precollection.
Although exposed firefighters showed eleva-
tions that were statistically significant com-
pared with control firefighters, the increase was
small, far below clinically significant levels.

Mercury levels were not higher in exposed
firefighters but are mentioned because of
heightened concern about exposure at WTC
(Worth 2002). One control and three exposed
firefighters had total blood mercury levels
> 20 pg/L, a conservative upper reference
limit. Because blood inorganic mercury was
< 1.7 pg/L for all exposed firefighters, these
elevated total blood mercury concentrations
represent organic mercury contributions from
dietary sources (e.g., fish consumption) rather
than from exposure at WTC.

We believe our results are comparable to
those of our source population of about 11,000
FDNY firefighters because similar levels were
found for blood lead in 9,660 firefighters ana-
lyzed by an independent FDNY-BHS contract
laboratory. For example, 96% of the firefight-
ers had detectable blood lead, with a geometric
mean of 3.21 pg/dL (Prezant D. Personal
communication). Neither study identified
clinically significant concentrations of metals
in firefighters.

Cyanide and volatile organic compounds.
A major cause of mortality from smoke
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inhalation at structural fires is cyanide intoxica-
tion (Baud et al. 1991). Because cyanide kinet-
ics dictate that blood cyanide levels reflect
exposure mainly within the 24 hr before test-
ing, our study shows only that firefighters were
not exposed to significant amounts of cyanide
proximate to sampling. VOCs also tend to
have rapid elimination from the blood. The
results for VOCs are presented in Tables 1
and 2; the results suggest that some groups had
recent or continual exposures to these com-
pounds. Because of the variety of sources
potentially contributing to the low levels mea-
sured, including fires, solvents in the debris,
indoor air, drinking water, vehicular fuels, and
exhausts, it is difficult to ascribe a specific
source. Only six exposed firefighters had
volatile organic concentrations above proposed
reference ranges (Ashley et al. 1994).

Study limitations. Sanderson (1997) out-
lined the limitations of our knowledge about
public health consequences of fires and the dif-
ficulties in epidemiologic studies after these
incidents. Our study has several limitations.
First, biomonitoring measurements were made
at only one time point. Several repeat measure-
ments starting soon after the initial fire and
spanning at least 2 weeks would have improved
our exposure assessment. This design would
have been especially useful for chemicals with
short half-lives to determine whether exposure
differences were persistent or transient. Second,
although the control group was composed of
FDNY firefighters, comparability may be lim-
ited because most had been assigned office duty
because of orthopedic injury and therefore may
have lacked recent fire-related exposures. Last,
current technology does not allow for biomoni-
toring of asbestos, fiberglass, silicates, and other
inorganic particulates. Thus, this study cannot
provide any information about exposure to or
potential health effects from these materials.

Conclusions

Biomonitoring of firefighters’ blood and urine
is an effective exposure assessment tool that can
be used to further understand exposures and
evaluate the effectiveness of worker protection
strategies. Known products of combustion,
such as PAH metabolites, were present in
greater amounts in exposed firefighters than
controls. Unanticipated increases in urinary
antimony, serum heptachlorodibenzodioxin,
and heptachlorodibenzofuran were also evi-
dent. Comparison of exposed and control
groups indicated that levels in exposed fire-
fighters, although statistically elevated, were
generally low compared with reference values
in the general population or workplace thresh-
old levels (when available). Firefighter expo-
sures during the WTC disaster were unique
and extreme; our findings should not be gener-
alized to other populations working or living

near WTC.
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Appendix 1. 110 Chemicals Measured in the WTC Firefighters

Polyaromatic hydrocarbon Trichloroethylene PCB-149
metabolites in urine (14) Tetrachloroethylene PCB-151
1-Hydroxybenzo[alanthracene 1,2-Dichloropropane PCB-153
1-Hydroxybenzo[clphenanthrene Chlorobenzene PCB-156
1-Hydroxyphenanthrene 1,2-Dichlorobenzene PCB-157
1-Hydroxypyrene 1,3-Dichlorobenzene PCB-167
2-Hydroxybenzo[clphenanthrene 1,4-Dichlorobenzene PCB-170
2-Hydroxyfluorene Benzene PCB-74
2-Hydroxyphenanthrene Ethylbenzene PCB-99
3-Hydroxybenzo[alanthracene meta/para-Xylene PCB-172
3-Hydroxybenzo[clphenanthrene ortho-Xylene PCB-177
3-Hydoxychrysene Styrene PCB-178
3-Hydroxyfluoranthrene Toluene PCB-180
3-Hydroxyfluorene 2,5-Dimethyfuran PCB-183
3-Hydroxyphenanthrene Methyl tert butyl ether PCB-187
6-Hydoxychrysene Coplanar polychlorinated biphenyls Egglgg 203
Volatile organics in blood (29) in serum (3) PCB_2017
Dibromochloromethane 3,3,4,4°,5,5"-Hexachlorobiphenyl PCB-28
Dibromomethane 3,3,4,4" 5-Pentachlorobiphenyl PCB-44
Bromodichloromethane 3,4,4" 5-Tetrachlorobiphenyl PCB-49
Bromoform Polvchlorinated binhenyls i PCB-52
Carbon tetrachloride g'ychorinated bipieny’s in serum
1 1-Dichloresth (31; International Union for Pure and PCB-66
(J-VICTTor0ethane Applied Chemistry nomenclature) PCB-87

1,2-Dichloroethane

1,1,1-Trichloroethane PCB-101
1,1,2-Trichloroethane PCB-105
1,1,2,2-Tetrachloroethane PCB-110
Hexachloroethane PCB-118
trans-1,2-Dichloroethylene PCB-128
cis-1,2-Dichlorogthylene PCB-138-158
PCB-146

1,1-Dichloroethylene

REFERENCES

Ashley DL, Bonin MA, Cardinali FL, McCraw JM, Wooten JV.
1994. Blood concentrations of volatile organic compounds
in a nonoccupationally exposed US population and in
groups with suspected exposure. Clin Chem 40(7 pt
2):1401-1404.

Austin CC, Wang D, Ecobichon DJ, Dussault G. 2001.
Characterization of volatile organic compounds in smoke at
experimental fires. J Toxicol Environ Health A 63(3):191-206.

Baud FJ, Barriot P, Toffis V, Riou B, Vicaut E, Lecarpentier Y, et
al. 1991. Elevated blood cyanide concentrations in victims
of smoke inhalation. N Engl J Med 325(25):1761-1766.

Bernert JT Jr, Turner WE, Pirkle JL, Sosnoff CS, Akins JR,
Waldrep MK, et al. 1997. Development and validation of
sensitive method for determination of serum cotinine in
smokers and nonsmokers by liquid chromatography/atmos-
pheric pressure ionization tandem mass spectrometry. Clin
Chem 43(12):2281-2291.

Bouchard M, Pinsonneault L, Tremblay C, Weber JP. 2001.
Biological monitoring of environmental exposure to poly-
cyclic aromatic hydrocarbons in subjects living in the
vicinity of a creosote impregnation plant. Int Arch Occup
Environ Health 74(7):505-513.

Calafat AM, Stanfill SB. 2002. Rapid quantitation of cyanide in
whole blood by automated headspace gas chromatogra-
phy. J Chromatogr B Analyt Technol Biomed Life Sci
772(1):131-137.

Cardinali FL, Ashley DL, Wooten JV, McCraw JM, Lemire SW.
2000. The use of solid-phase microextraction in conjunction
with a benchtop quadrupole mass spectrometer for the
analysis of volatile organic compounds in human blood at
the low parts-per-trillion level. J Chromatogr Sci 38(2):49-54.

Caux C, O'Brien C, Viau C. 2002. Determination of firefighter
exposure to polycyclic aromatic hydrocarbons and benzene
during fire fighting using measurement of biological indica-
tors. Appl Occup Environ Hyg 17(5):379-386.

CDC 2003. Second National Report on Human Exposure to
Environmental Chemicals. NCEH Pub. No. 02-0716. Atlanta,
GA:Centers for Disease Control and Prevention.

Chen HP, Paschal DC, Miller DT, Morrow JC. 1998. Determination
of total and inorganic mercury in whole blood by on-line
digestion with flow injection. Atom Spectrosc 19(5):53-59.

1910

1,2,3,7,8,9-Hexachlorodibenzodioxin
1,2,3,4,7,8-Hexachlorodibenzofuran
1,2,3,7,8,9-Hexachlorodibenzofuran
2.3,4,6,7,8-Hexachlorodibenzofuran
1,2,3,6,7,8-Pentachlorodibenzofuran
1,2,3,7,8-Pentachlorodibenzodioxin
1,2,3,7,8-Pentachlorodibenzofuran
2.3,4,7 8-Pentachlorodibenzofuran
2.3,7 8-Tetrachlorodibenzodioxin
2.3,7,8-Tetrachlorodibenzofuran

Metals in urine (13)
Total mercury
Antimony
Barium
Beryllium
Cadmium
Cesium
Cobalt

Lead
Molybdenum
Platinum
Thallium
Tungsten
Uranium

Chlorinated dibenzodioxins and

dibenzofurans in serum (15)

1,2,3,4,5,6,7,8-Octachlorodibenzodioxin
1,2,3,4,5,6,7,8-Octachlorodibenzofuran
1,2,3,4,6,7,8-Heptachlorodibenzodioxin

Metals in blood (4)
Cadmium

Inorganic mercury
Total mercury

1,2,3,4,6,7,8-Heptachlorodibenzofuran Lead

1,2,3,6,7,8-Hexachlorodibenzodioxin

Einhorn IN. 1975. Physiological and toxicological aspects of
smoke produced during the combustion of polymeric
materials. Environ Health Perspect 11:163-189.

Feunekes FD, Jongeneelen FJ, vd Laan H, Schoonhof FH. 1997.
Uptake of polycyclic aromatic hydrocarbons among train-
ers in a fire-fighting training facility. Am Ind Hyg Assoc J
58(1):23-28.

Gilbert NL, Viau C. 1997. Biological monitoring of environmental
exposure to PAHs in the vicinity of a Soderberg aluminium
reduction plant. Occup Environ Med 54(8):619-621.

Gundel J, Mannschreck C, Buttner K, Ewers U, Angerer J. 1996.
Urinary levels of 1-hydroxypyrene, 1-, 2-, 3-, and 4-hydroxy-
phenanthrene in females living in an industrial area of
Germany. Arch Environ Contam Toxicol 31(4):585-590.

Hartzell GE. 1996. Overview of combustion toxicology. Toxicology
115(1-3):7-23.

Heikkila P, Luotamo M, Pyy L, Riihimaki V. 1995. Urinary 1-naph-
thol and 1-pyrenol as indicators of exposure to coal tar
products. Int Arch Occup Environ Health 67(3):211-217.

Heikkila PR, Luotamo M, Riihimaki V. 1997. Urinary 1-naphthol
excretion in the assessment of exposure to creosote in an
impregnation facility. Scand J Work Environ Health
23(3):199-205.

Jongeneelen FJ. 2001. Benchmark guideline for urinary 1-hydrox-
ypyrene as biomarker of occupational exposure to poly-
cyclic aromatic hydrocarbons. Ann Occup Hyg 45(1):3-13.

Kelly K, Connelly E, Reinhold G, Byrne M, Prezant D. 2002.
Assessing health effects in New York City firefighters after
exposure to polychlorinated biphenyls (PCBs) and poly-
chlorinated dibenzofurans (PCDFs): the Staten Island
Transformer Fire Health Surveillance Project. Arch
Environ Health 57(4):282-293.

Kentner M, Leinemann M, Schaller KH, Weltle D, Lehnert G. 1995.
External and internal antimony exposure in starter battery
production. Int Arch Occup Environ Health 67(2):119-123.

Kumagai S, Koda S, Miyakita T, Ueno M. 2002. Polychlorinated
dibenzo-p-dioxin and dibenzofuran concentrations in
serum samples of workers at intermittently burning munic-
ipal waste incinerators in Japan. Occup Environ Med
59(6):362-368.

Kumagai S, Koda S, Miyakita T, Yamaguchi H, Katagi K,
Yasuda N. 2000. Polychlorinated dibenzo-p-dioxin and
dibenzofuran concentrations in the serum samples of

Blood cyanide

workers at continuously burning municipal waste incinera-
tors in Japan. Occup Environ Med 57(3):204-210.

Landrock AH. 1983. Handbook of Plastics Flammability and
Combustion Toxicology. Park Ridge, NJ:Noyes Publications.

Lauwerys R, Hoet P. 2001. Industrial Chemical Exposure
Guidelines for Biological Monitoring. 3rd ed. Boca Raton,
FL:Lewis Publishers.

Levin JO, Rhen M, Sikstrom E. 1995. Occupational PAH expo-
sure: urinary 1-hydroxypyrene levels of coke oven work-
ers, aluminum smelter pot-room workers, road pavers, and
occupationally non-exposed persons in Sweden. Sci Total
Environ 163(1-3):169-177.

Liepins R, Pearce EM. 1976. Chemistry and toxicity of flame
retardants for plastics. Environ Health Perspect 17:55-63.

Ludersdorf R, Fuchs A, Mayer P, Skulsuksai G, Schacke G.
1987. Biological assessment of exposure to antimony and
lead in the glass-producing industry. Int Arch Occup
Environ Health 59(5):469-474.

Marklund S, Kjeller L, Hansson M. 1986. Determination of PCDDs
and PCDFs in incineration samples and pyrolytic products.
In: Chlorinated Dioxins and Dibenzofurans in Perspective
(Rappe C, Choudhary G, Keith L, eds). Chelsea, Ml:Lewis
Publishers, 70-92.

Mielynska D, Braszcynska Z, Siwinska E, Smolik E, Bubak A,
Sokal JA. 1997. Exposure of coke-oven workers to poly-
cyclic aromatic hydrocarbons based on biological monitor-
ing results. Am Ind Hyg Assoc J 58(9):661-666.

Miller DT, Paschal DC, Gunter EW, Stroud PE, D’Angelo J. 1987.
Determination of lead in blood using electrothermal atomi-
sation atomic absorption spectrometry with a L'vov plat-
form and matrix modifier. Analyst 112(12):1701-1704.

Ny ET, Heederik D, Kromhout H, Jongeneelen F. 1993. The rela-
tionship between polycyclic aromatic hydrocarbons in air
and in urine of workers in a Soderberg potroom. Am Ind Hyg
Assoc J 54(6):277-284.

Ovrebo S, Haugen A, Farmer PB, Anderson D. 1995a. Evaluation of
biomarkers in plasma, blood, and urine samples from coke
oven workers: significance of exposure to polycyclic aromatic
hydrocarbons. Occup Environ Med 52(11):750-756.

Ovrebo S, Haugen A, Hemminki K, Szyfter K, Drablos PA,
Skogland M. 1995b. Studies of biomarkers in aluminum
workers occupationally exposed to polycyclic aromatic
hydrocarbons. Cancer Detect Prev 19(3):258-267.

voLUME 111 | Numger 16 | December 2003 « Environmental Health Perspectives



Article | Biomonitoring of World Trade Center firefighters

Pan G, Hanaoka T, Yamano Y, Hara K, Ichiba M, Wang Y, et al.
1998. A study of multiple biomarkers in coke oven work-
ers—a cross-sectional study in China. Carcinogenesis
19(11):1963-1968.

Paschal DC, Ting BG, Morrow JC, Pirkle JL, Jackson RJ,
Sampson EJ, et al. 1998. Trace metals in urine of United
States residents: reference range concentrations. Environ
Res 76(1):53-59.

Sampson EJ, Needham LL, Pirkle JL, Hannon WH, Miller DT,
Patterson DG, et al. 1994. Technical and scientific develop-
ments in exposure marker methodology. Clin Chem 40(7 pt
2):1376-1384.

Sanderson L. 1997. Fires. In: The Public Health Consequences of
Disasters (Noji EK, ed). New York:Oxford University Press,
390-393.

Scherer G, Frank S, Riedel K, Meger-Kossien |, Renner T. 2000.
Biomonitoring of exposure to polycyclic aromatic hydro-
carbons of nonoccupationally exposed persons. Cancer
Epidemiol Biomarkers Prev 9(4):373-380.

Smith CJ, Huang W, Walcott CJ, Turner W, Grainger J,
Patterson DG Jr. 2002. Quantification of monohydroxy-PAH
metabolites in urine by solid-phase extraction with isotope
dilution-GC-MS. Anal Bioanal Chem 372(1):216-220.

Turner W, DiPietro E, Lapeza C, Green V, Gill J, Patterson DG Jr.
1997. A fast universal automated cleanup system for the iso-
tope-dilution high-resolution mass spectrometric analysis of
PCDDs, PCDFs, coplanar PCBs, PCB congeners, and persis-
tent pesticides from the same serum sample. Organohalogen
Compounds 31:26-31.

U.S. Department of Labor. 2001. Medical Surveillance and
Monitoring Requirements for Workers Exposed to Inorganic
Lead. 29CFR1910.1025 App C.

van Delft JH, Steenwinkel MS, van Asten JG, de Vogel N,

Bruijntjes-Rozier TC, Schouten T, et al. 2001. Biological

monitoring the exposure to polycyclic aromatic hydro-

carbons of coke oven workers in relation to smoking and
genetic polymorphisms for GSTMT and GSTT1. Ann Occup

Hyg 45(5):395-408.

Schooten FJ, Jongeneelen FJ, Hillebrand MJ, van Leeuwen

FE, de Looff AJ, Dijkmans AP, et al. 1995. Polycyclic aro-

matic hydrocarbon-DNA adducts in white blood cell DNA

and 1-hydroxypyrene in the urine from aluminum workers:
relation with job category and synergistic effect of smoking.

Cancer Epidemiol Biomarkers Prev 4(1):69-77.

VanRooij JG, Bodelier-Bade MM, de Looff AJ, Dijkmans AP,
Jongeneelen FJ. 1992. Dermal exposure to polycyclic

Va

=

aromatic hydrocarbons among primary aluminium work-
ers. Med Lav 83(5):519-529.

VanRooij JG, Bodelier-Bade MM, Jongeneelen FJ. 1993.
Estimation of individual dermal and respiratory uptake of
polycyclic aromatic hydrocarbons in 12 coke oven work-
ers. BrJ Ind Med 50(7):623-632.

Venier P, Clonfero E, Cottica D, Gava C, Zordan M, Pozzoli L,
et al. 1985. Mutagenic activity and polycyclic aromatic
hydrocarbon levels in urine of workers exposed to coal tar
pitch volatiles in an anode plant. Carcinogenesis
6(5):749-752.

Viau C, Hakizimana G, Bouchard M. 2000. Indoor exposure to
polycyclic aromatic hydrocarbons and carbon monoxide
in traditional houses in Burundi. Int Arch Occup Environ
Health 73(5):331-338.

Worth RF. 2002. Health concern at ground zero. New York Times
(Late Edition) Final, 4 January: B7.

Wu MT, Wypij D, Ho CK, Mao IF, Chen ML, Lu PL, et al. 1998.
Temporal changes in urinary 1-hydroxypyrene concentra-
tions in coke-oven workers. Cancer Epidemiol Biomarkers
Prev 7(2):169-173.

Environmental Health Perspectives « voLume 111 | numser 16 | December 2003

1911



