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A B S T R A C T

Purpose: The World Trade Center Health Program (WTCHP) plays a critical role in medical monitoring and 
treatment to those exposed to the terrorist attacks of September 11, 2001 (9/11). We investigated the association 
of WTCHP membership with mortality risk among 9/11 responders while controlling for comorbidities using 
inverse probability weighting.
Methods: We prospectively analyzed 28,430 9/11 responders, followed from the time of their enrollment into the 
WTCHP or the WTC Health Registry, through 2020. NDI linkage provided death data. Non-cancer comorbidities 
were self-reported physician-diagnosis and cancer was identified through cancer registry linkage. We estimated 
the adjusted hazard ratio (aHR) with 95 % confidence interval (CI) for the association between WTCHP mem-
bership and all-cause and cause-specific mortality using Cox proportional hazards models and cause-specific 
hazard regression models, respectively.
Results: A total of 1657 deaths were identified over 444,425 person-years of follow-up. Compared to non-
members, WTCHP members had a lower risk of all-cause mortality (aHR=0.87; 95 % CI=0.77–0.98) and 
smoking-related mortality (aHR=0.83; 0.69–0.99) after adjusting for demographics, WTC exposure, and weights 
of comorbidities. With the membership-sex interaction included, reduced risk of all-cause mortality remained 
statistically significant among males only (aHR=0.85; 0.75–0.96). Cancer- and heart-related mortality risk were 
not significantly different between WTCHP members and non-members.
Conclusions: This study found that WTCHP membership may reduce risks of all-cause and smoking-related 
mortality among 9/11 responders, even after accounting for underlying medical conditions, underscoring the 
importance of comprehensive health monitoring and treatment services for disaster-relief workers.
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Introduction

The World Trade Center (WTC) Health Program (WTCHP) is a long-
term, federally funded health program that provides medical monitoring 
and treatment for specific WTC exposure-related medical conditions 
included in the aerodigestive, cancer, and mental health categories to 
enrolled members directly affected by the September 11, 2001 terrorist 
attacks on the WTC in New York City (NYC) [1, 2]. In 2020, a total of 76, 
543 responders were enrolled in the WTCHP, of which 43,503 had at 
least one certified WTC-related health condition [1].

Studies of 9/11 responders by different entities, including the Fire 
Department of the City of New York (FDNY), the General Responder 
Cohort (GRC) at the Icahn School of Medicine at Mount Sinai, and the 
WTC Health Registry (WTCHR) at the New York City Department of 
Health and Mental Hygiene, have reported similar long-term health ef-
fects associated with a high level of WTC exposure. This includes 
increased risk of respiratory diseases, gastroesophageal acid reflux 
(GERD), cancer (e.g., prostate cancer), cardiovascular conditions, and 
mental health disorders (e.g., post-traumatic stress disorder (PTSD), and 
depression) among 9/11 responders [3–10].

Collaborative studies using a de-duplicated combined cohort of 
69,100 9/11 responders from FDNY, GRC, and WTCHR [11] have sug-
gested the potential benefit of longer cancer survival [12] and lower 
all-cause mortality risk among those who were members of the WTCHP 
at FDNY or GRC compared to 9/11 responders who were not members of 
FDNY or GRC [13]. However, these prior studies [12, 13] were unable to 
adjust for comorbidities because the data on comorbidities were not 
collected using consistent questions or methods across the three cohorts, 
preventing the data from being harmonized for analysis. As a result, it 
remains unclear whether the observed mortality benefits are attribut-
able to WTCHP membership itself or to unmeasured differences in 
baseline health status.

In this study, we addressed this gap by comparing mortality risk 
between WTCHP members and non-members, using additional data 
from the WTCHR. The WTCHR, one of the three contributing cohorts to 
the combined cohort of 9/11 responders, offers a unique advantage in 
having consistently collected comorbidity information across periodic 
follow-up surveys. This cohort also includes a comparison group of 9/11 
responders who were not members of FDNY or GRC cohorts, allowing 
for comparisons in mortality risk over time, and enhancing internal 
validity and interpretability.

Materials and methods

Data source and study population

A combined cohort of 69,100 WTC rescue, recovery and cleanup 
workers or volunteers (hereafter, 9/11 responders) was established from 

three existing WTC-exposed cohorts: the FDNY (n = 16,221), the GRC at 
the Icahn School of Medicine at Mount Sinai (n = 33,427), and the 
WTCHR in the NYC Department of Health and Mental Hygiene 
(n = 29,372). Acting as an honest broker, the New York State (NYS) 
Cancer Registry applied a specified pooling algorithm to identify and 
remove duplicate individuals, thereby creating a combined cohort for 
analysis [11].

We limited the present study to the sub-set from the established 
combined cohort of 9/11 responders who were originally submitted by 
the WTCHR (n = 29,372). We selected this group for analysis because it 
is the only group for which comorbidity data were collected during each 
WTCHR survey wave consistently. This subset not only includes vali-
dated information on cohort membership status (FDNY/GRC vs. non-
FDNY/non-GRC), but also the membership enrollment date, obtained 
through linkage across the three cohorts conducted by the NYS Cancer 
Registry. We excluded the rest of the combined cohort due to the lack of 
consistent comorbidity data.

We further restricted the sample of 29,372 to those aged 18 years or

older on 9/11 and who had complete information on covariates. To 
minimize selection bias, those who died or turned 85 years or older 
within the first year of enrollment were excluded (n = 49). We further 
excluded responders who were under 18 years old on 9/11 (n = 150), 
those with unknown smoking status (n = 268), unknown race/ethnicity 
(n = 417) status, and those who were proxy respondents for incapaci-
tated individuals (n = 58). The final analytic sample included 28,430 9/ 
11 responders who were involved in rescue, recovery and clean-up 
efforts.

WTCHP membership status

Cohort membership status was previously validated in the combined 
cohort, which is the exposure of interest in this study. For this study, 
WTCHR enrollees who overlapped with the FDNY or GRC cohorts at any 
time through 2016 were classified as WTCHP members (n = 9467), 
while those who did not overlap with the FDNY or GRC cohorts during 
this same period were classified as WTCHP non-members. This classi-
fication approach was used because both the FDNY and GRC cohorts are 
part of the WTCHP, which provides medical monitoring and treatment 
to enrolled members. In contrast, the WTCHR does not offer medical 
examinations or clinical treatment to its members.

Ascertainment of deaths

Vital status through December 31, 2020, was ascertained via linkage 
with the National Death Index (NDI) maintained by the Centers for 
Disease Control and Prevention (CDC). The NDI provided the underlying 
causes of death using the International Classification of Disease, 10th 
version (ICD-10), which we classified into smoking-, cancer-, and heart-
related mortality. We used the 119-cause rate file from NIOSH life table 
analysis software (LTAS.NET) [14] to define cancer-specific death if the 
underlying cause of death was under major categories #2 through #10, 
and heart-related death if the underlying cause of death was under major 
category #16. We defined smoking-related mortality if the underlying 
cause of death included any of the following: (a) cancers (lung; lip, 
pharynx and oral cavity; esophagus; stomach; pancreas; larynx; cervix 
uteri; kidney & renal pelvis; bladder; liver; colon and rectum; and acute 
myeloid leukemia); (b) cardiovascular diseases (coronary heart disease, 
rheumatic or pulmonary heart disease, other forms of heart disease, 
cerebrovascular and other vascular diseases), and metabolic diseases 
(diabetes mellitus); and (c) respiratory diseases (pneumonia, influenza, 
tuberculosis, chronic obstructive pulmonary disease) [15].

Covariates

Comorbidities
Comorbidity data were derived from WTCHR surveys and cancer 

registry linkage. Comorbidities consisted of the following conditions: 
aerodigestive disorder, mental health, cancer, and cardiovascular dis-
eases. Aerodigestive conditions included asthma, reactive airways 
dysfunction syndrome (RADS), pulmonary fibrosis (PF), emphysema, 
chronic obstructive pulmonary disease (COPD), GERD, chronic bron-
chitis, and other lung diseases. Due to small case counts, RADS, PF, 
emphysema, and COPD were grouped into a single category under 
aerodigestive conditions. Mental health conditions included post-
traumatic stress disorder (PTSD) and depression. Cardiovascular con-
ditions included angina, stroke, heart attack, and other cardiovascular 
conditions. Cancer diagnosis was defined as any primary invasive ma-
lignant tumor, including in situ bladder cancers diagnosed through 
2015; and identified through linkages with 10 state cancer registries in 
the U.S.

The information on health conditions other than cancer was based on 
self-reported clinician diagnoses. During the WTCHR baseline survey in 
2003–2004 and three subsequent follow-up surveys during 2006–2016, 
participants were asked, “Have you ever been told by a doctor or other
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health professional that you had any of these conditions:”, and “What 
year were you first told by a doctor or other health professional that you 
had this condition?”. We used the responses to these questions to 
determine comorbidity status.

For each comorbidity, individuals were classified into 4 categories: 
(a) diagnosed post-9/11, (b) diagnosed pre-9/11, c) no diagnosis, and d) 
unknown/missing diagnosis. For conditions reported across multiple 
survey waves, we used the first report of year of diagnosis to determine 
whether the condition was diagnosed before or after 9/11/2001. The 
unknown or missing diagnosis was defined as a reported medical con-
dition with either an unknown year of diagnosis or a missing response to 
the medical condition question.

Other covariates
Data on WTC exposure and baseline demographics were obtained 

from the established combined cohort of the 9/11 responders [11]. 
Covariates included gender, race/ethnicity, smoking status, and WTC 
exposure. These data were obtained from the cohort in which the 
participant first enrolled (FDNY, GRC, or WTCHR) [11]. The WTC 
exposure variables included: a) date of first arrival to the WTC rescue 
and recovery effort (categorized as: on September 11, on September 12, 
between September 13 and 17, between September 18, 2001, and June 
30, 2002, or unknown), and b) whether performed tasks on the WTC 
debris piles from the collapsed towers (categorized as: yes, no, or 
unknown).

Statistical analysis

We compared the characteristics of the study sample by WTCHP 
membership status using the chi-squared test. We also assessed the 
magnitude of balance in the distribution of comorbidities between 
WTCHP members and non-members, using the standardized mean dif-
ferences [16] with values below 0.10 indicating acceptable balance, 
before and after the weighting. We then used Cox proportional hazards 
regression to estimate hazard ratios (HRs) and 95 % confidence intervals 
(CIs) for the association between WTCHP membership status and 
all-cause mortality. For analysis of cause-specific mortality, we used 
cause-specific hazard regression models to account for competing risks 
[17].

In all Cox models, age was used as the time scale, rather than time-
on-study, to minimize bias with respect to age and to allow for non-
linear associations between age and mortality [18]. Follow-up time 
started one year after the earlier enrollment date to either WTCHP or 
WTCHR (to minimize selection bias) until age at death or censoring (age 
85 years or age on December 31, 2020), whichever came earlier. To 
account for the time-dependent nature of WTCHP membership status, 
given that some participants initially enrolled in the WTCHR and later 
joined FDNY or GRC over follow-up (n = 4315), we structured the data 
using the counting process format [19]. This approach allows for 
WTCHP membership status to change over follow-up by splitting an 
individual's observation into two risk intervals when transitioning from 

non-member to member. We examined associations between WTCHP 
membership and mortality in unadjusted models and in models adjusted 
for the covariates. In Model 1, we adjusted for baseline characteristics, 
including gender, race/ethnicity, smoking status, date of first arrival at 
WTC site, and working on the WTC piles, all treated as fixed effects. In 
Model 2, we adjusted for the same covariates as fixed effects in Model 1, 
and we applied stabilized inverse probability weights (IPW) to address 
the imbalance in comorbidities between WTCHP members and 
non-members. IPW was used to adjust for commodities due to the large 
number of medical conditions that needed to be accounted for. To 
compute the IPW, we fitted a logistic regression model in which WTCHP 
membership status was predicted by the set of 10 comorbidities. We 
then used the model’s predicted probabilities to calculate stabilized IPW 

[20].
We tested the proportional hazards assumptions with Schoenfeld

residuals methods [21] and found no violations. However, we found 
evidence of multiplicative effect modification by gender for the associ-
ation between WTCHP membership status and all-cause mortality. 
Therefore, in addition to the main models described above, we fitted 
models that included an interaction term between WTCHP membership 
status and gender. We also examined associations stratified by gender 
and found consistent results from the interaction term model. Therefore, 
we only present the gender-specific associations from the interaction 
term model.

Differential attrition bias is a concern in studies utilizing survey data 
across multiple time points. Among the analytic sample (N = 28,430), 
response rates declined across the three WTCHR follow-up surveys, with 
71 % in 2006–07, 66 % in 2011–2012, and 56 % in 2015–2016. WTCHP 
members consistently had higher response rate than non-members over 
three follow-up surveys (p < 0.001). To address potential bias arising 
from attrition and incomplete self-reporting of comorbidities, given that 
not all enrollees participated in follow-up surveys between 2006 and 
2016, we conducted two sensitivity analyses. One, we restricted co-
morbidity data to information collected at baseline survey (2003–2004); 
another, we limited the sample to enrollees who completed at least one 
of the three follow-up surveys.

We used SAS version 9.4 (SAS Institute, Cary, NC) to conduct data 
analysis. We also used R version 4.4.1 (The R Foundation for Statistical 
Computing, Vienna, Austria) to compute standardized difference for 
comorbidities distribution using the “tableone” package [16]. All sta-
tistical tests were two-sided, and p-values < 0.05 were considered sta-
tistically significant.

Results

We identified 424 deaths over 155,941 person-years among WTCHP 
members (n = 9467) and 1233 deaths over 288,484 person-years among 
non-members (n = 18,963). Compared to non-members, WTCHP 
members were more likely to be male, in the age groups of 30–39 and 
40–49; non-Hispanic White, never smokers, and to have arrived earlier 
at the WTC site and performed tasks on the pile (Table 1). In addition, 
WTCHP members had a statistically significantly higher proportion of 
post-9/11 comorbidities compared to non-WTCHP members (Table 2). 
However, non-members had significantly higher pre-9/11 diagnoses of 
certain conditions, including asthma, depression, and cardiovascular 
conditions. Prior to weighting, standardized differences between 
WTCHP members and non-members exceeded 20 % for seven of the ten 
conditions (the exceptions were cancer and two cardiovascular condi-
tions); there were no imbalances observed after weighting.

Overall, WTCHP members had a lower risk of all-cause mortality 
(Model 1: aHR = 0.80, 95 % CI = 0.71–0.91) compared to non-members 
after adjusting for demographics, smoking status, and 9/11 exposure 
(Table 3). This association remained statistically significant after 
adjusting for comorbidities by IPW in Model 2 (aHR = 0.87, 95 % CI = 

0.77–0.98). When we included an interaction term between membership 
and gender in the model, this association was statistically significant 
among men (Model 2: aHR = 0.85, 95 % CI = 0.75–0.96), but not among 
women (Model 2: aHR = 1.16, 95 % CI = 0.80–1.68).

In analyses of cause-specific mortality (Table 3), WTCHP members 
had a lower risk of smoking-related mortality compared to non-
members, after adjusting for demographics, smoking status, and 9/11 
exposure (Model 1: aHR = 0.78, 95 % CI = 0.64–0.99). This association 
remained statistically significant after adjusting for comorbidities by 
IPW in Model 2 (aHR = 0.83, 95 % CI = 0.69–0.99); and was not 
modified by gender (Model 2: p-value for interaction term=0.65). The 
association between WTCHP membership and heart-related mortality 
was statistically significant after adjusting the fixed-effect covariates 
only (Model 1: aHR= 0.76, 95 % CI= 0.58–0.99), but was no longer 
statistically significant after applying the IPW adjusting for comorbid-
ities (Model 2: aHR= 0.87, 95 % CI= 0.67–1.13). WTCHP membership 
status was not associated with cancer-specific mortality. Results from
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the two sensitivity analyses were similar to the main findings presented 
in Table 3.

Discussion

This study provides new evidence on the association between 
WTCHP membership and mortality, by presenting the first analysis to 
account for differences in comorbidities between WTCHP members and 
non-members. We found WTCHP membership was independently 
associated with lower all-cause mortality through 2020 among 9/11 
responders, with smoking-related deaths contributing substantially to 
this reduction. Furthermore, we observed that the association was 
mainly observed in men, with no significant mortality reduction seen in 
women. Our findings support the study hypothesis that WTCHP mem-
bership is associated with lower mortality risk and are consistent with 
previous research on all-cause and smoking-related mortality in the 
WTC population. Importantly, this study provides consistent evidence 
that the observed survival benefit persists even after accounting for 
underlying medical conditions, which were not considered in earlier 
analyses.

When we examined cause-specific mortality, WTCHP membership 
was found to be associated with reduced smoking-related mortality. 
Smoking is a well-established risk factor for numerous chronic condi-
tions, including respiratory diseases, cardiovascular disease, and several 
types of cancer [22–25]. The observed lower smoking-related mortality 
may reflect differences in smoking histories between WTCHP members 
compared to non-members. For example, previous studies have shown 
that FDNY personnel (who make up a large proportion of WTCHP 
members) have lower smoking rates compared to both other firefighter 
populations and the general U.S. population [8]. However, because we

Table 1 
Characteristics of the study sample by WTC Health Program (WTCHP) mem-
bership status (N = 28,430).

WTCHP Membership Status

Overall Yes No

Characteristics No % No. % No. %
Total ​ 28,430 100 9467 33.3 18,963 66.7
Age on 9/11, years ​ ​ ​ ​ ​ ​
​ 18–29 4120 14.5 1025 10.8 3095 16.3
​ 30–39 9603 33.8 3721 39.3 5882 31.0
​ 40–49 9306 32.7 3437 36.3 5869 31.0
​ 50–59 4246 14.9 1114 11.8 3132 16.5
​ 60–80 1155 4.1 170 1.8 985 5.2
Sex ​ ​ ​ ​ ​ ​ ​
​ Male 22,237 78.2 8485 89.6 13,752 72.5
​ Female 6193 21.8 982 10.4 5211 27.5
Race/Ethnicity ​ ​ ​ ​ ​ ​
​ Non-Hispanic

White
20,738 72.9 7231 76.4 13,507 71.2

​ Non-Hispanic
Black

2845 10.0 743 7.8 2102 11.1

​ Non-Hispanic,
others

886 3.1 179 1.9 707 3.7

​ Hispanic 3961 13.9 1314 13.9 2647 14.0
Smoking Status ​ ​ ​ ​ ​ ​
​ Current 4918 17.3 1526 16.1 3392 17.9
​ Former 7325 25.8 2231 23.6 5094 26.9
​ Never 16,187 56.9 5710 60.3 10,477 55.2
Date of first arrival at WTC rescue and recovery effort ​ ​ ​
​ 9/11/2001 8019 28.2 4561 48.2 3458 18.2
​ 9/12/2001 5538 19.5 2003 21.2 3535 18.6
​ During 9/13–9/

17/2001
5972 21.0 1740 18.4 4232 22.3

​ After 9/17/2001 8515 30.0 937 9.9 7578 40.0
​ Unknown 386 1.4 226 2.4 160 0.8
Performed tasks on WTC
pile

​ ​ ​ ​ ​ ​

​ Yes 9353 32.9 5366 56.7 3987 21.0
​ No 18,895 66.5 4079 43.1 14,816 78.1
​ Unknown 182 0.6 22 0.2 160 0.8

Table 2
Distribution of comorbidities by WTC Health Program (WTCHP) membership 
status (N = 28,430).

WTCHP Membership Status

Comorbidity* Yes No Standardized Difference †

​ ​ No. % No. % Before
weighting

After
weighting

Aerodigestive 
Disorders 

​ ​ ​ ​ ​ ​

Asthma ​ ​ ​ ​ ​ ​
​ Post-911

diagnosis
2111 22.3 1574 8.3 0.343 0.002

​ Pre-911
diagnosis

893 9.4 2289 12.1 ​ ​

​ None 6355 67.1 14,989 79.0 ​ ​
​ Unknown ‡ 108 1.1 111 0.6 ​ ​
RADS,
Emphysema/
COPD and/or
PF

​ ​ ​ ​ 0.381 0.003

​ Post-911
diagnosis

1841 19.4 1072 5.7 ​ ​

​ Pre-911
diagnosis

170 1.8 226 1.2 ​ ​

​ None 7264 76.7 17,520 92.4 ​ ​
​ Unknown ‡ 192 2.0 145 0.8 ​ ​
Chronic
bronchitis

​ ​ ​ ​ 0.248 0.005

​ Post-911 
diagnosis

1476 15.6 1418 7.5 ​ ​

​ Pre-911 
diagnosis

398 4.2 714 3.8 ​ ​

​ None 6260 66.1 12,733 67.1 ​ ​
​ Unknown‡ 1333 14.1 4098 21.6 ​ ​
Other Lung
disease

​ ​ ​ ​ 0.208 0.004

​ Post-911 
diagnosis

450 4.8 305 1.6 ​ ​

​ Pre-911 
diagnosis

99 1.0 163 0.9 ​ ​

​ None 6492 68.6 11,963 63.1 ​ ​
​ Unknown‡ 2426 25.6 6532 34.4 ​ ​
Gastroesophageal reflux
disease (GERD)

​ ​ ​ 0.421 0.005

​ Post-911 
diagnosis

3087 32.6 2326 12.3 ​ ​

​ Pre-911 
diagnosis

304 3.2 628 3.3 ​ ​

​ None 3851 40.7 9658 50.9 ​ ​
​ Unknown‡ 2225 23.5 6351 33.5 ​ ​
Mental Health
Conditions 

​ ​ ​ ​ ​ ​

Posttraumatic 
stress disorder 
(PTSD)

​ ​ ​ ​ 0.308 0.005

​ Post-911 
diagnosis

1923 20.3 1730 9.1 ​ ​

​ Pre-911 
diagnosis

446 4.7 757 4.0 ​ ​

​ None 5914 62.5 12,542 66.1 ​ ​
​ Unknown‡ 1184 12.5 3934 20.7 ​ ​
Depression ​ ​ ​ ​ 0.230 0.007
​ Post-911

diagnosis
1830 19.3 2549 13.4 ​ ​

​ Pre-911 
diagnosis

551 5.8 1503 7.9 ​ ​

​ None 5904 62.4 10,885 57.4 ​ ​
​ Unknown‡ 1182 12.5 4026 21.2 ​ ​
Cancer § ​ ​ ​ ​ 0.055 0.005
​ Post-911

diagnosis
680 7.2 1019 5.4 ​ ​

​ Pre-911 
diagnosis

92 1.0 214 1.1 ​ ​

​ None 8695 91.8 17,730 93.5 ​ ​
Cardiovascular
Disease

​ ​ ​ ​ ​ ​

(continued on next page)
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adjusted for smoking status at the time of WTCHR enrollment, the 
observed lower smoking-related mortality is unlikely to be fully 
explained by differences in smoking prevalence. Instead, the lower 
smoking-related mortality may reflect better healthcare access among 
WTCHP members, and the effectiveness of targeted interventions 
offered by the WTCHP. For example, the WTCHP has included smoking 
cessation support as part of its broader health monitoring and treatment 
services, which may have contributed to reduced tobacco use over time 
[26]. These findings suggest that the WTCHP may be improving 
long-term health outcomes not only through early detection and treat-
ment, but also by facilitating behavior change through preventive care 
and health promotion.

We did not observe statistically significant differences in heart-
related mortality or cancer-specific mortality between WTCHP mem-
bers and non-members. The lack of association for heart-related mor-
tality may be because cardiovascular conditions are not currently 
covered by the WTCHP, potentially limiting the program’s ability to 
influence cardiovascular outcomes. Similarly, unlike aerodigestive and 
mental health conditions, cancer was not initially covered under the 
James Zadroga 9/11 Health and Compensation Act of 2010 and was only 
officially added in 2012 [27]. As a result, cancer-related services were 
not available at no out-of-pocket cost to WTCHP members during the 
early years of the WTCHP. Additionally, most cancer diagnoses in this 
cohort occurred after 9/11, which may suggest that there has not been 
sufficient follow-up time for long-term mortality outcomes to emerge. 
Increased cancer screening following WTC dust exposure that contained 
carcinogens may have also led to earlier cancer detection and treatment 
across the entire WTC-exposed population, potentially minimizing dif-
ferences in cancer-related mortality between WTCHP members and 
non-members. Furthermore, potential heterogeneity in cancer types, 
with varying prognoses and treatment responses, may have further 
limited our ability to identify significant differences in cancer-related 
mortality between WTCHP members and non-members. Taken 
together, these considerations highlight the importance of continued 
follow-up and more granular analyses to better understand the 
long-term effects of WTCHP membership on cancer-specific outcomes.

The present study has several strengths, most notably our control for 
multiple comorbidities using a rigorous weighting method. Moreover, to 
provide a more accurate assessment of mortality risk associated with 
WTCHP membership, we accounted for the time-dependent nature of 
WTCHP membership status using the counting process format. In addi-
tion, WTCHP membership was identified from FDNY and GRC cohorts 
via linkage with the WTCHR data and deduplication by the NYS cancer 
registry as an honest broker, ensuring the validity of the WTCHP 
membership status [11].

Despite the robustness of our methodology in assessing morality risk 
associated with WTCHP membership, some limitations should be 
considered. First, we were unable to assess how WTCHP utilization may 
have influenced outcomes among enrolled members because data on 
frequency of WTCHP visits and services received during the study period 
were not available in the combined cohort. Second, information on 
physical and mental comorbidities, except for cancer diagnoses, was 
self-reported. The lack of clinical confirmation of non-cancer

Table 2 (continued )

WTCHP Membership Status

Comorbidity* Yes No Standardized Difference †

Cardiovascular conditions (angina, 
stroke, heart attack)

​ ​ 0.096 0.012

​ Post-911
diagnosis

637 6.7 1161 6.1 ​ ​

​ Pre-911
diagnosis

133 1.4 428 2.3 ​ ​

​ None 8575 90.6 17,172 90.6 ​ ​
​ Unknown ‡ 122 1.3 202 1.1 ​ ​
Other
cardiovascular 
conditions

​ ​ ​ ​ 0.065 0.008

​ Post-911
diagnosis

485 5.1 752 4.0 ​ ​

​ Pre-911
diagnosis

92 1.0 373 2.0 ​ ​

​ None 8807 93.0 17,740 93.6 ​ ​
​ Unknown ‡ 83 0.9 98 0.5 ​ ​

Abbreviations: Reactive airway disease (RADS), Chronic obstructive pulmonary 
disease (COPD), Pulmonary fibrosis (PF).
* All, except for cancer, were self-reported clinician-diagnosed health condi-

tions. The year of diagnosis was based on the diagnosis year that was first re-
ported over the period from September 11, 2001 through 2015.

† This was used to quantify the magnitude of the difference between WTCHP 
and non-WTCHP groups. Standardized difference above 0.10 suggests group 
imbalance.

‡ Included missing or condition with unknown year of diagnosis.
§ Referred to all reportable cancers that were identified from 10 state cancer 

registries via linkages.

Table 3
Association of WTC Health Program membership status with all-cause, and 
selected cause-specific mortality.

Hazard ratio (95 % Confidence 
Interval)

Mortality No. of 
deaths

Unadjusted Adjusted 
(Model 1) a,c

Adjusted 
(Model 2) b,c

All-cause 
mortality 

​ ​ ​

Overall 1657 0.91 (0.81, 
1.02)

0.80 (0.71, 
0.91)

0.87 (0.77, 
0.98)

Male 1429 0.79 (0.70, 
0.89)

0.78 (0.68, 
0.88)

0.85 (0.75, 
0.96)

Female 228 1.30 (0.90, 
1.88)

1.12 (0.77, 
1.63) 

1.16 (0.80, 
1.68)

P-value for 
interaction term 

0.012 0.061 0.118

Smoking-related 
mortality §

​ ​ ​

Overall 784 0.87 (0.74, 
1.03)

0.78 (0.64, 
0.99)

0.83(0.69, 
0.99)

Male 681 0.78 (0.66, 
0.93)

0.78 (0.64, 
0.95)

0.84 (0.69, 
1.02)

Female 103 0.83 (0.43, 
1.59)

0.72 (0.37, 
1.38) 

0.71 (0.37, 
1.39)

P-value for 
interaction term 

0.868 0.799 0.646

Cancer-specific 
mortality 

​ ​ ​

Overall 559 0.91 (0.75, 
1.10)

0.90 (0.72, 
1.12)

0.90 (0.72, 
1.12)

Male 467 0.81 (0.66, 
0.99)

0.86 (0.68, 
1.08)

0.85 (0.68, 
1.07)

Female 92 1.35 (0.76, 
2.39)

1.35 (0.76, 
2.40)

1.43 (0.81, 
2.53) 

P-value for 
interaction term 

0.097 0.145 0.095

Heart disease-
related 
mortality 

​ ​ ​

Overall 365 0.90 (0.71, 
1.14)

0.76 (0.58, 
0.99)

0.87 (0.67, 
1.13)

Male 330 0.79 (0.62, 
1.01)

0.77 (0.58, 
1.01)

0.88 (0.67, 
1.15)

Female 35 0.70 (0.21, 
2.28)

0.60 (0.18, 
1.98)

0.74 (0.24, 
2.25) 

P-value for 
interaction term

0.841 0.693 0.758

* Model 1: Adjusted for race/ethnicity, smoking status, date of first arrival at 
WTC site, and whether worked on the debris pile anytime during the 10-month 
WTC rescue, recovery and cleanup effort.

† Model 2: Applied the weights of comorbidities to Model 1.
‡ Gender was only included in Model 1 and Model 2 when we estimated 

adjusted HR and 95 % CI for the overall sample.
§ Not exclusive: contains some of the heart disease- and cancer-related deaths.
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comorbidities introduces the possibility of misclassification and 
incomplete control for confounding. Attrition over the three WTCHR 
follow-up surveys may also have contributed to differential misclassifi-
cation of comorbidities, given that drop-out rates were higher in non-
members compared to WTCHP members over time. However, our 
sensitivity analyses provided consistent results with our main findings. 
Moreover, because non-cancer comorbidities were based on self-
reported physician diagnoses, undiagnosed conditions were not 
captured. As a result, our data may partly reflect differences in health-
care access between WTCHP members and non-members, given that 
members have greater access to healthcare services through the WTCHP. 
Nevertheless, our findings indicate that while under-reporting of health 
conditions among non-members is possible, it is unlikely to fully account 
for the observed differences in mortality risk. Another limitation is that 
some of the WTCHP non-members could have been enrolled into FDNY 
or GRC cohorts after 2016, or into the WTCHP through entities outside 
of FDNY or GRC [28]. However, such potential misclassification of 
WTCHP membership status is expected to bias the estimates of mortality 
risk towards null. Lastly, while multiple comparisons across the three 
cause-specific mortality outcomes could lead to statistically significant 
findings by chance, the observed reduction in all-cause mortality sug-
gests that such comparisons are unlikely to bias our results.

Conclusions

The present study provides evidence of a significant reduction in all-
cause and smoking-related mortality among members of the WTCHP. 
These survival benefits remained after accounting for differences in 
comorbidities over a decade of follow-up, suggesting that the WTCHP 
itself may offer a protective advantage. Extrapolating the findings of this 
study to the 76,543 WTCHP responder members as of 2020 [1], we es-
timate that continuing the WTCHP could lead to approximately 720 
fewer deaths over the next 10 years. These findings highlight the po-
tential value of long-term, comprehensive health monitoring and 
treatment services for disaster-relief responders exposed to environ-
mental and occupational hazards. Further investigation is needed to 
clarify the mechanisms driving this protective association, to identify 
potential population subgroups that may benefit most from the program, 
and to assess longer-term outcomes as additional follow-up data become 
available.
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