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ABSTRACT
Background The World Trade Center (WTC) attacks on 
11 September 2001 created a hazardous environment 
with known and suspected carcinogens. Previous studies 
have identified an increased risk of prostate cancer in 
responder cohorts compared with the general male 
population.
Objectives To estimate the length of time to prostate 
cancer among WTC rescue/recovery workers by 
determining specific time periods during which the risk 
was significantly elevated.
Methods Person- time accruals began 6 months after 
enrolment into a WTC cohort and ended at death 
or 12/31/2015. Cancer data were obtained through 
linkages with 13 state cancer registries. New York 
State was the comparison population. We used Poisson 
regression to estimate hazard ratios and 95% CIs; 
change points in rate ratios were estimated using profile 
likelihood.
Results The analytic cohort included 54 394 male 
rescue/recovery workers. We observed 1120 incident 
prostate cancer cases. During 2002–2006, no association 
with WTC exposure was detected. Beginning in 2007, a 
24% increased risk (HR: 1.24, 95% CI 1.16 to 1.32) was 
observed among WTC rescue/recovery workers when 
compared with New York State. Comparing those who 
arrived earliest at the disaster site on the morning of 
11 September 2001 or any time on 12 September 2001 
to those who first arrived later, we observed a positive, 
monotonic, dose- response association in the early 
(2002–2006) and late (2007–2015) periods.
Conclusions Risk of prostate cancer was significantly 
elevated beginning in 2007 in the WTC combined rescue/
recovery cohort. While unique exposures at the disaster 
site might have contributed to the observed effect, 
screening practices including routine prostate specific 
antigen screening cannot be discounted.

INTRODUCTION
The period between potential exposure to carcin-
ogens and the development of prostate cancer 
is of interest from both clinical and public health 
perspectives. The exact amount of time between 
an exposure and the development of cancer in an 
individual is dependent on many factors including 

the type and dose of exposure. While estimates 
vary considerably, for prostate cancer, studies 
have demonstrated it can take between 10 and 20 
years following exposure for cancers to be diag-
nosed.1 2 These findings, however, are based on 
outdated reviews of evidence and do not account 
for advancements in screening.3 4 This is particularly 
challenging given the high sensitivity of prostate- 
specific antigen (PSA) testing, and prolonged lead 
time of disease which has resulted in early detection 
of presymptomatic individuals.5–7

Recent studies have identified an increased 
incidence of prostate cancer among World Trade 
Center (WTC)- exposed responders (rescue/
recovery workers) when compared with the general 
male population.8–11 However, the length of time 
between exposure to the toxic environment at 
the disaster site beginning on 11 September 2001 
(11 September) and onset of cancer remains 
unknown. Carcinogens known to be present in 
relatively high quantities at the primary WTC site 
included asbestos, benzene, chromium, dioxins and 

Key messages

What is already known about this subject?
 ► Prior studies have identified an increased risk 
of prostate cancer among World Trade Center 
exposed rescue/recovery workers.

What are the new findings?
 ► Just over 5 years after the World Trade Center 
attacks, prostate cancer incidence was elevated 
among rescue/recovery workers, demonstrating 
a shorter period from occupational exposure to 
disease onset when compared with other non- 
World Trade Center research.

How might this impact on policy or clinical 
practice in the foreseeable future?

 ► It increases the understanding of long- term 
consequences of World Trade Center exposures, 
informs surveillance efforts for future 
environmental disasters and may stimulate 
further research into environmental risk factors 
for cancer in this and other cohorts.
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polychlorinated biphenyls.12–14 Some have suggested that these 
contaminants may increase the likelihood of prostate cancer and 
expedite oncogenesis,15 16 however, this result was not found by 
all.17 Building on this hypothesis, one study which compared 
inflammatory gene expression among WTC and non- WTC- 
exposed prostate cancer patients found a higher differential 
expression of genes related to damage to DNA repair pathways 
and glycolysis among tissue samples of WTC- exposed patients.18 
The study also found a Th17 inflammatory response in the pros-
tate tissue of rats exposed to WTC dust.

The current prospective cohort study will expand on previous 
research revealing an increased incidence of prostate cancer 
among WTC- exposed workers by combining three WTC- 
exposed responder cohorts (the Fire Department of the City of 
New York (FDNY),19 the General Responder Cohort (GRC),20 
and the World Trade Center Health Registry (WTCHR)21) to 
provide the statistical power needed to explore the length of 
time to prostate cancer diagnosis using piecewise exponen-
tial change point models. This methodology has been previ-
ously used in studies of respiratory diseases in WTC- exposed 
subjects22 23 and in other research.24 The study aim was to deter-
mine the average time interval between 11 September exposure 
and observed increases in prostate cancer incidence, taking into 
account changes expected from ageing and secular trends in 
New York State (NYS). The amount of time from WTC exposure 
to the diagnosis of prostate cancer was estimated by determining 
the specific time periods between 2002 and 2015 during which 
the risk was significantly elevated compared with the NYS rate.

METHODS
Study population
The source population for this study included rescue/recovery 
workers (n=69 102) from three WTC- exposed responder 
cohorts: the FDNY,19 the GRC,20 and the WTCHR.21 Responders 
included firefighters, emergency medical service providers, 
police, construction and communication workers, volunteers 
and cleanup workers. While the WTCHR also includes persons 
who resided, went to school, or worked (in non- rescue/recovery 
positions) at the WTC disaster site, this study included only 
rescue/recovery workers. Additional details regarding consoli-
dation of the WTC combined rescue/recovery cohort and data 
harmonisation have been described elsewhere.25 To avoid selec-
tion bias, persons who enrolled into any of the cohorts after 
October 1, 2012, when cancer coverage began under the James 
Zadroga 9/11 Health and Compensation Act,26 were excluded 
from all analyses. Under the provisions of this enactment, WTC 
Health Programme (WTCHP) members have access to diag-
nostic procedures and treatment for numerous cancers and thus, 
to avoid differential self- selection into the cohort were removed. 
Figure 1A is a flow diagram of study participants for the WTC 
combined rescue recovery cohort (n=54 394), enumerating the 
exclusionary criteria.

Outcome assessment
Prostate cancer cases defined as ICD- O-3 site C619 with malig-
nant behaviour code 3, using the Surveillance, Epidemiology 

Figure 1 Flow of study participants. FDNY, Fire department of the City of New York; GRC, General Responder Cohort; WTCHR, World Trade Centre Health 
Registry.
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and End Results (SEER) site recode table, were obtained by 
matching the WTC combined rescue/recovery cohort to data 
from 13 state cancer registries. These states included Arizona, 
California, Connecticut, Florida, Massachusetts, New Jersey, 
New York, North Carolina, Ohio, Pennsylvania, Texas, Virginia, 
and Washington. We have examined out- migration patterns 
from New York City based on US Census Bureau American 
Community Survey data, a summary by the New York City 
Independent Budget Office,27 and our records for the rescue/
recovery workers, and have concluded that the 13 registries 
resulted in approximately 90% coverage of the population. 
Information on tumour characteristics such as diagnosis date 
and stage were also provided by state cancer registries. Cancer 
cases obtained from multiple states registries for the same partic-
ipant were reconciled and included as one case. Cancers diag-
nosed within 6 months of enrolment into any of the responder 
cohorts were excluded from all analyses to ensure that prevalent 
cases were removed and to account for potential self- selection 
bias (i.e., selectively enrolling into a WTCHP cohort to receive 
augmented cancer coverage).

Exposure measures and demographic characteristics
Researchers from the three participating cohorts developed 
common exposure metrics to ensure that results from collabo-
rative studies, such as this one, be comparable. The exposure 
measure for our primary external analysis was presence at the 
WTC site, or WTC rescue/recovery work at other sites such as 
the Fresh Kills Landfill in Staten Island, at any time from 11 
September 2001 to 30 June 2002, the time when work on the 
recovery effort ended. We also used a three- level exposure vari-
able according to self- reported first arrival at a WTC disaster 
site: on 11 September 2001 or being caught in the dust cloud 
resulting from the collapse of the towers on the morning of the 
attacks; or on 12 September 2001; or on any other time from 
13 September 2001 to 30 June 2002. Some of the hazardous 
substances found to be present at the disaster site are known 
carcinogenic agents including, but not limited to, asbestos, 
sulfuric acid, benzo(a)pyrene, benzene, and arsenic,13 28 29 which 
we have posited were most ubiquitous on 11 September 2001, 
and gradually dissipated thereafter. Basic demographic charac-
teristics such as sex, birth month, birth year, race/ethnicity, and 
smoking status were available in each cohort. Since only birth 
month and year were available for some study participants, the 
15th of each month was used to calculate age. When both birth 
month and day were missing, 15 June of the birth year was 
used. Death dates were obtained by each cohort and duplicate 
patients as well as discordant dates of enrolment, diagnosis and 
death were resolved by the New York State Cancer Registry to 
ensure accurate ascertainment and person- time contributions. 
Death ascertainment by cancer registries is commensurate with 
data from the National Death Index. In a subset of our data, we 
looked at employment and pension records, and observed excel-
lent completeness of mortality matches.

NYS comparison population
NYS population rates were used for the comparison popu-
lation for our primary external analysis and were calculated 
using SEER*Stat software. Data were summarised in strata of 
person- time and cases by race/ethnicity (non- Hispanic White, 
non- Hispanic Black, non- Hispanic Asian/Pacific Islander, non- 
Hispanic American Indian and Hispanic), age (18–19, and 20 
to 85+ in 5- year increments) and calendar year (2002–2015).

Statistical analyses
The outcome for all multivariable analyses was incident pros-
tate cancer. Both comparison rates and observed cancer counts 
included multiple primary cancers. That is, every identified pros-
tate cancer was counted as a case regardless of a patient’s cancer 
history (other than prostate). WTC combined rescue/recovery 
cohort data were grouped in strata of person- time and cases in 
the same way as the NYS comparison population. Person- time 
accruals began 6 months after enrolment into a WTC rescue/
recovery cohort. This date was chosen so that prevalent cancers 
which had likely developed prior to 11 September 2001 were 
not misclassified as incident cases. The follow- up period ended 
at the earlier of date of death and 31 December 2015.

We used piecewise exponential survival models to estimate 
hazard ratios (HRs) and associated 95% CIs. These models are 
similar to Cox regression models, but they allow the baseline 
hazard to change at numerous specified time intervals rather 
than with every event; we used 1- year time intervals. The models 
also allow for incidence to be estimated in the reference group. 
The HRs also have rate ratio interpretations. These rate ratios 
were allowed to vary over follow- up using change points. Specif-
ically, these change point analyses were conducted to estimate 
the yearly intervals for which relative incidences significantly 
changed from one period to the next.

We first fit a model with no change points which assumed 
constant incidence rates for both the WTC and NYS groups 
throughout the entire follow- up period. Then, we fit a series of 
models with one change point, allowing each model to change 
incidence rates at a different follow- up time, at yearly inter-
vals, with change points varying from 2003 to 2014, resulting 
in a total of 12 possible models. The change points were esti-
mated using profile likelihood and we reported estimates and 
95% CIs for the HRs which have relative rate interpreta-
tion.24 30–32 Best fitting models were selected using likelihood 
ratio tests. The same process was used for models comparing 
two change points to one change point. In each case the 
combination of change points was run in separate models and 
then compared by profile likelihood. The specific model was 

 log
(
Yik

)
= log

(
Tik

)
+

∑k=n
k=1 αkwik +

∑p+1
j=1 βjxi1

(
τj−1 < tik ≤ τj

)
+

∑
l γlzil.  

Yik is the number of incident cases of prostate cancer, modelled 
to follow a Poisson distribution given the covariates, Tik is the 
total person time at risk, each for a particular stratum i and time 
interval k, and tik is the time since exposure. The exposures are 
indicated by the values of xi, a binary variable taking the value 
of 1 for the WTC- exposed cohort, and 0 for the comparison 
NYS general population, and zil’s represent demographic covari-
ates age, and race/ethnicity. The wik’s are dummy variables repre-
senting the 1- year time intervals. βj is the log HR, also having 
log- relative- rate interpretation, comparing incidence in the 
WTC- exposed cohort to the NYS reference population for time 
interval j, which is the period between change points tj-1 and tj. 
The ak’s were parameters representing the baseline hazard as a 
function of time which has cases per person time interpretation. 
The equation is described in greater detail, elsewhere.23 This 
primary external analysis using NYS as a comparison controlled 
for race/ethnicity, age and calendar year.

Three secondary analyses were conducted. The first was an 
external analysis and also used NYS as the comparison popu-
lation but employed time of arrival at the WTC site as the 
exposure variable. This analysis excluded participants who did 
not report either a specific period of time they were present 
at the WTC site or exposure to the dust cloud (n=3279). 
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Additionally, non- Hispanic American Indian (n=146) partic-
ipants were removed because of low power. Person- time for 
the 18–19, 20–24 and 25–29 age strata were excluded due to 
small numbers (n=8 participants, 1 prostate cancer) which led 
to unstable parameter estimates. The final restricted population 
included 50 961 participants for this secondary external analysis 
(figure 1B).

The second was an internal analysis that used the same exclu-
sionary criteria but evaluated those who arrived at the WTC 
site between 13 September 2001 and 30 June 2002 as the 
referent category. This model controlled for smoking status 
at baseline (ever vs never) as well as the additional covariates 
used in the primary analysis. The same model equation applied 
to this internal analysis as to the primary analysis, except that 
there were three exposure categories (first arrival at WTC site 
on 11 September or caught in dust cloud; first arrived on 12 
September; first arrived on 13 September 2001–30 June 2002). 
We also calculated adjusted baseline incidence rates stratified by 
exposure category. These graphs were created by including an 
interaction term between the exposure variable and calendar 
year, such that each group could vary with time. For this analysis, 
we applied a locally- weighted polynomial regression (LOESS)33 
smoothing function for point estimates and associated 95% CI.

Third, we conducted several sensitivity analyses to address 
the potential for surveillance bias by restricting to late- stage 
prostate cancers (regional and distant tumours), only. That is, 
regional and distant tumours are defined as those cancers that 
have metastasised from beyond the primary tumour (i.e., pros-
tate) to neighbouring and distant lymph nodes or organs, respec-
tively. Categorisations were made using SEER Summary Staging 
Manual 2000 coding instructions.34 For each analysis, change 
points were evaluated, separately.

Analyses were conducted using SAS V.9.4 (SAS Institute) 
and R V.3.6.0.29. This study followed the Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) 
reporting guidelines and was approved by IRB at Albert Einstein 
College of Medicine, New York City Department of Health and 
Mental Hygiene, the New York State Department of Health, and 
all thirteen cancer registries. The Icahn School of Medicine at 
Mount Sinai IRB ruled the research exempt. Data that support 
the findings of the study may be obtained from the corre-
sponding author (CBH) on reasonable request after approval 
by the Steering Committee for ‘Incidence, Latency and Survival 
of Cancer Following World Trade Center Exposure’ (NIOSH 
Cooperative Agreement U01 OH011932) in accordance with 
the study’s official data sharing plan.

RESULTS
The 54 394 participants in the final analytic cohort yielded 
1120 prostate cancer cases in 1120 participants diagnosed 
between 12 March 2002 and 31 December 2015, with 573 512 
person- years of follow- up. During the same period, and using 
the same inclusion criteria, 207 252 cases were diagnosed in the 
NYS comparison population, with 105 413 892 person- years of 
follow- up. Demographic characteristics for the analytic cohort 
are presented in table 1. The mean age at diagnosis among pros-
tate cancer cases was 60.3 (SD=7.9) and ranged from 35 to 
93 years old. Compared with WTC responders without pros-
tate cancer, WTC responders with prostate cancer were signifi-
cantly more likely to be non- Hispanic White (75.1% vs 71.7%; 
p<0.001) or non- Hispanic Black (17.4% vs 8.3%; p<0.001) 
and were significantly less likely to be Hispanic (7.0% vs 14.8%; 
p<0.001). There were significantly more ever smokers among 

Table 1 Select demographic characteristics of WTC combined rescue 
and recovery cohort and other characteristics of prostate cancer cases

Characteristics

No (%) of responders

Prostate cancer 
cases (n=1120)

Other rescue/
recovery 
workersa 
(n=53 274) Total (n=54 394)

Age at study entry

  18–19 0 (0.00) 28 (0.05) 28 (0.05)

  20–24 ≤5 (≤1.00) 868 (1.63) 869 (1.60)

  25–29 0 (0.00) 3227 (6.06) 3227 (5.93)

  30–34 12 (1.07) 6714 (12.60) 6726 (12.37)

  35–39 32 (2.86) 10 109 (18.98) 10 141 (18.64)

  40–44 127 (11.34) 11 161 (20.95) 11 288 (20.75)

  45–49 217 (19.38) 8903 (16.71) 9120 (16.77)

  50–54 233 (20.80) 5661 (10.63) 5894 (10.84)

  55–59 238 (21.25) 3315 (6.22) 3553 (6.53)

  60–64 161 (14.38) 1757 (3.30) 1918 (3.53)

  65–69 55 (4.91) 854 (1.60) 909 (1.67)

  70–74 34 (3.04) 472 (0.89) 506 (0.93)

  75–79 8 (0.71) 159 (0.30) 167 (0.31)

  80–84 ≤5 (≤1.00) 38 (0.07) 40 (0.07)

  85+ 0 (0.00) 8 (0.02) 8 (0.01)

Race/Ethnicity

  Non- Hispanic White 841 (75.09) 38 171 (71.65) 39 012 (71.72)

  Non- Hispanic Black 195 (17.41) 4418 (8.29) 4613 (8.48)

  Non- Hispanic American 
Indian/Alaska Native

≤5 (≤1.00) 153 (0.29) 154 (0.28)

  Non- Hispanic Asian/
Pacific Islander

≤5 (≤1.00) 922 (1.73) 926 (1.70)

  Hispanic 78 (6.96) 7900 (14.83) 7978 (14.67)

  Non- Hispanic, with 
unknown/unclassifiable 
race

≤5 (≤1.00) 1710 (3.21) 1711 (3.15)

Smoking status at enrolment

  Current 142 (12.68) 8372 (15.71) 8514 (15.65)

  Former 383 (34.20) 12 351 (23.18) 12 734 (23.41)

  Never 570 (50.89) 31 279 (58.71) 31 849 (58.55)

  Unknown/missing 25 (2.23) 1272 (2.39) 1297 (2.38)

Vital status by the end of 
follow- up (12/31/2015)

  Alive 1076 (96.07) 51 594 (96.85) 52 670 (96.83)

  Deceased 44 (3.93) 1680 (3.15) 1724 (3.17)

First arrival at WTC site

  11/9/2001 515 (45.98) 24 019 (45.09) 24 534 (45.10)

  12/9/2001 189 (16.88) 9541 (17.91) 9730 (17.89)

  13/9/2001 to 30/6/2002 349 (31.16) 16 496 (30.96) 16 845 (30.97)

  Not at WTC site 37 (3.30) 2593 (4.87) 2630 (4.84)

  Unknown 30 (2.68) 625 (1.17) 655 (1.20)

Year of diagnosis n (%)

  2002 ≤5 (≤1.0)

  2003 12 (1.1)

  2004 23 (2.1)

  2005 42 (3.8)

  2006 42 (3.8)

  2007 70 (6.3)

  2008 82 (7.3)

  2009 110 (9.8)

  2010 120 (10.7)

  2011 123 (11.0)

  2012 121 (10.8)

  2013 136 (12.1)

continued
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prostate cancer cases when compared with persons without 
prostate cancer (46.9% vs 38.9%; p<0.001). Among persons 
with and without prostate cancer, 92 (8.2% of 1,120) and 2166 
(4.1% of 53 274) had another (non- prostate) malignancy within 
the study period, respectively. Among persons with prostate 
cancer, the median (IQR) time from 11 September to diagnosis 
was 9.4 years (7.3, 12.1). The majority of cases were diagnosed 
between 2009–2015 (n=734; 66%).

Figure 2 displays adjusted incidence rates for the study. Models 
were centred at non- Hispanic white participants age 50–54 for 
both graphs and additionally, never smokers in the secondary 
models. Figure 2A illustrates an increased adjusted incidence 
among the WTC combined rescue/recovery cohort coinciding 
with a decreased incidence among the NYS comparison rates 
beginning in 2006. From 2009–2015, prostate cancer incidence 
decreased for both groups. Similarly, figure 2A illustrates an 

increased incidence beginning in 2006 for all exposure cate-
gories, followed by a gradual decline from 2009 to 2015. A 
dose–response trend was observed; however, rates were not 
significantly different for most calendar years, individually. We 
estimated change points in 2006 for the primary external anal-
ysis (95% CI: 2006 to 2008) (figure 3A), as well as the secondary 
external (95% CI: 2006 to 2008) (figure 3B), and internal anal-
yses (95% CI: 2006 to 2007) (figure 3C). The majority of cases 
had localised (n=867; 77%) tumours, 15.3% were regional 
(n=171) and 2.5% were distant (n=28). Our sensitivity anal-
ysis restricting to only regional and distant tumours yielded no 
significant change points. However, when evaluating HRs over 
the entire study period (2002–2015), rates were significantly 
elevated (figure 3D).

DISCUSSION
In the current study, we observed an increased incidence of pros-
tate cancer beginning 5.25 years postexposure among partici-
pants in the WTC combined rescue/recovery Cohort.25 Starting 
in 2007 and continuing through the end of the study period in 
2015, we found a 24% increased risk of prostate cancer relative 
to NYS rates. In internal analyses, a dose–response trend was 
observed in both the early (2002–2006) and later (2007–2015) 
periods of follow- up, with the largest risk estimated in the early 
period. The increased hazard among those who responded to 
the disaster earliest or were caught in the dust cloud suggests 
that a high intensity of exposure may have played some role in 
premature oncogenesis. Relative to NYS, however, a lower rela-
tive risk was observed in the initial period, particularly among 
those responders who arrived at the WTC disaster site latest.

Earlier assessments among participants followed at the 
FDNY, GRC, and WTCHR have all independently established 
an elevated risk for prostate cancer.8–11 Our findings were in 

Year of diagnosis n (%)

  2014 119 (10.6)

  2015 115 (10.3)

Stage

  Localised 867 (77.4)

  Regional 171 (15.3)

  Distant 28 (2.5)

  Unknown 54 (4.8)

Other descriptive statistics Mean (SD)

  Age at diagnosis (years) 60.3 (7.9)

  Age at end of follow- up (years) 65.1 (7.8)

  Length of follow- up (years) 11.2 (2.5)

.a, Rescue/recovery workers that did not have a prostate cancer diagnosis in the study 
period; WTC, World Trade Center.

Table 1 continued

Figure 2 Adjusted prostate cancer incidence rates. (a) WTC combined rescue recovery cohort versus NYS. WTC, NYS, comparison population; models 
are controlled for race/ethnicity and age; rates are centred at non- Hispanic white race/ethnicity and ages 50–54; rates are displayed per 100 000 person- 
years; blue lines: smoothed adjusting incidence curves for WTC combined rescue/recovery cohort; red lines: smoothed adjusting incidence curves for NYS 
comparison population. line shadows represent 95% CI. (b) WTC combined rescue recovery cohort by exposure category models are controlled for race/
ethnicity and age; rates are centred at non- Hispanic white race/ethnicity and ages 50–54; rates are displayed per 100 000 person- years; red lines: smoothed 
adjusting incidence curves for point estimates for each year of WTC combined rescue/recovery cohort who first arrived at the WTC disaster site on 11 
September or were caught in the dust cloud; blue lines: smoothed adjusting incidence curves for WTC combined rescue/recovery cohort who first arrived at 
the WTC disaster site on 12 September; green lines: smoothed adjusting incidence curves for WTC combined rescue/recovery cohort who first arrived at the 
WTC disaster site on 13 September – 30 June 2002. Line shadows represent 95% CIs. There were 515/24 478 (2.1%), 188/9692 (1.9%) and 349/16 791 
(2.1%) cases among participants in the 11 September or dust cloud, 12 September and 13 September or later exposure categories, respectively. NYS, New 
York State; WTC, World Trade Centre.
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support of the previous studies, despite removing duplicate 
cases between the cohorts that could have artificially inflated 
risk estimates. This study combined the three cohorts, providing 
statistical power and identifying the specific period (2007–2015) 
when the risk appears to be greatest. We found the period from 
exposure to onset of cancer to be just over 5 years, shorter than 
prior non- WTC studies,1 35 which may reflect the carcinoge-
nicity of exposures experienced at the main WTC disaster site. 
The finding of an internal positive, monotonic dose–response 
association during the early (2002–2006) and late (2007–2015) 
periods is noteworthy. This is especially relevant because certain 
occupational groups may be at additional risk of prostate cancer, 
irrespective of WTC exposure. In addition, after controlling 
for cigarette smoking, an important confounder and one of the 
few known behavioural risk factors linked to prostate cancer, 
the association was upheld for those who arrived at the disaster 
site earliest or were caught in the dust cloud. The results of 
our sensitivity analysis evaluating WTC- exposure and regional/
distant tumours, argue against surveillance bias. We continued 
to observe a dose- response association despite the absence of a 
change point. This observation, in conjunction with our previous 
report of favourable survival outcomes among WTCHP partic-
ipants, supports further use of this cohort for studying prostate 
cancer treatments and interventions.

Higher than general population rates of PSA screening among 
WTC- exposed responders may have played a role in the increase 
in prostate cancer incidence. It is noteworthy that although 
PSA testing is not a formal part of WTC medical monitoring 
examination, it is offered to older participants at FDNY exams. 
Moreover, disaster- related services including diagnostic evalu-
ations for WTC- related cancers and treatment were added to 
the FDNY responders’ routine screening after 11 September, 
while other responders may be tested in other primary health-
care settings that offered comparable medical evaluation and 
treatment. Arguing against surveillance bias are prior studies 
which have demonstrated similar findings in WTC- exposed 
cohorts without known formal PSA testing.8 36 The findings of 
this combined cohort study are consistent with a study from the 

WTC- exposed GRC, which found: (1) an internal dose- response 
association using a well- defined exposure metric; (2) high rates 
of advanced stage tumours which argue against lead- time bias 
and (3) an association among young and old participants but 
no association among participants aged 55–69, a group which 
is historically screened most frequently.9 However, because we 
are unable to assess association between exposure and number 
of PSA monitoring visits, screening cannot be completely 
discounted for the observed effect.

This current study has several strengths. It is the first to 
analyse the time from exposure to onset of cancer, in detail, 
among WTC- exposed responders. In addition to our efforts 
to reduce the impacts of surveillance bias, another strength of 
this work is the rigorous efforts to address self- selection bias by 
removing cancers that occurred within 6 months of enrolment in 
a WTC cohort and by requiring enrolment prior to the initiation 
of cancer coverage in 2012.26 We also believe that this work will 
be of interest in the broader of context of disaster management, 
particularly when analysing time to cancer diagnosis among 
responders who attended signal events with similar exposures 
such as the Deepwater Horizon Oil explosion. This study used 
parametric survival modelling with change points to model 
the HR as a nonlinear function of time, similar to those used 
in non- WTC cancer research24 and in WTC- related respiratory 
research.22 23 In general, the amount of time for prostate cancer 
to develop in relation to carcinogens known to be present is 
understudied and thus, this work may begin to fill an important 
gap in the scientific literature. The use of relative rates rather 
than standardised incidence ratios avoids reliance on assump-
tions of proportional incidence across strata that may not be 
met. This method is also not unduly influenced by small strata.

Finally, a major strength of this study is the continued 
follow- up of three cohorts of WTC rescue/recovery workers, 
which has provided a unique opportunity to better understand 
time from exposure to cancer diagnoses in a human population 
after a time- delimited exposure to a broad spectrum of environ-
mental carcinogens. The WTC combined rescue/recovery cohort 
allows for analytic flexibility by augmenting the statistical power 

Figure 3 Change Point Models for Incident Prostate Cancer among World Trade Centre rescue/recovery workers: 12 March 2002–31 December 2005. 
”9/11” = 11 September 2001. Best- fitting models for 3a, 3b and 3c all had one change point in 2006. All analyses control for age and race/ethnicity. (c) 
Also controls for ever- smoking. (a) Includes the entire Combined WTC rescue/recovery cohort (n=54 394). (b,c,d) Are restricted to those who self- reported an 
arrival time or dust- cloud exposure at the WTC sites, were at least 30 years old when diagnosed with prostate- cancer and were not non- Hispanic American 
Indian race/ethnicity (n=50 961). *Arrived on morning of 11 September or self- reported dust cloud exposure. NYS, New York State.
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needed for studying cancer in longitudinal survival analyses. 
Researchers from the cohorts following these workers had previ-
ously agreed on a common exposure definition37 and identical 
case ascertainment using thirteen state cancer registries. The NYS 
Cancer Registry served as an ‘honest broker’ by consolidating 
data from the three surveillance groups to ensure data security 
and confidentiality, harmonising data formats and deduplicating 
data from rescue/recovery workers followed by multiple cohorts 
so that they were counted once for analyses.25

This study is not without limitations. First, we cannot deter-
mine the extent to which other behavioural, occupational, and 
environmental exposures beyond cigarette smoking might have 
contributed to prostate cancer risk. Other studies of firefighters 
and police officers with no known exposure to the WTC disaster 
have also reported increased incidence compared with national 
rates.38–41 Unfortunately, we did not have access to information 
about years of employment or potentially important occupa-
tional exposures. Another limitation is the absence of PSA testing 
data on the WTC combined rescue/recovery cohort among those 
who were tested, although a study on GRC responders failed 
to find a significant association between frequency of screening 
exams and prostate cancer incidence.9 Additionally, while we 
were unable to explore alternate biological pathways for pros-
tate tumorigenesis such as those mediated by stress,42 we believe 
that it is beyond the scope of this study but warrants further 
exploration in the future. Finally, the WTC combined rescue/
recovery cohort was likely a healthy subset of the general popu-
lation prior to exposure and resided mostly in the greater New 
York region, which limits generalisability of these findings to less 
healthy participants in other regions of the country.

In summary, we observed an increased incidence of prostate 
cancer beginning 5.25 years postexposure, substantially shorter 
than findings from non- WTC studies.1 35 A dose–response trend 
was observed in both the early (2002–2006) and later (2007–
2015) periods of follow- up. Evidence suggests a relationship 
between WTC exposure and prostate cancer not fully explained 
by random or systematic error. This research may increase under-
standing of the period between environmental exposure and 
cancer incidence in human populations. It increases the under-
standing of long- term consequences of WTC- exposure, informs 
surveillance efforts for future environmental disasters and may 
stimulate further research into environmental risk factors for 
cancer in this and other cohorts. Our findings support the need 
for continued research evaluating the burden of prostate cancer 
in WTC responders.
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