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PHENOTYPES AND ENDOTYPES
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ABSTRACT
Introduction: Asthma-chronic obstructive pulmonary disease (COPD) overlap (ACO) is a
newly redefined form of chronic airway disease and has not been well studied among 9/11-
exposed populations with increased prevalence of asthma. We assessed the prevalence and
risk factors associated with ACO in an exposure cohort of World Trade Center Health
Registry (WTCHR) enrollees.
Methods: This is a longitudinal study, including enrollees with complete data on 9/11/01
exposure at enrollment (2003–2004, Wave 1), asthma and COPD diagnoses and at least
25 years of age at the time of the 2015–2016 (Wave 4) WTCHR survey. Probable ACO was
defined as self-reported post-9/11 physician-diagnosed asthma and either emphysema,
chronic bronchitis, or COPD. We evaluated whether probable ACO was associated with
World Trade Center (WTC)-related exposures, using multivariable logistic regression.
Results: Of 36,864 Wave 4 participants, 29,911 were eligible for this analysis, and 1,495
(5.0%) had self-reported post-9/11 probable ACO. After adjusting for demographics and
smoking status, we found 38% increased odds of having ACO in enrollees with exposure
to the dust cloud, and up to 3.39 times the odds in those with �3 injuries sustained on
9/11. Among rescue/recovery workers, ever working on the pile, on the pile on 9/11 or
9/12/01, or working on the WTC site for >7 days showed increased odds ratios of hav-
ing ACO.
Conclusion: Probable ACO is associated with WTC exposures. Further study of ACO is
needed to understand the development of this and other environmentally or occupation-
ally-related airway diseases, and how to prevent these in disasters like 9/11.
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Introduction

Persons exposed to the 9/11/2001 World Trade Center
(WTC) disaster have experienced multiple adverse
health outcomes associated with the complex mixture
of dust, combustion products, other chemical substan-
ces and stressful events that occurred during and sub-
sequent to the building collapses (1–4). Asthma and
chronic obstructive pulmonary disease (COPD) (5,6),
as well as a heterogeneous group of lower airway dis-
eases (7) are conditions reported among WTC-
exposed populations. The Asthma-COPD overlap
(ACO) is a well-recognized (8) but re-defined chronic
lower respiratory disease (9). In 2014, the Global
Initiative for Asthma and the Global Initiative for
Chronic Obstructive Lung Disease jointly published a
consensus description of ACO for clinical use.
Asthma-COPD Overlap was defined as a condition
“characterized by persistent airflow limitation with

several features usually associated with asthma and
several features usually associated with COPD” (8,10).
Patients with ACO experience more frequent exacer-
bations with dyspnea and respiratory distress, have a
worse health-related quality of life, have a more rapid
decline in lung function and use more health services
than patients with asthma or COPD alone (11). In a
study of 2137 New York City firefighters exposed to
the WTC 9/11/01 disaster with clinically indicated
post bronchodilator pulmonary function testing, ACO
was diagnosed in 99 subjects (4.6%), and was pre-
dicted by an elevated early post-9/11 blood eosinophil
concentration (12).

ACO shares many of the same disease risk factors
as COPD, including smoking, advancing age and his-
tory of asthma (13). Exposure to air pollution has
been linked to the development of asthma and COPD,
but its effect on ACO is not well studied. One recent
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Canadian study found that patients with higher cumu-
lative exposure to fine particulate matter and ozone
had nearly threefold greater odds of developing ACO
(14). Occupational exposures were associated with
ACO in unadjusted but not adjusted analyses in a
French study (15), but COPD was more prevalent
among workers with current work- vs. non-work-
related asthma (16).

The epidemiology of ACO has recently been sum-
marized (13,17–19). The prevalence of ACO depends
on which population or age group is studied, and
which definition is used. In the United States, the
prevalence of self-reported/physician diagnosed
asthma and COPD in the third phase of the National
Health and Nutrition Examination Survey (NHANES
III) among those aged at least 25 years was reported
as 2.7% (20). The estimate based on Behavioral Risk
Factor Surveillance System (BRFSS) data on subjects
aged at least 35 years was 3.2% (17).

In the current study of World Trade Center Health
Registry enrollees, we examined whether there may be

an association between WTC disaster exposure and
ACO. We hypothesized that 9/11 exposures, may be
risk factors for having ACO.

Materials and methods

Study sample and data source

The WTC Health Registry was designed as a longitu-
dinal closed cohort study involving rescue/recovery
workers and volunteers (hereinafter referred to as
“RRW”), as well as local-residents, passersby, area
workers, students and teachers (hereinafter referred as
“survivors”). Enrollees were recruited through lower
Manhattan area building or employer lists, visits to
firehouse and police precincts, outreach through local
merchant displays or through a toll-free telephone
number or website. In 2003–2004, 71,431 persons
enrolled in the Registry and completed a baseline sur-
vey (Wave 1, W1) by phone (95%) or in-person inter-
view (5%). Enrollees have been re-surveyed every

Figure 1. Flow chart of participation - asthma-COPD overlap syndrome (ACOS).
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three to four years subsequently. The most recent fol-
low-up survey (Wave 4, W4) was carried out in
2015–2016. We used data from W1 on WTC expo-
sures, sex, race/ethnicity, and W4 for data on health
conditions, age, marital status, smoking status, educa-
tion and income. We included all active Wave 4 par-
ticipants at least 25 years of age at the time of the W4
survey. Participants were excluded if (1) they had a
pre-2001 asthma diagnosis (n¼ 2,201), (2) missing
responses at W4 on asthma (n¼ 2,683), chronic bron-
chitis (n¼ 481), emphysema/COPD (n¼ 309), (3)
missing responses at W1 on injury count (n¼ 201), or
dust exposure (n¼ 131), or (4) W4 survey form either
filled out by proxy or missing proxy information
(n¼ 607) (Figure 1).

Outcome variable

Asthma was defined as present if participants reported
on the Wave 4 survey having a physician diagnosis of
asthma between 2001 and 2016. COPD was defined as

present if participants reported on the Wave 4 survey
having a physician diagnosis of emphysema, chronic
bronchitis or COPD between 2001 and 2016. ACO
was then defined as present if both post-9/11 diagno-
ses of asthma and COPD were reported on the
W4 survey.

World Trade Center exposures and covariates

Information on WTC exposure were self-reported at
W1. They included being caught in the dust or debris
cloud on 9/11, and number of physical injuries (0 to
5) other than eye injuries sustained on 9/11. Specific
WTC exposures limited to RRW included working on
the 16-acre pile of rubble (“the pile”) within the first
48 h, working on the pile any time during 9/11/
2001� 6/30/2002, and cumulative days worked at the
WTC site (categorized as 1 to 7 days, �7 to 30 days,
>30 to 90 days and >90 days). The boundaries of the
World Trade Center site include Chambers Street to
the North, Rector Street or Rector Place on the South,

Table 1. Prevalence of asthma-COPD Overlap, Asthma and COPD among World Trade Center Health Registry enrollees,
2015–2016 by demographic factors.
Characteristic at Wave 4 Total sample N (col %) ACOS (n¼ 1,495) Asthma alone (n¼ 2,172) COPD alone (n¼ 1,508)

Overall 29,911 5.00 7.26 5.04
Sex
Female 11,517 (38.50) 4.59 8.93 4.53
Male 18,394 (61.50) 5.25 6.21 5.36

Age
25–44 5,058 (16.91) 2.93 7.77 2.67
45–64 18,273 (61.10) 5.84 7.92 5.15
�65 6,577 (21.99) 4.24 4.24 6.57

Race/ethnicity
Non-Latino White 21,451 (71.72) 4.75 6.72 5.23
Non-Latino Black 2,799 (9.36) 4.86 7.65 5.14
Latino 3,162 (10.57) 6.64 10.56 4.65
Asian 1,515 (5.07) 4.69 7.33 3.10
Multi-racial 548 (1.83) 6.02 8.03 6.20
Other/unknown 436 (1.46) 6.19 6.19 3.44

Education
K-8 177 (0.60) 9.04 10.73 6.78
At most 9-11 grade 485 (1.64) 5.57 7.84 7.63
High school graduate 3,783 (12.76) 6.71 7.03 6.48
Some college 8,649 (29.16) 7.13 7.90 6.67
College graduate 8,778 (29.60) 3.92 6.63 4.00
Postgraduate 7,785 (26.25) 2.89 7.33 3.42

Marital status
Never married 4,082 (13.73) 4.36 8.23 4.56
Married 19,484 (65.55) 4.74 6.99 4.75
Live with partner 1,161 (3.91) 4.31 7.15 5.00
Widowed 1,061 (3.57) 5.66 5.18 6.79
Divorced/Separated 3,936 (13.24) 6.91 8.18 6.45

Annual household income
<$25,000 2,150 (7.64) 9.26 10.82 6.51
$25,000–49,999 3,245 (11.54) 6.63 8.01 6.32
$50,000–74,999 4,154 (14.77) 5.42 7.39 6.23
$75,000–99,999 4,137 (14.71) 5.85 7.32 5.83
$100,000–149,000 6,537 (23.24) 4.79 7.63 5.06
$150,000þ 7,906 (28.11) 2.82 6.56 3.02

Smoking status
Current 2,439 (8.32) 7.18 4.55 11.28
Former 8,776 (29.92) 7.02 7.02 6.29
Never 18,112 (61.76) 4.71 7.80 3.61
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Broadway on the East, and the Hudson River on
the West.

Covariates included information reported at W4:
sex, smoking status (current, former, never), age
(25–44 years, 45–64 years, 65þ years), marital status
(married, never married, not married – living with a
partner, widowed, divorced or separated), race/ethni-
city, annual income, and educational level.

Statistical analysis

Unconditional logistic regression models were used to
assess the associations between probable ACO (com-
pared to enrollees without asthma and/or COPD) at
W4 and WTC exposures, for the entire group, and for
RRW and subgroups. All covariates above were
included in all models.

All analyses were performed using SAS software (SAS
Institute, Cary, NC. v9.4). Significance level was set at
two-sided p< 0.05. This study received Institutional
Review Board (IRB) exemption from the Icahn School
of Medicine and was approved by the IRB for the NYC
Department of Health and Mental Hygiene.

Results

A total of 29 911 Wave 4 participants met the inclu-
sion criteria. Probable ACO following 9/11/01 was

reported by 1495 (5.00%), asthma alone by 2172
(7.26%), and COPD alone by 1508 (5.04%) subjects.
Table 1 shows the prevalence of post-9/11 ACO,
asthma and COPD by socio-demographic characteris-
tics of the study population. Those who were widowed
or divorced/separated, had lower education or income
level, of older age, or were current smokers had a
higher prevalence of ACO than those without either
asthma or COPD.

Table 2 shows the prevalence of ACO status by
WTC exposure among both survivors and RRW, and
by specific WTC exposures among the latter. The
prevalence of ACO was 3.22% among survivors, and
6.97% among RRW. Increased prevalence of ACO was
seen among both survivors and RRW who were
exposed to the dust cloud, those who reported
increased number of injuries on 9/11/01, and among
RRW who ever worked on the pile, who worked on
the pile on 9/11/01 or 9/12/01, and who worked more
days on the WTC site. There were also consistently
higher prevalence of both asthma alone and COPD
alone among those with more WTC-related exposures,
and among RRW than survivors.

Table 3 shows results of multivariable logistic
regression modeling of the association between prob-
able post-9/11/01 ACO versus those without asthma
or COPD, assessing reported work on the pile, dur-
ation of work at WTC site, arrival to work in the first

Table 2. Prevalence of post-9/11 asthma, COPD, and overlap (ACOS) by WTC exposure, WTCHR, 2015–2016.
Prevalence, %

Characteristic at Wave 4 Total sample N (col %) ACOS (n¼ 1,495) Asthma alone (n¼ 2,172) COPD alone (n¼ 1,508)

Among survivors (N ¼ 15,743) 3.22 6.76 4.24
Dust cloud exposure on 9/11/01
Yes 10,043 (63.79) 3.81 7.24 4.83
No 5,700 (36.21) 2.18 5.93 3.19

Number of injuries on 9/11/01
0 13,919 (88.41) 2.74 6.49 3.97
1 1,411 (8.96) 5.10 9.21 5.88
2 315 (2.00) 12.70 6.98 6.35
3 or more 98 (0.62) 13.27 9.18 11.22

Among all RRW (N ¼ 14,168) 6.97 7.81 5.94
Dust cloud exposure on 9/11/01
Yes 5,384 (38.00) 9.55 9.94 6.91
No 8,784 (62.00) 5.40 6.51 5.34

Number of injuries on 9/11/01
0 12,018 (84.82) 5.94 7.19 5.73
1 1,499 (10.58) 11.61 10.41 7.00
2 535 (3.78) 13.83 12.71 6.92
3 116 (0.82) 22.41 16.38 8.62

Ever worked on the pile
Yes 6,279 (45.81) 9.33 9.01 6.67
No 7,427 (54.19) 5.22 6.95 5.33

Worked on the pile on 9/11/01 or 9/12/01
Yes 3,788 (12.66) 11.46 10.35 6.71
No 26,123 (87.34) 4.06 6.81 4.80

Days worked on the WTC site
<7 4,531 (34.16) 4.81 6.84 4.57
>7 to 30 4,349 (32.79) 6.76 7.52 6.69
>30 to 90 2,322 (17.51) 9.91 9.09 6.37
>90 2,062 (15.55) 9.99 9.65 6.94
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48 h, number of injuries on 9/11 and dust cloud
exposure reported at W1, adjusting for age, sex,
income, marital status, education and smoking
reported at W4. Among both rescue and recovery
workers and survivors, ACO was significantly associ-
ated with dust cloud exposure (adjusted OR, AOR ¼
1.38, 95% CI ¼ 1.29–1.47) and the number of physical
injuries reported (One injury vs. None: AOR ¼ 1.68,
95% CI ¼ 1.53–1.84, two injuries: AOR¼ 2.28, 95%
CI ¼ 1.95–2.66, three or more injuries: AOR ¼ 3.39,
95% CI ¼ 2.57–4.46). Among rescue and recovery
workers, ACO was significantly associated with work
on the pile anytime during the nine months of rescue/
recovery operations (AOR ¼ 1.74, 95% CI ¼
1.58–1.92), working on the pile on 9/11/01 and/or 9/
12/01 (AOR ¼ 2.48, 95% CI ¼ 2.27–2.71), and dur-
ation of work on the pile from �7 to 30 days (AOR ¼
1.33, 95% CI ¼ 1.19–1.49), >30–90 days (AOR ¼
1.77, 95% CI ¼ 1.56–2.01), >90 days (AOR ¼ 1.89,
95% CI ¼ 1.66–2.16), compared to <7 days of work
on WTC site. There were no significant interactions
between smoking and WTC exposures (data
not presented).

Discussion

In this large study population of WTCHR enrollees
who participated in the Registry’s Wave 4
(2015–2016) survey we identified cases of probable
ACO based on self-reported post-9/11 physician

diagnosed asthma and COPD. Our results suggest a
high prevalence of ACO particularly among those
who had higher levels of WTC-related environmental
and occupational exposures following the 9/11 attacks.

A previous study of NYC firefighters (12) did not
find a significant association between high exposure
to the 9/11 attacks and ACO. The authors suggested
that an intense brief irritant exposure did not increase
the risk of airway remodeling. However, our current
study involved a much larger sample, with a broader
range of participants, including both rescue and non-
rescue and recovery survivors, with differing types of
exposures, including longer exposure duration, and
not selected on the basis of disease status.
Additionally, that study included a nonrandom sub-
group of their cohort (2137/9958) who underwent
clinically indicated bronchodilator response testing,
and was subject to further misclassification by defin-
ing asthma by the presence of such response (which
COPD patients can have), and COPD by at least one
test with fixed obstruction (which can be unstable as a
means to diagnose COPD) (21). These factors likely
explain the differences between the two studies.

Exposures to the WTC building collapses, with
their resulting high levels of dust and acute injuries,
as well as high levels of emotional stress, have resulted
in multiple health problems, particularly adverse
respiratory outcomes, primarily asthma (22), but also
other chronic lower airway diseases (7). Thus, it is not
surprising that ACO is emerging as a health concern
among those most highly exposed. The resulting pub-
lic health impacts include the likelihood of a more
severe spectrum of disease among those affected, com-
pared to those with asthma or COPD alone (11).

In the United States, the prevalence of self-reported
physician-diagnosed ACO has been reported to be
2.7–3.4% (17,20,23–25). A review of international
studies of prevalence found a pooled prevalence of
ACO in the general population was 2.0% (95% CI:
1.4–2.6%) (19). The prevalence of post-9/11 self-
reported and concurrent physician-diagnosed asthma
and COPD found in our study is higher (3.22%
among survivors, 6.97% among RRW). The age distri-
bution of ACO patients found in our study was simi-
lar to previous studies, in that people with asthma
were younger than those with ACO and the latter
younger than those with COPD (11,20).

Besides age, smoking is well known to impact ACO
prevalence. A study among primary care patients in
Finland found a high prevalence of ACO (27%)
among older asthmatics with a positive smoking his-
tory, but no previous diagnosis of COPD (26). In

Table 3. Adjusted odds ratio for World Trade Center expo-
sures and ACO in WTCHR enrollees, 2015–16.

ACO

AOR (95% CI)

Among all (N ¼ 29,911)
Dust cloud exposure on 9/11
No 1.00
Yes 1.38 (1.29–1.47)
Number of injuries on 9/11

None
1.00

1 injury 1.68 (1.53–1.84)
2 injuries 2.28 (1.95–2.66)
3 or more injuries 3.39 (2.57–4.46)

Among RRW (N ¼ 14,168)
Ever worked on the pile during 9/11-6/30/02
No 1.00
Yes 1.74 (1.58–1.92)

Worked on WTC pile on 9/11 or 9/12
No 1.00
Yes 2.48 (2.27–2.71)

Days worked on the WTC pile
<7 1.00
>7 to 30 1.33 (1.19–1.49)
>30 to 90 1.77 (1.56–2.01)
>90 1.89 (1.66–2.16)

Separate multivariable logistic regression models were run for each of the
exposure variables listed in this table, adjusting for gender, age group,
educational level, race/ethnicity, marital status, income and current
smoking status at W4.
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another study, ACO and COPD alone included a sub-
stantial proportion of older persons and exhibited
similarly high rates of current smoking (27). In our
study, smoking status at W4 was positively associated
with both COPD and ACO; however, the strength of
the association was much higher for COPD than
for ACO.

In contrast to general demographic characteristics,
the potential impact of occupational exposures on
ACO prevalence has received less attention.
Importantly, a recent study based on the BRFSS sur-
vey suggested higher prevalence ratios of COPD
among subjects with work- vs. non-work-related
asthma (16). Other than etiology, few pathophysio-
logical features differentiate work-related from -unre-
lated asthma (4), so they would not be expected to
differ in their ability to overlap with COPD. Analyses
of mortality have indeed identified higher risks in a
number of industries and occupations (28). Many of
these industries and occupations had exposure to
vapors, gas, dust, or fumes at work (29) suggesting
that irritant or toxic exposures may be associated with
an increased risk of ACO. Overall, the results of Table
2 show that ACO, asthma, and COPD are all associ-
ated with WTC-related occupational exposures, with
somewhat stronger associations noted for ACO.

While we have a relatively large study sample of 9/
11 exposed populations, our study has several limita-
tions. The definitions of asthma and COPD were
based on self-reported physician-diagnoses of the dis-
ease and were not validated with lung function testing
or medical record review. As such, the results may be
subject to recall, surveillance, and reporting bias.
However, these definitions have been widely used in
large national (15,17,23) and international population-
based surveys (19) and have proved to be reasonably
reliable, and comparable to those of our study. Our
definition of COPD was based on the physician diag-
nosis of at least one of three conditions (COPD,
emphysema, or chronic bronchitis), e.g. as a diagnosis
of chronic bronchitis, or a finding of emphysema by
themselves do not meet present diagnostic criteria for
COPD. This might have resulted in an overestimation
of the actual prevalence of COPD. It is also likely that
our definition of diseases based on physician diagno-
ses could have led to under-diagnoses of a certain
proportion of the population. This study was unable
to control for obesity and weight gain, a risk factor
for poorer respiratory health (15,17,30,31), smoking
intensity, and smoking status at any time other than
W4, and for pre-9/11 occupational exposures, a risk
factor for both asthma and COPD (32). In an

individual enrollee the clinical assessment of obstruct-
ive airway disease requiring objective confirmation by
spirometry criteria may have not been available to
their treating physicians, and which were not available
in our study. However, ACO studies based on spirom-
etry may have limited generalizability too. Primary
care providers frequently lack access to spirometry to
establish obstructive airway disease diagnoses, and
older patients who are weak and cognitively impaired
may have difficulty performing spirometry (33,34).
Importantly, the predominant spirometric abnormality
in WTC RRW has been nonobstructive low forced
vital capacity (3,4,7,35,36), which is not clearly diag-
nostic of either asthma or COPD, and can be a transi-
tional state to and from COPD (37). As the
recognition of ACO is experiencing a resurgence,
future research should consider validating a health
administrative definition of ACO that can be used
globally to identify individuals with ACO and link
them to other health administrative data. Data on
treatment differences between those with ACO com-
pared with asthma or COPD alone were not available
for WTCHR Enrollees.

Probable Posttraumatic Stress Disorder (PTSD) has
been found to be a precursor of both clinically signifi-
cant bronchodilator response and incident asthma
among WTC rescue and recovery workers and volun-
teers (38). The question whether PTSD is associated
with the later development of ACO was not examined
in the current study.

Selection bias is a consideration in this study due
to attrition inherent in the longitudinal study design.
This has been evaluated in prior Registry studies,
where response rates to the W2 survey did not vary
by type of exposure (29), and none of the disaster
exposure measures measured at the W1 survey were
associated with W3 nonparticipation (23).

To improve patient classification, more research is
needed to develop more objective criteria, including
biomarkers that are generalizable (39,40), and to bet-
ter understand the molecular mechanisms of ACO
and its related phenotypes. ACO is presently diag-
nosed by clinicians in longstanding/aging and/or
smoking asthmatics (13). Recent investigations also
suggest that ACO occurs in COPD with eosinophilia/
TH2 dominant inflammatory markers, and in steroid-
resistant asthmatics with neutrophilic inflammation
(41,42). Another study suggests that there may be dif-
ferent genetic involvement in ACO than in typical
COPD or in asthma (43). If confirmed by further
studies, these biomarkers may allow for more precise
ACO diagnoses in the future.
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This study found that those exposed to the dust
cloud resulting from the collapse of the WTC towers,
those reporting higher number of injuries, and work
as rescue and recovery worker at the WTC site had
greater odds ratios of developing ACO, adjusting for
risk factors of sex, race/ethnicity, marital status,
income, age, education, and current smoking. Future
research using clinical evidence to define ACO may
provide additional insight into the effect of 9/11
exposure on ACO. This research provides further evi-
dence on the association of ACO with exposure to
toxins or irritants. Better knowledge of the risk of
environmental exposures in the development of ACO
may help us better understand and prevent the pro-
gressive deterioration of lung function that may lead
to ACO following large irritant exposures such as that
what occurred at the WTC disaster site, or, more
broadly, in high-risk occupational settings.
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