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ABSTRACT

Background Workers from the Fire Department of
New York City were exposed to a variety of inhaled
materials during and after the collapse of the World
Trade Center. We evaluated clinical features in a series
of 332 firefighters in whom severe cough developed
after exposure and the prevalence and severity of
bronchial hyperreactivity in firefighters without severe
cough classified according to the level of exposure.

Methods “World Trade Center cough” was defined
as a persistent cough that developed after exposure to
the site and was accompanied by respiratory symp-
toms severe enough to require medical leave for at
least four weeks. Evaluation of exposed firefighters
included completion of a standard questionnaire, spi-
rometry, airway-responsiveness testing, and chest
imaging.

Results In the first six months after September 11,
2001, World Trade Center cough occurred in 128 of
1636 firefighters with a high level of exposure (8 per-
cent), 187 of 6958 with a moderate level of exposure
(3 percent), and 17 of 1320 with a low level of exposure
(1 percent). In addition, 95 percent had symptoms of
dyspnea, 87 percent had gastroesophageal reflux dis-
ease, and 54 percent had nasal congestion. Of those
tested before treatment of World Trade Center cough,
63 percent of firefighters (149 of 237) had a response
to a bronchodilator and 24 percent (9 of 37) had
bronchial hyperreactivity. Chest radiographs were
unchanged from precollapse findings in 319 of the
332 with World Trade Center cough. Among the co-
hort without severe cough, bronchial hyperreactivity
was present in 77 firefighters with a high level of ex-
posure (23 percent) and 26 with a moderate level of
exposure (8 percent).

Conclusions Intense, short-term exposure to ma-
terials generated during the collapse of the World
Trade Center was associated with bronchial respon-
siveness and the development of cough. Clinical and
physiological severity was related to the intensity of
exposure. (N Engl J Med 2002;347:806-15.)
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HE September 11, 2001, terrorist attack that

resulted in the collapse of New York City’s

World Trade Center led to an intense, short-

term exposure to inorganic dust, products
of pyrolysis, and other respirable materials. The Fire
Department of New York City (FDNY) operated a
continuous rescue and recovery effort at the site in-
volving approximately 11,000 firefighters, who were
exposed to such respiratory irritants,! which have
been implicated in the development of airflow ob-
struction.23 We identified conditions associated with
airway obstruction — namely, severe, persistent cough
(“World Trade Center cough”) and airway reactivity
— in exposed firefighters by assessing a case series of
332 firefighters with World Trade Center cough who
required extensive medical leave as well as other fire-
fighters who had been exposed but who did not re-
quire medical leave.

METHODS

Study Subjects

The Bureau of Health Services of the FDNY designated fire-
fighters as having a high level of exposure if they arrived at the scene
during the collapse of the World Trade Center on the morning of
September 11, 2001 (day 1), a moderate level of exposure if they
arrived after the collapse but within the first two days; a low level
of exposure if they arrived between days 3 and 7; and no exposure
if they were not at the site during at least the first two weeks of
the rescue operation. FDNY officers used FDNY dispatch records
to classity personnel according to the level of exposure, but owing
to the high rate of self-deployment to the scene, the final designa-
tion was based on a self-administered questionnaire devised by the
Bureau of Health Services and, when possible, confirmatory inter-
views. Among 11,336 firefighters employed by the FDNY on Sep-
tember 11, 2001, 343 died at the World Trade Center and 10,116
of the 10,993 surviving firefighters were subsequently evaluated
as part of the medical monitoring program. Figure 1 shows the ex-
posure status of the 10,116 firefighters who were evaluated; World
Trade Center cough was diagnosed in 332, and 102 of the 9784
firefighters evaluated who did not have this condition (1 percent)
were tested for bronchial hyperreactivity. World Trade Center cough
was defined as a persistent cough that developed in a firefighter after
exposure to the site and that was accompanied by respiratory symp-
toms severe enough for FDNY physicians to place the worker on
medical leave for at least four consecutive weeks.
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11,336 FDNY firefighters

10,116 of 10,993 surviving
firefighters evaluated (92%)
as part of medical
monitoring program

343 died at the WTC 9/11/01

1636 (16%) with high
level of exposure
(present at WTC collapse)

6958 (69%) with
moderate level
of exposure
(present within first
2 days after WTC collapse)

1320 (13%) with low
level of exposure
(present within 3-7
days after WTC collapse)

202 (2%) with no exposure
(not present first 2 weeks
after WTC collapse)

77 of 1508 25 of 6771 0 of 1303
without without without
128 (8%) WTC cough 187 _(3%) WTC cough 17 (_1%) WTC cough 0 with 0 tested for
with tested for with tested for with tested for WTC cough hyp.er'—
WTC cough WTC cough WTC cough reactivity
hyper- hyper- hyper-
reactivity reactivity reactivity

Figure 1. Number of Firefighters Employed by the Fire Department of New York City (FDNY) on September 11, 2001, and Number
Who Were Subsequently Evaluated for World Trade Center (WTC) Cough and Bronchial Hyperreactivity, According to the Level of

Exposure to Respiratory Irritants at the Site of the Collapse.

The study was approved by the research review board of the Mon-
tefiore Medical Center.

Bronchial Hyperreactivity in Exposed Firefighters
without World Trade Center Cough

Approximately one month after the collapse of the World Trade
Center (October 1 to 14, 2001), a sample of firefighters with mod-
erate and high levels of exposure underwent a methacholine chal-
lenge to test for bronchial hyperreactivity. Among the 295 such
workers who registered for the required medical evaluation during
this interval, every second one was offered the opportunity to par-
ticipate, regardless of the presence or absence of symptoms. All
subjects remained on full duty, and the results of the challenge
did not alter their duty status. All subjects gave written informed
consent.

World Trade Center Cough in Exposed Firefighters

This report includes cases of World Trade Center cough identi-
fied from September 11, 2001, through March 11, 2002. Case as-
certainment is complete, since all FDNY firefighters who are on
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medical leave must report to the Bureau of Health Services for eval-
uation. Firefighters with World Trade Center cough either referred
themselves for an evaluation of symptoms or were identified during
the mandatory medical evaluation or on the basis of worker-com-
pensation claims of injury or illness or applications to the FDNY for
disability leave or retirement.

Diagnostic and Treatment Protocol

The standardized protocol (see Supplementary Appendix 1, avail-
able with the full text of this article at http://www.nejm.org) in-
cluded an evaluation involving self-administration of the question-
naire, supplemented by history taking and a physical examination
by a Bureau of Health Services physician. The questionnaire includ-
ed queries about the time of arrival at the World Trade Center site,
days spent at the site during the first two weeks, the type of res-
piratory protection worn (a dust mask, N95 respirator, or dual-car-
tridge half-face P-100 respirator), and the frequency of respirator
use (never or rarely used vs. used most of the time) during the first
two weeks after the collapse. Health-related questions were includ-
ed about nasal and throat symptoms (nasal drip, nasal congestion,
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and sore or hoarse throat), symptoms of gastroesophageal reflux
discase (defined as heartburn, regurgitation, and retrosternal chest
burning), and respiratory symptoms (defined as daily cough, nearly
constant cough, wheeze, shortness of breath, chest tightness, and
sleep disturbance due to respiratory symptoms). To be considered
related to exposure to the World Trade Center site, symptoms had
to be new or definitely worse since September 11, 2001.

A chest radiograph was obtained and spirometry was performed
in all 332 firefighters with World Trade Center cough, and 237 also
underwent postbronchodilator spirometry. Lung volumes and car-
bon monoxide diffusing capacity were measured in the first 81 fire-
fighters with World Trade Center cough, and because the results
were within normal limits in these subjects, they were performed in
only 27 subjects thereafter at the discretion of a physician. A meth-
acholine challenge was performed in 196 firefighters with World
Trade Center cough. Noncontrast high-resolution computed tomo-
graphic (CT) imaging of the chest was performed at the discretion
of their physician in 78 firefighters with World Trade Center cough
who had normal chest radiographs. All firefighters with World
Trade Center cough were included in the study data base, even if
they did not undergo all tests.

Cough was treated with cough suppressants (containing codeine)
as needed. In addition, subjects received inhaled (pulmonary or na-
sal) or oral corticosteroids, decongestants, antibiotics, leukotriene
modifier (montelukast), or proton-pump inhibitors, depending on
whether they presented with predominantly upper-airway or low-
er-airway findings (see Supplementary Appendix 1). In firefighters
with World Trade Center cough, an upper-airway predominance was
defined by nasal congestion or drip, gastroesophageal reflux disease,
or both in the presence of normal findings on chest radiography
and spirometry (a forced vital capacity [FVC] or forced expiratory
volume in one second [FEV ] that was at least 80 percent of the pre-
dicted value) and the absence of treatment with an inhaled bron-
chodilator, an oral corticosteroid, or montelukast. A decongestant,
a nasal corticosteroid, and an antibiotic were given for nasal conges-
tion or drip, and a proton-pump inhibitor and dietary recommen-
dations were given for gastroesophageal reflux disease. In firefight-
ers with World Trade Center cough, a lower-airway predominance
was defined by severe dyspnea, wheeze, or both in the presence of
abnormal spirometric results (FVC or FEV that was at least 15 per-
centage points lower than the value before exposure or less than 65
percent of the predicted value). Treatment included antibiotics, in-
haled corticosteroids, bronchodilators, and in subjects with an inad-
equate therapeutic response, 10 mg of montelukast per day orally,
with or without 40 mg of systemic prednisone per day (tapered over
a period of one to two months).

Pulmonary Function and Airway Hyperreactivity

Before September 11, 2001, spirometry was performed every
one to two years in all FDNY firefighters. After the collapse of the
World Trade Center, spirometry was performed before treatment
was initiated, and the results were compared with those of the most
recent analysis (obtained within the preceding one to two years).
Postbronchodilator spirometry was assessed 15 minutes after the
inhalation of albuterol, and an increase in the FEV, by at least 12
percent and at least 200 ml was considered clinically significant.+¢
Lung volumes and carbon monoxide diffusing capacity were de-
termined with the use of helium-dilution and single-breath meth-
ods, respectively. Methacholine challenge testing was performed
with the following exclusion criteria: an FEV, that was 65 percent
of the predicted value or less, nonreproducible flow-volume loops,
use of an inhaled or systemic corticosteroid within the preceding
month, or current smoking (among those evaluated as part of the
screening program). Increasing concentrations of aerosolized meth-
acholine (Provocholine, Methapharm) were inhaled until the FEV,
declined by 20 percent from the base-line value (PC,,) or the max-
imal concentration was reached (25 mg of methacholine per milli-
liter). Bronchial hyperreactivity was defined as a PC,, of 8 mg of
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methacholine per milliliter or less.”? Bronchial responsiveness was
defined as a bronchodilator response or bronchial hyperreactivity
(PC,, <16 mg of methacholine per milliliter). All tests met the
standards and guidelines of the American Thoracic Society,*” and
the results were calculated on the basis of predicted values.510

Radiographic Studies

In all subjects, posteroanterior chest radiographs were obtained
and compared with base-line chest radiographs obtained before Sep-
tember 11, 2001 (usually within the preceding one to two years).
A total of 78 firefighters with World Trade Center cough underwent
high-resolution CT of the chest at full inspiration and end expira-
tion. Sections that were 1 mm thick were obtained at 10-mm inter-
vals and evaluated for airway and parenchymal abnormalities. The
images were read independently by two readers who had no knowl-
edge of the subjects’ exposure status or clinical findings; differences
of opinion were settled by consensus.

Statistical Analysis

Continuous variables are expressed as means =SD, and categor-
ical variables are expressed as relative frequencies or percentages.
Hyperreactivity was analyzed as a dichotomous variable at two cut-
off points (PC,, of 8 mg per milliliter or less or PC,, of 16 mg per
milliliter or less). Using analysis of variance, t-tests, or chi-square
tests as appropriate, we compared the clinical characteristics among
exposure groups and among subjects with World Trade Center
cough according to prognostic subgroups: those with predomi-
nantly upper-airway symptoms (29 subjects) or lower-airway symp-
toms (95 subjects) or those with bronchial responsiveness (249 sub-
jects). The lengths of medical leaves were compared with use of the
Mann-Whitney U test. We used logistic regression to assess our
outcome (resumption of firefighting duties) after adjustment for
age, smoking status, and the presence or absence of airflow obstruc-
tion; results are expressed as odds ratios and 95 percent confidence
intervals. A P value of less than 0.05 was considered to indicate sta-
tistical significance. All tests were two-tailed and performed with
use of SPSS software.

RESULTS

Airway Hyperreactivity in Exposed Firefighters
without World Trade Center Cough

Between October 1 and 14, 2001, 391 firefighters
underwent medical screening examinations and 295
met the criteria for exposure, 102 of whom underwent
methacholine or bronchodilator challenge. Clinical
characteristics (sex, age, smoking status, and presence
or absence of respiratory symptoms) did not differ sig-
nificantly either between the subjects who were eligi-
ble for testing and the subjects who actually were
tested or among the subjects in the two highest ex-
posure groups (data not shown). In this cohort of
295 firefighters, the average age was 41+7 years, the
mean tenure at the FDNY was 13£6 years, and 13
percent were exsmokers. All reported cough within
24 hours after exposure, and none were on medical
leave. The mean FVC and FEV, values were within
normal limits in all groups. In the group of firefight-
ers with a moderate level of exposure, the subjects
who were eligible for testing had significantly higher
FVC and FEV, values than did subjects who were ac-
tually tested (FVC, 96 percent vs. 89 percent of the
predicted value; P=0.04; and FEV,, 98 percent vs.
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91 percent of the predicted value; P=0.003). Among
tested subjects there were no significant differences
between the mean spirometric values obtained before
the collapse of the World Trade Center and those ob-
tained afterward (FEV,, 103 percent and 95 percent
of the predicted value, respectively; FVC, 98 percent
and 92 percent of the predicted value). Among the
four exposure groups, there were no significant differ-
ences in respirator use during the first week (fewer
than 22 percent reported frequent use).

Bronchial hyperreactivity (defined by a PC,, of
8 mg of methacholine per milliliter or less) was present
in 23 percent of firefighters with a high level of ex-
posure (77 subjects) and 8 percent of those with a
moderate level of exposure (26 subjects). Because age,
smoking status, and the presence or absence of air-
flow obstruction may influence hyperreactivity, logis-
tic regression was used to evaluate the association be-
tween the extent of exposure and the likelihood of
hyperreactivity after adjustment for these variables.
Spirometric values obtained after September 11, 2001,
were used to adjust for the presence or absence of
airflow obstruction. There was a significant associa-
tion between the level of exposure and bronchial hy-
perreactivity: firefighters with a high level of exposure
were more likely to have hyperreactivity than were
those with a moderate level of exposure (relative risk,
21.0; 95 percent confidence interval, 1.8 to 164; P=
0.01). The addition of variables related to the use of
respirators had no significant effect on the results.

Firefighters with World Trade Center Cough

All 332 firefighters who met the case definition for
World Trade Center cough were men (99 percent of
the FDNY workforce is male); the mean age in this
group was 43+7 years, and they had worked for the
FDNY for a mean of 157 years. Twenty percent were
exsmokers, and 3 percent were current smokers. All
had acute cough at the time of exposure; the frequen-
cies of other symptoms are listed in Table 1.

Sample Case Report

A healthy 45-year-old deputy chief who had nev-
er smoked arrived at the World Trade Center shortly
after the second jetliner’s impact. He supervised med-
ical triage directly in front of the south tower when
it collapsed. He was buried under falling debris, from
which he was able to extricate himself. He reported
that the air was “darker than a sealed vault and thicker
than pea soup” and that he had gagging and a produc-
tive cough leading to near syncope. For two months,
he had a dry cough, sore throat, nasal congestion,
chest discomfort, exertional dyspnea, and nocturnal
symptoms (cough, tightness of the chest, and regur-
gitation) — predominantly lower-airway symptoms.
His cough resolved within six weeks after treatment

N Engl ] Med, Vol. 347, No. 11 - September 12,2002 -

TABLE 1. INCIDENCE OF UPPER- AND LOWER-AIRWAY
SYMPTOMS BEFORE AND AFTER THE COLLAPSE
OF THE WORLD TRADE CENTER (WTC) AMONG FIREFIGHTERS
wITH WTC COUGH, ACCORDING TO THE LEVEL OF EXPOSURE
TO RESPIRATORY IRRITANTS AT THE SITE.*

HigH LEVEL  MoDERATE LEVEL  Low LEVEL
OF EXPOSURE OF EXPOSURE OF EXPOSURE
VARIABLE (N=128) (N=187) (N=17)
percent
Cough
Before collapse 2 2 0
After collapse 100 100 100
Upper-airway symptoms
Nasal congestion
Before collapse NA NA NA
After collapse 51 56 47
Nasal drip
Before collapse NA NA NA
After collapse 39 42 33
Sore throat
Before collapse 0 1 0
After collapse 82 74 80
Gastroesophageal reflux
diseaset
Before collapse 4 4 18
After collapse 88 86 82
Lower-airway symptoms
Dyspnea
Before collapse 2 2 6
After collapse 94 96 94
Wheeze
Before collapse 2 2 6
After collapse 57 66 77
Chest discomfort
Before collapse 1 0 6
After collapse 86 85 82
Nocturnal symptomst
Before collapse 1 1 0
After collapse 68 59 67

*To be classified as occurring after the collapse of the World Trade Cen-
ter, a symptom had to be either new or more severe since September 11,
2001. Levels of exposure are defined in Figure 1. NA denotes not available.

tThe symptoms of gastroesophageal reflux disease were heartburn, re-
gurgitation, and retrosternal chest burning.

1Nocturnal symptoms were disturbances in sleep that were due to cough,
wheeze, or shortness of breath.

with a cough suppressant, antibiotic, and inhaled cor-
ticosteroids.

Clinical Characteristics

Within 24 hours after exposure, all 332 firefight-
ers with World Trade Center cough reported having
a productive cough; the sputum was usually black to
grayish and infiltrated with “pebbles or particles.” The
likelihood of World Trade Center cough was signifi-
cantly related to the magnitude of exposure (P<<0.01):
World Trade Center cough developed in 8 percent
of those with a high level of exposure (128 of 1636),
in 3 percent of those with a moderate level of exposure
(187 of 6958), in 1 percent of those with a low level
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of exposure (17 of 1320), and in none of the firefight-
ers with no exposure (0 of 202). Most cases occurred
in firefighters with a high or moderate level of expo-
sure (Fig. 1). Firefighters with World Trade Center
cough began to seek medical attention in late Sep-
tember 2001. The peak incidence was in late Octo-
ber and early November, and by four months after the
collapse of the World Trade Center, few new cases

35+

30

25+

20

Firefighters (%)

154

10

were reported (Fig. 2). The number of firefighters on
medical leave was minimal in September, probably as
a result of the continuing intense efforts at the World
Trade Center site, but the low rate may also reflect
firefighters’ relatively high thresholds for reporting
respiratory symptoms.

By the time of evaluation, the cough had become
nonproductive in 58 percent of the firefighters. Ex-

Presentation of WTC cough

Return to firefighting duties
_EEEE N
! s\

Figure 2. Clinical Course of World Trade Center (WTC) Cough.

World Trade Center cough was defined as a persistent cough that developed in the first six months after the collapse and required
a medical leave from firefighting duties for at least four consecutive weeks. Return to firefighting duties (expressed as a percentage
of all returning firefighters) required clearance by a Fire Department of New York City physician.
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ertional dyspnea occurred in 95 percent. Upper-airway
symptoms, including nasal congestion, nasal drip, and
sore throat, were reported by up to 82 percent (Ta-
ble 1). Overall, 87 percent had new or worsening
symptoms of gastroesophageal reflux disease, which
were judged by most to be severe (Table 1). The in-
cidence of symptoms was not significantly different
among the four exposure groups.

The use of respiratory protection was not associ-
ated with a significantly decreased risk of lower-airway
symptoms, decreased pulmonary function, or airway
hyperreactivity. However, respirators were worn rarely
or not at all by 93 percent of firefighters on the day
of the collapse, by 85 percent on the day after the
collapse, and by 76 percent on the second through
sixth days after the collapse. Even when respirators
were used, the most common type was a simple pa-
per dust mask rather than a fitted respirator certified
by the National Institute of Occupational Safety and
Health (self-contained breathing apparatus, N95, or
dual-cartridge half-face P-100 respirator). By week 2,
65 percent of firefighters with World Trade Center
cough reported frequent use of respirators, and 71 per-
cent of those who so did used P-100 respirators.

Lung Function

Spirometric values obtained before and after the col-
lapse of the World Trade Center are shown in Table 2.
FVC and FEV, values were less than 65 percent of
the predicted values in 1 percent of firefighters before
the collapse of the World Trade Center and in 12 per-
cent and 14 percent, respectively, after the collapse.
There were significant declines in FVC (P<0.01),
FEV, (P<0.01), and the maximal forced expiratory
flow between expired volumes of 25 percent and 75
percent of vital capacity (P<<0.01). The magnitude of
the reductions in FVC and FEV, was nearly equal,
with declines of at least 0.5 liter in 58 percent and
54 percent of firefighters, respectively. There were no
significant differences in spirometric values or the mag-
nitude of declines among the four exposure groups,
but the declines tended to be least in the group with
the lowest level of exposure.

Lung volumes and carbon monoxide diffusing ca-
pacity were within normal limits in 108 firefighters
with World Trade Center cough who were tested.
There were no significant differences in values between
firefighters with abnormal findings on chest radiog-
raphy and those with normal findings. Sixty-two per-

TABLE 2. SPIROMETRIC VALUES IN FIREFIGHTERS WITH WORLD TRADE CENTER (WTC) COUGH,
ACCORDING TO THE LEVEL OF EXPOSURE TO RESPIRATORY IRRITANTS AT THE SITE.*

VARIABLE

LITERS

FvC
High level of exposure
Moderate level of exposure
Low level of exposure
FEV,
High level of exposure
Moderate level of exposure
Low level of exposure
FEV:FVC

High level of exposure 0.85+0.05
Moderate level of exposure  0.84+0.06
Low level of exposure 0.83+0.05

FEF,5 75,
High level of exposure
Moderate level of exposure
Low level of exposure

Berore CoLLApse oF WTCT

% OF PREDICTED

4.64%0.82 92%11 (70-120)
4.8620.93 95%15 (45-143)
4.92+0.54 989 (83-107)

3.95+0.71 95*13 (72-126)
4.05+0.76 96*14 (46-143)
4.08+0.52 99*12 (80-114)

3.96+0.93 88*+17 (62-120)
3.8820.94 87%17 (42-121)
3.47+0.57 81*15 (66-105)

AGE-ADJUSTED

AFTER CoLLAPSE OF WTC DECREASE

LITERS % OF PREDICTED LITERS
mean =SD (range)
4.11x0.92t 81*15(45-108)f —0.62*0.78
4.25+x0.80f 83x15(41-126)f —0.73x0.76
4.19x0.57t 83*10 (72-105)f —0.40=0.59
3.43+0.75F 82x16 (35-110)f —0.56*+0.70
3.48+0.71F 83*16 (39-128)t —0.64+0.69
3.46*x0.47t 84*11 (68-103)f —0.37£0.43
0.83+0.08
0.82+0.08
0.83+0.07
3.27x1.17§ 77%17 (19-107)
3.22+0.941 74=15 (30-103)t
3.05+0.83 73+18 (39-95)

*Levels of exposure are defined in Figure 1. FVC denotes forced vital capacity, FEV, forced expiratory volume in one
second, and FEF,; ., the maximal forced expiratory flow between expired volumes of 25 and 75 percent of the vital

capacity.

tValues were obtained one to two years before the collapse of the World Trade Center.

$P<0.01 by analysis of variance for the comparison with the value obtained before the collapse of the World Trade

Center.

§P=0.03 by analysis of variance for the comparison with the value obtained before the collapse of the World Trade

Center.
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cent of the firefighters who were tested (154 of 249)
had evidence of bronchial responsiveness; 53 of 332
(16 percent) had a ratio of FEV, to FVC of less than
0.75, 149 of 237 (63 percent) had reversible abnor-
malities on postbronchodilator spirometry, and 47 of
196 (24 percent) had airway hyperreactivity (defined
by a PC,, of 16 mg of methacholine per milliliter or
less) on challenge testing. Among 37 firefighters who
were assessed before antiinflammatory treatment was
begun, 24 percent had a PC,, of 8 mg of methacho-
line per milliliter or less and 35 percent had a PC,,
of 16 mg per milliliter or less.

Chest Imaging

The findings on chest radiography were unchanged
from base line in 319 of the 332 firefighters with
World Trade Center cough (96 percent). Thirteen
had lobar consolidation that resolved after antibiotic
therapy. Of the 78 subjects with normal findings on
chest radiography who underwent high-resolution
computed tomography during inspiration and expi-
ration (Table 3), 22 (28 percent) had no abnormalities.
Air trapping was seen in 40 of the 78 (51 percent),
and 12 of these patients (30 percent) had bronchial-
wall thickening (Fig. 3). Seven of 38 subjects with-
out air trapping (18 percent) had bronchial-wall thick-

TABLE 3. FINDINGS ON HIGH-RESOLUTION CT OF THE CHEST
IN FIREFIGHTERS WITH WORLD TRADE CENTER COUGH,
ACCORDING TO THE PRESENCE OR ABSENCE OF AIR TRAPPING.*

AR No AR
ALL SuBJECTS TRAPPING TRAPPING
FinDING (N=78) (N=40) (N=38)
no. (%)
Bronchial-wall thickening 19 12 (30) 7 (18)
Bronchitis with inflammation of large 1 1(2) 0
and small airways
Parenchymal disease 8
Ground-glass attenuation 5 4(10) 1(3)
Ground-glass attenuation and 1 1(2) 0
bronchial-wall thickening
Ground-glass attenuation and nodules 1 1(2) 0
Ill-defined nodules and bronchial-wall 1 0 1(3)
thickening

*Images obtained during full inspiration were evaluated for bronchial-
wall thickening, which was subjectively identified by comparison with known
bronchial anatomy; bronchiectasis (bronchus with an internal diameter that
exceeded the internal diameter of the adjacent pulmonary artery); bronchi-
olar impaction (clustered centrilobular nodules in a characteristic tree-in-bud
pattern); mosaic attenuation; ground-glass opacities (hazy increased lung
density not associated with obscured underlying vessels); nodules; consol-
idation; and emphysema. Images obtained during end expiration were com-
pared with those obtained during full inspiration to identify air trapping,
defined by regions of lung that did not have an increase in attenuation and
a decrease in volume with expiration.
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ening. Isolated parenchymal findings or parenchymal
findings in combination with airway abnormalities
were identified in 8 of 78 subjects (10 percent).

Outcomes

Within seven months after the collapse of the World
Trade Center, 48 percent of the firefighters with World
Trade Center cough had returned to active duty. The
resumption of firefighting duties was our primary out-
come, because it required medical clearance by the
FDNY pulmonologist, including confirmation that
pulmonary function was normal without hyperreac-
tivity in those with prior evidence of hyperreactivity.
Ninety-three percent of those with predominantly up-
per-airway symptoms (27 of 29) resumed firefighting
duties, as compared with only 34 percent of those
with predominantly lower-airway symptoms (32 of
95). Sixty-five percent of those without bronchial
responsiveness (62 of 95) resumed their duties, as
compared with only 20 percent of subjects with bron-
chial responsiveness (31 of 154). Logistic regression
showed that firefighters with predominantly upper-
airway symptoms were more likely to return to full
duty within this six-month period than were firefight-
ers with predominantly lower-airway symptoms (rela-
tive risk, 22.0; 95 percent confidence interval, 1.5 to
327; P=0.03). Firefighters without bronchial respon-
siveness were more likely to return to full duty than
were firefighters with bronchial responsiveness (rela-
tive risk, 4.8; 95 percent confidence interval, 2.5 to
9.2; P<0.001).

DISCUSSION

In the first days after the collapse of the World
Trade Center, firefighters and other rescue workers
were exposed to enormous but unmeasured amounts
of dust and other particulate materials of various sizes.
The Centers for Disease Control and Prevention con-
cluded from an evaluation of environmental data that
the level of exposure to most substances (asbestos,
silica, heavy metals, volatile organic compounds, and
polyaromatic hydrocarbons) did not exceed limits set
by the National Institute of Occupational Safety and
Health or the Occupational Safety and Health Ad-
ministration,! with concentrations of airborne and res-
pirable particulates ranging up to 2.3 and 0.3 mg per
cubic meter, respectively.! Fractionation of airborne
dust samples revealed that 0.4 to 2 percent of partic-
ulates were respirable (that is, less than 10 um in aero-
dynamic diameter; many were less than 2.5 um) and
alkaline at a pH of no more than 12 (Chen LC: per-
sonal communication). However, most samples were
obtained after September 17, 2001,! when substantial
settling of dust had already occurred. The clinical and
physiological findings in patients with World Trade
Center cough and the airway-responsiveness findings
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Figure 3. High-Resolution CT Images Obtained in a Firefighter with World Trade Center Cough.

A 1-mm-thick collimated section obtained at the level of the carina in a 40-year-old male firefighter shows thickening of the walls
of the bronchi to the upper lobes, which is most pronounced on the left (arrows).

in the cohort of firefighters who were exposed but in
whom the cough did not develop demonstrate that
there was clinically significant respiratory exposure.

World Trade Center cough occurred in 3 percent
of the workforce and in 8 percent of those present
during the actual collapse. The majority had dyspnea,
chest discomfort, gastroesophageal reflux disease, and
upper-airway symptoms. Although this cohort had
reductions in FVC and FEV, that were similar in
magnitude, with no change from the FEV:FVC ratio
determined before exposure, the findings in these
subjects were predominantly attributable to airway ab-
normalities. Physiologically, there was a bronchodi-
lator response and hyperreactivity; radiographically,
there was air trapping and thickening of the bronchial
wall without evidence of parenchymal changes.

The time of arrival at the World Trade Center site
provided an effective means to categorize the intensi-
ty of exposure to respiratory irritants. It was predictive

N Engl ] Med, Vol. 347, No. 11 - September 12,2002 -

of the prevalence of airway hyperreactivity and the
incidence of World Trade Center cough.

Our study is one of the few that describe the in-
cidence of bronchial hyperreactivity after short-term
exposure to respiratory irritants. Hyperreactivity oc-
curs in miners and construction workers, but only
years after long-term low-level exposure to airborne
particulates.!'13 Bronchial hyperreactivity may occur
within hours after smoke inhalation.}41¢ We found hy-
perreactivity in about a quarter of the firefighters with
high levels of exposure, whether or not they had World
Trade Center cough.

Our finding of sinusitis, bronchial hyperreactivity,
and bronchial responsiveness in firefighters with World
Trade Center cough is important but not surpris-
ing.1720 An unexpected finding was that 87 percent
of such firefighters reported symptoms of gastroesoph-
ageal reflux disease; such symptoms are generally re-
ported by less than 25 percent of patients with chron-
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ic cough.!21.22 Despite the strong associations between
gastroesophageal reflux disease and chronic cough!7-20
and between gastroesophageal reflux disease and asth-
ma,?25 it remains unclear whether gastroesophageal
reflux disease causes either condition.2¢ The causa-
tive mechanism may be repeated aspiration of minute
amounts of refluxed material; vagally mediated esoph-
ageal, tracheobronchial, or laryngobronchial cough
reflexes; or neurally mediated bronchial inflamma-
tion.23:2426 Involvement of the posterior nasopharynx
is common in patients with gastroesophageal reflux
disease,?” whereas bronchial hyperreactivity may not
be present.226 For these reasons, we classified gastro-
esophageal reflux disease as an upper-airway symptom
(Fig. 2).

In the firefighters who reported inhaling and swal-
lowing dust at the site, new or worsening gastroeso-
phageal reflux disease may have resulted from dust-
induced irritation of the gastroesophageal tract. Stress
related to the terrorist attack and diet are also poten-
tial causes, but neither prescription medications nor
over-the-counter formulations were responsible, since
the symptoms were present before treatment for gas-
troesophageal reflux disease was initiated.2¢ Gastro-
esophageal reflux disease may have triggered the respi-
ratory symptoms or may have facilitated the persistence
of the airway irritation or inflammation; we believe
the latter possibility is more plausible.

The firefighters with World Trade Center cough
had a similar magnitude of declines in FVC and FEV,.
Similar patterns have been reported in workers ex-
posed to inorganic particulates such as asbestos28:2
and in brick workers,2 whereas those exposed to toxic
gas may have reduced FEV:FVC ratios, as was the
case among victims of the industrial explosion in Bho-
pal, India.30 Despite the normal FEV:FVC ratios in
our subjects, airway obstruction was the predominant
physiological abnormality. Radiographic or physiolog-
ical evidence of parenchymal lung disease was uncom-
mon, but high-resolution CT did provide evidence of
air trapping. Air trapping could be due to asthma,
bronchitis, emphysema, or bronchiolitis.3!-32 Bronchi-
olitis obliterans is a consequence of injury caused by
the inhalation of a toxic substance and is characterized
by either a classic pattern of obstruction or reductions
in FVC and FEV, of a similar magnitude.? Since lung
biopsy was not performed, we cannot exclude this di-
agnosis, but patients with bronchiolitis obliterans usu-
ally have no response to bronchodilators.?

Reactive airways dysfunction syndrome occurs af-
ter a brief, intense exposure to dust, fumes, or vapors
in patients with no prior history of respiratory dis-
ease.’335 It is characterized by persistent symptoms
of airway inflammation (cough, wheeze, and dysp-
nea) and bronchial hyperreactivity. In our study, the
absence of respiratory symptoms or disease before
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September 11, 2001, was confirmed by a review of
medical records. In patients with reactive airways
dysfunction syndrome, respiratory symptoms and hy-
perreactivity persist for at least six months.33-35 Our
empirical therapy was directed at reducing inflamma-
tion through the use of nasal or inhaled corticoster-
oids and proton-pump inhibitors. Although this treat-
ment was not formally tested, the circumstances did
not allow us time to devise a formal treatment trial.
Whether symptoms and hyperreactivity in firefight-
ers who worked at the World Trade Center site will
prove persistent, resulting in reactive airways dysfunc-
tion syndrome or airway remodeling, requires long-
term study.36:37

Will airway hyperreactivity, obstruction, or World
Trade Center cough occur in other workers and res-
idents exposed to the byproducts of the collapse of
the World Trade Center? Despite anecdotal reports
of similar findings in the population at risk, our find-
ings may overestimate the risk of this disease, because
overall, FDNY firefighters most likely had the high-
est level of exposure. Support for this conclusion is
provided by the finding that airway hyperreactivity
and World Trade Center cough were more common
in the firefighters with a high level of exposure. Al-
ternatively, our findings may underestimate the risk
of this disease in the population at risk, because of
the healthy-worker effect. Respiratory disease (includ-
ing asthma) is a medical exclusion criterion for the job
of an FDNY firefighter, and frequent medical moni-
toring identifies firefighters with respiratory impair-
ment and thus prevents them from performing fire-
suppression duties.

The rescue and recovery efforts of firefighters at
the World Trade Center site resulted in the exposure
of a large cohort of workers to respirable particles and
vapors. Our findings indicate that the risk of airway
hyperreactivity and World Trade Center cough was
associated with the intensity of exposure. During the
first six months after September 11, 2001, 3 to 8 per-
cent of firefighters with moderate to high levels of ex-
posure had cough severe enough to require medical
leave; these workers also had clinical and physiolog-
ical changes consistent with the presence of upper- or
lower-airway dysfunction (or both). Even firefighters
without severe cough had physiological abnormali-
ties: airway hyperreactivity was present in 8 percent of
those with a moderate level of exposure and 23 per-
cent of those with a high level of exposure. Therefore,
participants in rescue and recovery work in such set-
tings need to be aware of the health risks involved.

Supported by grants from the Centers for Disease Control and Preven-
tion (U1Q/CCU221158-01), the National Institute of Occupational Safety
and Health (RO1-OH07350), the National Institutes of Health (M010096),
and the Stony Wold—Herbert Foundation. Dr. Banauch is a recipient of an
American Lung Association of New York Pulmonary Research Fellowship

www.nejm.org

The New England Journal of Medicine
Downloaded from nejm.org at Stephen B. Thacker CDC Library on April 12, 2019. For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



COUGH AND BRONCHIAL RESPONSIVENESS IN FIREFIGHTERS AT THE WORLD TRADE CENTER

Award and is a scholar in the Clinical Research Training Program at Albert
Einstein College of Medicine (K30-NIH).

This article is dedicated to the memory of those who are lost but not
forgotten. We thank the many who guided us to safety and who have helped
with the recovery.

We are indebted to Dr. H. Coben for statistical advice, to Lt. Va-
silios Christodoulon (FDNY, retived) for technical assistance, and to
the members of the FDNY Burean of Information Technology (Jason
Chenyg, Balaji Jayavam, Patnankar Niki, Kamaldeep Deol, Francis
Fung, and Sathy Sivanandan) for designing, programming, and
managing the data base.

REFERENCES

1. Occupational exposures to air contaminants at the World Trade Center
disaster site — New York, September—October 2001. MMWR Morb Mor-
tal Wkly Rep 2002;51:453-6.

2. Zuskin E, Mustajbegovic J, Schachter EN, Kern J, Doko-Jelinic J, God-
nic-Cvar J. Respiratory findings in workers employed in the brick-manu-
facturing industry. J Occup Environ Med 1998;40:814-20.

3. Brooks SM, Weiss MA, Bernstein IL. Reactive airways dysfunction syn-
drome (RADS): persistent asthma syndrome after high level irritant expo-
sures. Chest 1985;88:376-84.

4. American Thoracic Society. Standardization of spirometry, 1994 up-
date. Am J Respir Crit Care Med 1994;152:1107-36.

5. Knudson RJ, Lebowitz MD, Holberg CJ, Burrows B. Changes in the
normal maximal expiratory flow-volume curve with growth and aging. Am
Rev Respir Dis 1983;127:725-34.

6. Townsend MC. ACOEM position statement: spirometry in the occupa-
tional setting. J Occup Environ Med 2000;42:228-45.

7. Crapo RO, Casaburi R, Coates AL, et al. Guidelines for methacholine
and exercise challenge testing — 1999. Am J Respir Crit Care Med 2000;
161:309-29.

8. Hargreave FE, Woolcock AJ, eds. Airway responsiveness: measurement
and interpretation. Mississauga, Ont.: Astra Pharmaceuticals, 1985:94-103.
9. Verlato G, Cerveri I, Villani A, et al. Evaluation of methacholine dose-
response curves by linear and exponential mathematical models: goodness-
of-fit and validity of extrapolation. Eur Respir J 1996;9:506-11.

10. Van Ganse WE, Ferris BG, Cotes JE. Cigarette smoking and pulmo-
nary diffusing capacity (transfer factor). Am Rev Respir Dis 1972;105:30-
41.

11. Hudgel DW, Roe R. Nonspecific airway hyperreactivity in nonsmok-
ing bituminous coal miners demonstrated by quantitative methacholine in-
halation challenge. J Lab Clin Med 1988;111:684-91.

12. Petran M, Cocarla A, Baiescu M. Association between bronchial hy-
per-reactivity and exposure to silicon carbide. Occup Med (Lond) 2000;
50:103-6.

13. Ernst P, Dales RE, Nunes F, Becklake MR. Relation of airway respon-
siveness to duration of work in a dusty environment. Thorax 1989;44:116-
20.

14. Sherman CB, Barnhart S, Miller MF, et al. Firefighting acutely increas-
es airway responsiveness. Am Rev Respir Dis 1989;140:185-90.

15. Chia KS, Jeyaratnam J, Chan TB, Lim TK. Airway responsiveness of
firefighters after smoke exposure. Br J Ind Med 1990;47:524-7.

16. Kinsella J, Carter R, Reid WH, Campbell D, Clark CJ. Increased air-
ways reactivity after smoke inhalation. Lancet 1991;337:595-7.

17. Irwin RS, Madison JM. The diagnosis and treatment of cough.

N Engl J Med 2000;343:1715-21.

18. Irwin RS, Curley FJ, French CL. Chronic cough: the spectrum and
frequency of causes, key components of the diagnostic evaluation and out-
come of specific therapy. Am Rev Respir Dis 1990;141:640-7.

19. Pratter MR, Bartter T, Akers S, DuBois J. An algorithmic approach
to chronic cough. Ann Intern Med 1993;119:977-83.

20. Irwin RS, French CL, Smyrnios NA, Curley FJ. Interpretation of pos-
itive results of a methacholine inhalation challenge and 1 week of inhaled
bronchodilator use in diagnosing and treating cough-variant asthma. Arch
Intern Med 1997;157:1981-7.

21. Rijcken B, Schouten JP, Weiss ST, Speizer FE, van der Lende R. The
relationship of nonspecific bronchial responsiveness to respiratory symp-
toms in a random population sample. Am Rev Respir Dis 1987;136:62-8.
22. Rijcken B, Schouten JP, Mensinga TT, Weiss ST, De Vries K, Van der
Lende R. Factors associated with bronchial responsiveness to histamine in
a population sample of adults. Am Rev Respir Dis 1993;147:1447-53.
23. Jack CIA, Calverley PMA, Donnelly RJ, et al. Simultaneous tracheal
and oesophageal pH measurements in asthmatic patients with gastro-
oesophageal reflux. Thorax 1995;50:201-4.

24. Wright RA, Miller SA, Corsello BE. Acid-induced esophagobronchial
cardiac reflexes in humans. Gastroenterology 1990;99:71-3.

25. Herve P, Denjean A, Jian R, Simonneau G, Duroux P. Intraesoph-
ageal perfusion of acid increases the bronchomotor response to methacho-
line and to isocapnic hyperventilation in asthmatic subjects. Am Rev Res-
pir Dis 1986;134:986-9.

26. Field SK. Asthma and gastroesophageal reflux: another piece in the
puzzle? Chest 2002;121:1024-7.

27. Koufman JA. Gastroesophageal reflux disease. In: Cummings CW,
Fredrickson JM, Harker LE, Krause CJ, Schuller DE, Richardson MA,
eds. Otolaryngology: head and neck surgery 3rd ed. St. Louis: Mosby—Year
Book, 1998.

28. Harless KW, Watanabe S, Renzzetti AD Jr. The acute effects of chryso-
tile asbestos exposure on lung function. Environ Res 1978;16:360-72.
29. Rodriguez-Roisin R, Picado C, Roca J, Arrigo S, Agusti-Vidal A. Ear-
ly lung function changes after short heavy exposure to chrysotile asbestos
in non-smoking women. Bull Eur Physiopathol Respir 1986;22:225-9.
30. Vijayan VK, Sankaran K. Relationship between lung inflammation,
changes in lung function and severity of exposure in victims of the Bhopal
tragedy. Eur Respir J 1996;10:1977-82.

31. Eber CD, Stark P, Bertozzi P. Bronchiolitis obliterans on high-resolu-
tion CT: a pattern of mosaic oligemia. J Comput Assist Tomogr 1993;17:
853-6.

32. Arakawa H, Webb WR. Air trapping on expiratory high-resolution
CT scans in the absence of inspiratory scan abnormalities: correlation with
pulmonary function tests and differential diagnosis. AJR Am J Roentgenol
1998;170:1349-53.

33. Tarlo SM. Workplace respiratory irritants and asthma. Occup Med
2000;15:471-84.

34. Lemicre C, Malo JL, Gautrin D. Nonsensitizing causes of occupation-
al asthma. Med Clin North Am 1996;80:749-74.

35. Mapp CE, Corona PC, De Marzo N, Fabbri L. Persistent asthma due
to isocyanates: a follow-up study of subjects with occupational asthma due
to toluene diisocyanate (TDI). Am Rev Respir Dis 1988;137:1326-9.

36. Saetta M, Maestrelli P, Turato G, et al. Airway wall remodeling after
cessation of exposure to isocyanates in sensitized asthmatic subjects. Am
J Respir Crit Care Med 1995;151:489-94.

37. Korn RJ, Dockery DW, Speizer FE, Ware JH, Ferris BG Jr. Occupa-
tional exposures and chronic respiratory symptoms: a population-based
study. Am Rev Respir Dis 1987;136:298-304.

Copyright © 2002 Massachusetts Medical Society.

N Engl ] Med, Vol. 347, No. 11 -+ September 12,2002 - www.nejm.org - 815

The New England Journal of Medicine
Downloaded from nejm.org at Stephen B. Thacker CDC Library on April 12, 2019. For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



