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Introduction

Considerable concern exists about cancer risk
among firefighters. Firefighters are potentially
exposed to a number of known and suspected
carcinogens, including polycyclic aromatic hydrocarbons, polychlorinated biphenyls, formaldehyde,
benzene, 1,3-
butadiene, asbestos, diesel exhaust
and circadian disruption from shift work.1 In 2007,
an International Agency for Research on Cancer
(IARC) working group reported elevated summary
relative risk estimates for testicular cancer, prostate cancer and non-Hodgkin's lymphoma (NHL)
in a meta-
analysis of cancer in firefighters and
concluded, based on limited evidence, that occupational exposure as a firefighter is possibly carcinogenic to humans (ie, categorised as Group 2B).1
The literature includes several studies published

Key messages
What is already known about this subject?

►► We previously reported excess respiratory,

digestive and urinary cancers, and
mesothelioma, in a cohort of US career
firefighters compared with the general
population. We also found evidence of positive
exposure-response associations for lung cancer
and leukaemia risk in regression models using
proxies for firefighter exposure.

What are the new findings?

►► After extending observation for 7 years, we

found previously unreported excess non-
Hodgkin's lymphoma mortality and increasing
chronic obstructive pulmonary disease mortality
with the amount of time spent at fires.

How might this impact on policy or clinical
practice in the foreseeable future?
►► The study findings support current efforts to
lower disease risks in firefighters, including
research on effective methods for exposure
reduction.

since the IARC monograph.2–16 Nevertheless, findings still differ among specific cancer sites; perhaps
from heterogeneity in exposures, work practices,
personal protective equipment use or simply from
chance alone.17
We previously conducted a study of cancer incidence and mortality among a large cohort of US
career firefighters from the San Francisco, Chicago
and Philadelphia fire departments.16 These firefighters had a 9% increase in cancer incidence and
a 14% increase in cancer mortality compared with
the US general population with elevations observed
for respiratory, digestive and urinary cancers as well
as mesothelioma. In internal analyses, lung cancer
incidence and mortality were weakly associated
with the amount of time spent at fires and leukaemia
mortality was weakly associated with the number
of fire-runs.5 Negative exposure-response relations
were observed for some outcomes, suggesting a
healthy worker survivor effect (HWSE).18
In the current study, we updated the mortality
experience through 2016, adding 7 years of
follow-
up. From the literature, outcomes of
interest were mortality from all causes; all
cancers; leukaemia; NHL; multiple myeloma;
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mesothelioma; cancers of the oesophagus, stomach, colon,
rectum, kidney, bladder, prostate, testes, brain, lung and skin;
chronic obstructive pulmonary disease (COPD) and ischaemic
heart disease (IHD). We included cerebrovascular disease, and
cirrhosis (along with COPD and IHD) to examine the potential effects of lifestyle-related risk factors. Finally, we examined
exposure-response relationships using methods to adjust for the
HWSE.

Methods
Cohort description

Details of the study population are described elsewhere.16 Briefly,
the full study cohort, hereafter referred to as the ‘full cohort’,
includes 29 992 career firefighters employed by the fire departments of San Francisco (SFFD), Chicago (CFD) or Philadelphia
(PFD) for at least 1 day between the years 1950 and 2009 deleting
one duplicate record. Firefighters of unknown race (n=753) were
assumed white because 83% of firefighters of known race were
white and 71% of firefighters of unknown race were hired during
earlier periods of lower minority hiring (before 1970). Among
non-white firefighters,<8% were hired before 1970. Consistent
with the previous study,5 the cohort used in the exposure-response
analysis, hereafter referred to as the ‘restricted cohort’, was limited
to male firefighters of known race hired in 1950 or later for at least
1 year. Of the 19 309 male firefighters in the previous exposure-
response analysis, 22 were excluded because race was missing
(n=10) or employment duration was less than 1 year (n=12).

Exposure assessment

Detailed information on the retrospective exposure assessment is available elsewhere.19 Briefly, researchers calculated
three separate exposure surrogates (exposed-
days, fire-
runs
and fire-
hours) by linking detailed work histories through
2009 with job exposure matrices based on job, location and
fire-
fighting apparatus assignments as described previously.
Data were available to calculate the number of exposed-days
(ie, days worked in a job or location with potential exposure)
for all firefighters, the number of fire-runs for CFD and PFD
firefighters and the number of fire-hours (ie, the time spent at
fires) for CFD firefighters.

Follow-up

Vital status through 2009 was described previously.16 Vital status
was updated through 31 December, 2016, by linkages with
the National Death Index-Plus (NDI-Plus), the Social Security
Administration Death Master File and the Internal Revenue
Service. Cohort members known to be alive in 1979 (when NDI
began) or later with a social security number not known to be
invalid and not identified as deceased were assumed alive as of
31 December, 2016. The sensitivity of the NDI is over 95%
when social security numbers are available.20 Causes of death for
newly identified deaths were obtained from NDI-Plus.

Analysis
Life table analyses

External comparisons were made by life table using NIOSH LTAS.
NET (National Institute for Occupational Safety and Health Life
Table Analysis System).21 International Classification of Diseases
codes for the underlying causes of death were mapped to 92
cause of death categories as described on the NIOSH LTAS.NET
website
(https://www.cdc.gov/niosh/ltas/pdf/Rate-Info-Table-3.
pdf). For each cohort member, person-years-at-risk (PYAR) began
on 1 January, 1950, or the date of cohort inclusion, whichever
Pinkerton L, et al. Occup Environ Med 2020;77:84–93. doi:10.1136/oemed-2019-105962

was later, and ended on the earliest of the date of death, the date
last observed, or the study end date (31 December, 2016). PYAR
stratified by gender, race (white, other) and 5 year intervals of age
and calendar time were multiplied by the appropriate US general
population cause-specific mortality rates to calculate the expected
number deaths for each stratum. The expected numbers were
summed across strata to obtain cause-specific and total expected
number of deaths. The standardised mortality ratio (SMR) was
calculated as the ratio of the observed to expected number of
deaths. Ninety-five per cent CIs were computed for the SMRs
assuming a Poisson distribution for observed deaths. SMRs were
stratified by fire department for all cause of death categories and
by gender, race and age-at-risk (17 to 64, 65+ years) for outcomes
of interest. Heterogeneity by fire department and age-at-risk for
outcomes of interest was evaluated using the method of Breslow
and Day.22
Sensitivity analyses were conducted using state mortality rates
(California (CA), Illinois (IL) and Pennsylvania (PA) for SFFD,
CFD and PFD firefighters, respectively) as referent. The rate
files did not include categories for colon cancer, testicular cancer
or skin melanoma specifically; however, most intestinal cancers
were colon cancers, few deaths from male genital cancers other
than prostate cancer were observed and mortality from non-
melanoma skin cancer is low.

Exposure-response modelling

Exposure-response associations within this restricted cohort were
examined by Cox proportional hazards regression using the SAS
PHREG procedure.23 Analyses included two separate approaches
response: (1) a standard approach assuming the
to exposure-
response is linear in the log of dose, and (2) an exposure-response
function specified by restricted cubic splines (RCS) with knots
evenly spaced across the exposure distribution. Risk-sets comprised
those persons at risk as of the attained age of the case. Risk-sets
were also matched on race, birthdate (within 5 years) and department. Restricted cohort members were followed from the completion of the 1 year eligibility period until the earliest of the date of
death, the date last observed or 31 December, 2016. Cumulative
exposure was lagged 5 years for leukaemia and 10 years for other
outcomes. In leukaemia analyses, person-time for 7690 firefighters
employed at the end of the exposure assessment (31 December,
2009) was truncated at 31 December, 2014, to avoid exposure
misclassification.
There was little evidence of an association between work status
and prior exposure for fire-
runs and fire-
hours; therefore, the
HWSE was addressed by including a term for employment duration (<10, 10 to <20, 20 to <30, 30+ years). Models without
adjustment for employment duration were also evaluated. HR
were estimated from the maximum partial likelihood, significance
tests were based on the partial likelihood ratio test (LRT) and
two-sided 95% CIs were based on the profile likelihood. HRs are
reported at the 75th centile of exposure compared with the 25th
centile of exposure, rounded to the nearest 100 units.5 For positive
associations, potential non-linearity in the log (HR) with dose was
assessed by the LRT comparing the RCS and loglinear models and
visually examining the models when the LRT p value was <0.10.
Time since exposure (lag to <20, 20 to <30, 30+ years), age
at exposure (<40, 40+ years) and exposure period (<1970,
adjusted
1970+) were examined in employment duration-
loglinear models with cumulative exposure divided into time
windows using the same cut-points for age at exposure and
exposure period as in the previous analysis. Effect modification was evaluated by the LRT comparing the model with one
85
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exposure variable to models with time windows. All modelling
was restricted to analyses including 30 or more observed cases.

(SMR=0.57; 95% CI 0.39 to 0.80) remained significantly lower
than expected.

Results

Other external comparisons

Table 1 shows demographic characteristics of the full and restricted
cohorts. Firefighters in the full cohort contributed 1 029858 PYAR.
Most (97%) members of the full cohort were male; 47% were
deceased. In contrast, 29% of the restricted cohort was deceased.
Most cohort members were white (81% and 78% for the full and
restricted cohorts, respectively). The mean employment duration
for both cohorts was 20 years or more.

Mortality among the full cohort

Table 2 shows SMRs for outcomes of interest in the full cohort
with the US general population referent. Mortality from all
causes was slightly less than expected (SMR=0.97; 95% CI 0.95
to 0.98). Mortality was elevated for all cancers (SMR=1.12;
95% CI 1.08 to 1.16), mesothelioma (SMR=1.86; 95% CI 1.10
to 2.94), NHL (SMR=1.21; 95% CI 1.03 to 1.42) and cancers
of the oesophagus (SMR=1.31; 95% CI 1.10 to 1.55), intestine (SMR=1.27; 95% CI 1.14 to 1.40), rectum (SMR=1.32;
95% CI 1.07 to 1.61), lung (SMR=1.08; 95% CI 1.02 to 1.15)
and kidney (SMR=1.22; 95% CI 1.00 to 1.47). Among non-
malignant outcomes of interest, mortality was elevated for
cirrhosis and other chronic liver disease (SMR=1.16; 95% CI
1.03 to 1.29), lower than expected for cerebrovascular disease
(SMR=0.90; 95% CI 0.83 to 0.97) and COPD (SMR=0.78;
95% CI 0.71 to 0.85), and similar to expected for IHD
(SMR=0.98; 95% CI 0.95 to 1.01).
Mortality was significantly elevated for cancers of the buccal
cavity and pharynx (SMR=1.35; 95% CI 1.11 to 1.63); biliary,
liver and gallbladder (SMR=1.36; 95% CI 1.15 to 1.60)
and peritoneum and other and unspecified digestive cancers
(SMR=1.64; 95% CI 1.02 to 2.51). Mortality from diabetes
mellitus (SMR=0.73; 95% CI 0.64 to 0.83), alcoholism
(SMR=0.64; 95% CI 0.45 to 0.87), nervous system disorders
(SMR=0.89; 95% CI 0.80 to 1.00) and non-malignant respiratory diseases (SMR=0.81; 95% CI 0.76 to 0.86) remained lower
than expected (online supplementary table 1).
Heterogeneity by fire department was observed for mortality
from all causes, all cancers, lung cancer, IHD and COPD
(table 2). In general, mortality from these causes, compared with
the US general population, was lower among San Francisco firefighters than Chicago and Philadelphia firefighters. Excluding
firefighters employed less than 1 year (n=1208) did not appreciably change SMRs.

Mortality among women and firefighters of other races

Among women, mortality from all causes (SMR=0.92; 95% CI
0.67 to 1.23; n=45) and all cancers (SMR=1.01; 95% CI 0.56
to 1.67; n=15) remained near expectation. The remaining
outcomes of interest had five or fewer deaths. Mortality from
bladder cancer remained significantly elevated (SMR=17.6;
95% CI 2.13 to 63.6). Mortality from NHL (SMR=2.71;
95% CI 0.07 to 15.1), multiple myeloma (SMR=5.27; 95% CI
0.13 to 29.4) and cancers of the lung (SMR=1.37; 95% CI 0.37
to 3.51) and breast (SMR=1.41; 95% CI 0.46 to 3.30) was
elevated, but not significantly. The SMR for IHD was 1.11 (95%
CI 0.36 to 2.60).
There were no significant elevations in outcomes of interest
among non-white firefighters (online supplementary table 2).
Mortality from all causes (SMR=0.68; 95% CI 0.63 to 0.74),
all cancers (SMR=0.79; 95% CI 0.68 to 0.93) and lung cancer
86

Mortality from all causes, all cancers, NHL and cancers of the
stomach, intestine and lung was significantly elevated among
firefighters 65 years of age and older, but not among younger
firefighters (online supplementary table 3). Mortality from IHD
and cerebrovascular disease was significantly less than expected
among firefighters less than 65 years of age, but not among older
firefighters.
SMRs based on state reference rates (online supplementary
table 4) were slightly less than estimates obtained using US rates
(table 2). Excess kidney cancer mortality was no longer marginally significant. Excess mortality from cancers of the rectum,
lung and mesothelioma was no longer statistically significant;
however, there was essentially no difference in heterogeneity by
fire department comparing USA and state rates (table 2, online
supplementary table 4).

Exposure-response

Results herein stem from loglinear models with adjustment for
the HWSE unless stated otherwise. A positive association of
borderline statistical significance was observed for mortality
from all cancers with exposed-days, but not with fire-runs or
fire-hours (table 3). The exposure-response association between
lung cancer mortality and each exposure metric was significant,
with evidence of monotonicity (table 3, online supplementary
figure 1). There was a significant positive association between
leukaemia mortality and exposed-days, but not fire-runs or fire-
hours. However, visual inspection revealed that the loglinear
model for fire-runs did not fit the data well based on comparison to the exposure-response using a RCS model (online supplementary figure 1). The model indicated increasing leukaemia
mortality risk at low exposures followed by attenuated risk
at higher exposure. Similar exposure-
response patterns were
evident in plots of COPD and ischaemic heart disease mortality
and fire-
hours; however, only the adjusted RCS model for
COPD mortality achieved statistical significance. The HR for
cirrhosis and other chronic liver disease was significant and positive in adjusted models for exposed-days. Statistically significant,
negative associations were observed for rectal cancer and IHD in
models without adjustment for employment duration.
Online supplementary tables 5-6 show associations of
outcomes of interest with fire-
runs by time since exposure,
age at exposure and exposure period. A positive association of
oesophageal cancer (HR=2.00; 95% CI 1.01 to 3.69) and IHD
(HR=1.20; 95% CI 0.99 to 1.44) with fire-runs before, but not
after, 1970 was observed.

Discussion

Consistent with the previous study of this cohort, there was
increased mortality from all cancers and from several site-specific
cancers of interest. Compared with the US general population,
mortality from mesothelioma, NHL and cancers of the oesophagus, intestine, rectum, lung and kidney was increased. Mortality
from peritoneal, other and unspecified digestive cancers (Minor
ID 13, online supplementary table 1), a category that includes
peritoneal mesotheliomas, was also elevated. A new finding was
an increase in NHL mortality, consistent with previous meta-
analyses of cancer among firefighters.1 15
Excess lung cancer mortality appeared restricted to older firefighters. Lung cancer risk among firefighters was not elevated in
Pinkerton L, et al. Occup Environ Med 2020;77:84–93. doi:10.1136/oemed-2019-105962
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0.66 to 1.51

1.07 to 1.53

0.62 to 1.25

0.84 to 1.62

1.04 to 1.17

0.97 to 1.02

0.19

<0.01

0.48

<0.01

0.85

0.61

0.51

0.55

0.71

0.79

0.98

0.02

0.15

0.06

0.37

<0.01

0.25

0.08

0.46

0.71

<0.01

<0.01

P value

Heterogeneity

Findings in bold font are statistically significant with a 95% confidence interval that excludes 1.0.
*Stratified by age (5 year intervals), gender, race (white/other) and calendar period (5 year intervals).
COPD, chronic obstructive pulmonary disease; ICD, International Classification of Diseases; MN, malignancy; NC, not calculated; NHL, non-Hodgkin's lymphoma; NR, not reported to avoid disclosing numbers less than 5; Obs, observed; SMR,
standardised mortality ratio.

725

Cerebrovascular diseaseG45.0-G45.2, G45.4-G45.9, I60-I69

54

Multiple myelomaC88.7, C88.9, C90
3945

150

LeukemiaC91.0-C91.3, C91.5-C91.9, C92-C95

Ischaemic heart diseaseI20-I22, I24-I25, I51.3, I51.6

86

18

MesotheliomaC45
151

78

MN skinC43-C44, C46.0, C46.9

NHLC46.3, C82-C85, C88.0, C88.3, C91.4, C96

104

MN bladderC67-C68

MN brainC47, C70-C72

<5
108

MN kidneyC64-C66

MN prostateC61

MN other male genitalC60, C62-C63

10
334

MN breastC50

97

370

MN intestineC17-C18
1197

124

MN stomachC16

MN lungC33-C34

133

MN oesophagusC15

MN rectumC19-C21

3843

All cancersC00-C97

2391

Obs

95% CI
0.95 to 0.98

SMR

Obs
14 057

All causes

0.97

San Francisco

All

Mortality from outcomes of interest in the full cohort and by department (1950 to 2016, US referent rates*)

Underlying cause
(ICD-10 codes)

Table 2
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89

 Loglinear without HWSE adjustment

1.15

0.85

 Fully adjusted RCS
62

1.04

 Fully adjusted loglinear

MN kidneyC64-C66

0.80

 Loglinear without HWSE adjustment

 RCS without HWSE adjustment

0.88

0.64 to 2.13

0.47 to 1.62

0.65 to 1.71

0.52 to 1.27

0.62 to 1.25

1.06 to 2.01

1.45

 Fully adjusted RCS
126

1.08 to 1.78

1.38

 Fully adjusted loglinear

MN prostateC61

0.81 to 1.27

0.81 to 1.16

1.01

0.97

0.17 to 1.20

 RCS without HWSE adjustment

 Loglinear without HWSE adjustment

MN lungC33-C34
556

0.49
0.43

 Fully adjusted loglinear

 Fully adjusted RCS

0.21 to 1.19

0.24 to 0.88
0.21 to 0.83

0.45

 Loglinear without HWSE adjustment
0.41

0.45 to 1.31

0.56 to 1.38

0.51 to 1.17

0.58 to 1.18

0.51 to 4.44

 RCS without HWSE adjustment

42

0.75

 Fully adjusted RCS

MN rectumC19-C21

0.87

 Fully adjusted loglinear

0.83
0.77

 Loglinear without HWSE adjustment

 RCS without HWSE adjustment

145

1.40

 Fully adjusted RCS

MN colonC18

1.75

 Fully adjusted loglinear

0.74 to 4.53

0.62 to 2.16
0.50 to 2.19

1.13
1.00

 Loglinear without HWSE adjustment

0.33 to 1.36

0.40 to 1.36

0.36 to 1.02

0.40 to 1.00

0.94 to 1.31

1.00 to 1.31

0.80 to 1.02

0.83 to 1.01

95% CI

 RCS

52

0.65

 Fully adjusted RCS

MN stomachC16

0.73

 Fully adjusted loglinear

0.63
0.60

 Loglinear without HWSE adjustment

 RCS without HWSE adjustment

82

1.11

 Fully adjusted RCS

MN oesophagusC15

1.14

 Fully adjusted loglinear

0.92
0.90

1807

HR @
8700 days

 RCS without HWSE adjustment

 Loglinear without HWSE adjustment

All cancersC00-C97

Cases

Exposed-days (all)
referent 2500 days

0.33

0.52

0.60

0.50

0.61

0.44

0.36

0.51

0.49

0.57

0.55

0.66

0.51

0.58

P value†

55

104

516

34

132

45

72

1577

Cases

0.16 to 0.75

1.06

1.03

0.86

0.92

0.81

0.87

1.12

1.21

0.95

0.67 to 1.53

0.58 to 1.27

0.67 to 1.25

0.58 to 1.13

0.66 to 1.14

0.95 to 1.33

1.05 to 1.38

0.82 to 1.11

0.93 to 1.19

0.18 to 1.22

0.36
0.47

0.17 to 0.87

0.16 to 0.61

0.61 to 1.23

0.66 to 1.18

0.58 to 1.09

0.63 to 1.08

0.87 to 3.31

0.76 to 1.95

0.73 to 2.28

0.68 to 1.62

0.88 to 2.44

0.75 to 1.58

0.74 to 1.81

0.68 to 1.36

0.91 to 1.11

0.94 to 1.11

0.39

0.32

0.87

0.89

0.80

0.83

1.67

1.25

1.28

1.07

1.45

1.10

1.15

0.97

1.00

1.02

0.86 to 1.00
0.82 to 0.98

0.93

95% CI

0.89

HR @
8800 runs

Fire-runs (CFD, PFD)
referent 2100 runs

0.57

0.43

0.20

0.02

0.28

0.33

0.80

0.67

0.18

0.33

0.10

0.22

0.58

0.11

P value†

42

76

348

23

100

30

45

1058

Cases

1.26

0.66

0.82

0.63

0.78

1.46

1.48

1.20

1.27

NR

NR

NR

NR

0.84

0.84

0.79

0.79

1.54

1.45

1.37

1.34

1.31

1.17

0.95

0.91

1.04

1.08

0.92

0.97

HR @
2300 hours

Fire-hours (CFD)
Referent 600 hours

HRs for outcomes of interest by exposure surrogate from models with and without adjustment for a healthy worker survivor effect using employment duration

Underlying causeICD-10 codes
Cox model*

Table 3

0.72 to 2.14

0.39 to 1.12

0.52 to 1.27

0.40 to 1.01

0.53 to 1.14

1.13 to 1.88

1.21 to 1.80

0.95 to 1.51

1.06 to 1.52

0.52 to 1.36

0.56 to 1.26

0.51 to 1.21

0.54 to 1.12

0.63 to 3.94

0.71 to 2.87

0.62 to 3.20

0.70 to 2.45

0.64 to 2.75

0.65 to 2.05

0.50 to 1.83

0.53 to 1.51

0.90 to 1.21

0.96 to 1.21

0.81 to 1.05

0.87 to 1.08

95% CI

continued

0.16

0.13

0.85

0.40

0.97

1.00

0.84

0.92

0.61

0.83

0.43

0.17

P alue†
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continued

0.95 to 1.47

1.18

 Fully adjusted RCS

1.02
1.22

 RCS without HWSE adjustment

 Fully adjusted loglinear

 Loglinear without HWSE adjustment

Cerebrovascular diseaseG45.0-G45.2, G45.4-G45.9, I60-I69

0.81 to 1.86

0.71 to 1.50

0.64 to 1.15

0.88 to 1.27

1.06

 Fully adjusted loglinear

0.86

0.68 to 0.93

0.80

201

0.65 to 0.84

0.74

 Loglinear without HWSE adjustment

 RCS without HWSE adjustment

1165

0.91 to 7.37

2.39

Ischaemic heart diseaseI20-I22, I24-I25, I51.3, I51.6

 Fully adjusted RCS

1.13 to 5.19

2.32

 Fully adjusted loglinear

0.77 to 2.11
0.61 to 2.19

1.26
1.12

 Loglinear without HWSE adjustment

 RCS without HWSE adjustment

72

0.49 to 2.64

1.08

LeukemiaC91.0-C91.3, C91.5-C91.9, C92-C95

 Fully adjusted RCS

0.60 to 2.11

1.10

0.60 to 1.50
0.54 to 1.82

 Fully adjusted loglinear

0.94
0.96

76

0.18 to 1.38

0.44 to 2.69

0.32 to 1.52

0.58 to 2.43

0.32 to 2.46

0.45 to 2.31

0.52 to 2.55

0.59 to 2.13

0.67 to 14.7

0.50 to 3.41

0.33 to 1.67

0.37 to 1.38

0.50 to 2.92

0.50 to 2.24

0.64 to 2.52

95% CI

 RCS without HWSE adjustment

 Loglinear without HWSE adjustment

NHLC46.3, C82-C85, C88.0, C88.3, C91.4, C96

1.04
0.46

 Fully adjusted loglinear

 Fully adjusted RCS

1.16
0.67

45

 RCS without HWSE adjustment

 Loglinear without HWSE adjustment

MN brainC47, C70-C72

0.99
0.83

 Fully adjusted loglinear

 Fully adjusted RCS

1.10
1.09

48

 RCS without HWSE adjustment

 Loglinear without HWSE adjustment

MN skinC43-C44, C46.0, C46.9

1.23
2.66

 Fully adjusted loglinear

 Fully adjusted RCS

0.71
0.71

37

 RCS without HWSE adjustment

 Loglinear without HWSE adjustment

MN bladderC67-C68

1.03
1.16

 Fully adjusted loglinear

 Fully adjusted RCS

HR @
8700 days
1.23

Cases

Exposed-days (all)
referent 2500 days

 RCS without HWSE adjustment

Underlying causeICD-10 codes
Cox model*

Table 3

0.11

0.06

0.06

0.93

0.56

0.95

0.92

0.02

0.02

0.59

0.96

0.14

0.99

0.58

0.63

P value†

180

1050

64

65

31

39

26

Cases

0.94

1.02

0.85

1.06

1.01

0.87

0.72 to 1.20

0.76 to 1.38

0.67 to 1.07

0.93 to 1.21

0.91 to 1.13

0.77 to 0.98

0.78 to 0.96

1.06 to 3.48

1.89
0.87

0.77 to 1.67

0.90 to 2.43

0.74 to 1.52

0.45 to 1.29

0.47 to 1.12

0.45 to 1.11

0.47 to 1.01

0.50 to 2.38

0.53 to 1.76

0.55 to 2.14

0.58 to 1.69

0.52 to 2.00

0.54 to 1.54

0.56 to 1.84

0.58 to 1.51

0.61 to 1.96

0.59 to 1.46

0.69 to 1.94

95% CI

1.15

1.46

1.07

0.76

0.74

0.71

0.70

1.07

0.99

1.07

1.01

1.01

0.94

1.00

0.96

NR

NR

NR

NR

1.08

0.94

1.15

HR @
8800 runs

Fire-runs (CFD, PFD)
referent 2100 runs

0.03

0.23

0.84

0.02

0.05

0.85

0.90

0.76

0.78

0.72

0.78

0.43

0.43

P value†

119

739

41

40

17

25

20

Cases

1.00

1.00

0.87

1.18

1.01

0.97

0.86

1.74

1.17

1.41

1.07

0.83

0.64

0.79

0.61

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

1.56

1.15

1.55

HR @
2300 hours

Fire-hours (CFD)
Referent 600 hours
95% CI

0.69 to 1.42

0.66 to 1.52

0.62 to 1.20

0.97 to 1.44

0.86 to 1.18

0.82 to 1.16

0.75 to 0.99

0.78 to 4.15

0.65 to 2.05

0.71 to 2.97

0.63 to 1.77

0.38 to 1.93

0.34 to 1.17

0.39 to 1.68

0.35 to 1.04

0.72 to 3.58

0.63 to 2.08

0.78 to 3.22

P alue†

continued

0.27

0.006

0.01

0.15

0.23

0.29

0.24

0.22

0.32
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0.16
0.78 to 2.84
1.48
0.93
0.67 to 1.58
1.03

0.72 to 1.48
1.04

1.18 to 5.13
2.39
 Fully adjusted RCS

0.14
1.02 to 3.70
1.90
 Fully adjusted loglinear

Findings in bold font are statistically significant with a 95% confidence interval that excludes 1.0.
*All models were adjusted by age (time scale) and race, birthdate (within 5 years) and fire department by matching; results for mesothelioma and multiple myeloma are not reported because there was less than 30 observed cases.
†P based on LRT comparing the RCS and loglinear models to assess for non-linearity.
CFD, Chicago Fire Department; COPD, chronic obstructive pulmonary disease; HR, hazard ratio; HWSE, healthy worker survivor effect; ICD, International Classification of Diseases; LRT, likelihood ratio test; MN, malignancy; NHL, non-Hodgkin's
lymphoma; NR, not calculated because there are less than 30 observed cases; PFD, Philadelphia Fire Department; RCS, restricted cubic spline.

0.34
0.68 to 1.91
1.15

0.63 to 1.93

0.60 to 1.49
0.95

1.10
0.42
0.52 to 1.10

0.58 to 1.12
0.82
0.63 to 1.50

0.62 to 1.54

0.96

0.96

 Loglinear without HWSE adjustment

 Fully adjusted RCS

Cirrhosis and other chronic liver diseaseK70, K73-K74, K76.0

148

0.88 to 2.50
1.46

 RCS without HWSE adjustment

0.79 to 1.67
1.14
 Fully adjusted loglinear

0.15

0.98

128

0.76

0.22
0.88 to 1.60
1.19

0.84 to 1.31
1.05

0.72 to 1.08
0.88

0.52
0.60 to 1.18

0.60 to 1.02

0.83

0.78
 Loglinear without HWSE adjustment

COPDJ40-J44

 Fully adjusted RCS

213
 RCS without HWSE adjustment

1.62

0.96 to 2.88

0.09

186

0.91

0.86 to 1.70
1.21

0.71 to 1.18

0.67

0.02

130

83

1.13 to 2.82
1.76

0.004

0.006
0.82 to 1.56
1.14

0.92 to 2.07

0.71 to 1.26
0.95

1.37

0.18

P alue†
95% CI

0.76 to 1.95
1.21

HR @
2300 hours
Cases
Underlying causeICD-10 codes
Cox model*

Cases

HR @
8700 days

95% CI

P value†

Cases

HR @
8800 runs

95% CI

P value†

Fire-hours (CFD)
Referent 600 hours
Fire-runs (CFD, PFD)
referent 2100 runs
Exposed-days (all)
referent 2500 days

continued
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most other studies or meta-analyses,15 24 25 but excess lung cancer
incidence, especially adenocarcinoma, was evident among older,
but not younger, Nordic firefighters.13 Exposure-response analyses revealed statistically significant positive associations of
lung cancer regardless of the exposure surrogate. In contrast,
the previous study reported an association of lung cancer with
cumulative fire-hours only without HWSE adjustment.5 Negative
confounding by employment duration was evident in all models
of lung cancer and strongest in the model using exposed-days.
As in the previous study, a modest positive association of
runs was observed.
leukaemia mortality with cumulative fire-
Leukaemia mortality was mildly elevated (SMR=1.11), but
not statistically significant. Leukaemia risk was not significantly
analyses or in recent large cohort
elevated in previous meta-
studies.2 3 6 7 13 15 25
There was little evidence an exposure-response in other cancer
outcomes, although several had SMRs indicating modest excess
risk. In addition to low statistical power to observe weak effects,
response evidence
possible explanations for lacking exposure-
when SMRs are elevated include: exposure misclassification
from crudely defined indirect exposure measures, selection bias
from differences between the cohort and general population and
incomplete confounding control (eg, HWSEs).
Some positive findings were restricted to older workers or
for exposures prior to 1970. Stomach cancer was significantly
elevated among older, but not younger, firefighters. Oesophageal cancer, which was elevated in the full cohort, was positively
associated with fire-runs prior to 1970 only. Stomach cancer
was elevated in an early meta-analysis,25 but not in a later meta-
analysis or recent large cohort studies.2 3 6 7 13 15 Oesophageal
cancer was not elevated in meta-analyses or recent large cohort
studies.2 3 6 7 13 15 25
Heart and respiratory diseases are also of concern to the fire
service. Fire smoke contains many substances that may be toxic
to the airways. Substantial inhalational exposure can occur
during fire response activities where respiratory protection
may not be worn.26 Acute airway inflammation has been documented.27 However, it remains unclear whether urban career
firefighters without exposure to a non-routine disastrous event
have an accelerated decline in pulmonary function.28 In our
study, COPD mortality was significantly associated with cumulative fire-hours, after adjusting for employment duration. The
lower than expected COPD mortality based on general population mortality rates is consistent with the healthy worker hire
effect and/or a lower smoking prevalence among the cohort.
Sudden cardiac deaths are the most common cause of on-duty
deaths among US firefighters, accounting for 48% of such deaths
in 2017.29 A higher risk of these deaths has been observed during
fire suppression and other high-risk duties compared with low-
risk duties.30 31 This risk may be related to cardiovascular strain
from strenuous physical exertion, heat stress and dehydration,
stress-induced activation of the sympathetic nervous system and
exposure to fire smoke.32 Firefighters may also have an increased
cardiovascular disease risk after employment ends. In our study,
the risk of IHD mortality was at expectation based on general
population mortality rates. However, IHD mortality is usually
less than expected in occupational cohorts due to the healthy
worker hire effect. In analyses adjusting for employment duration, IHD mortality increased with the cumulative amount of
time spent at a fire, although not significantly. These findings
are suggestive of an increased IHD mortality risk associated with
work at fires. Similarly, the risk of angina pectoris, acute myocardial infarction and chronic IHD was elevated among Danish
firefighters compared with other workers, but not during active
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employment as a firefighter.33 The risk of angina pectoris and
acute myocardial infarction was also elevated among Korean
firefighters compared with other workers.34 In addition, IHD
mortality was associated with the number of incidents among
volunteer Australian firefighters. However, these volunteer firefighters may have had different exposures than structural firefighters because they respond to more bushfires and tended to
not wear respiratory protection.6
Loglinear models of leukaemia with fire-runs and COPD and
IHD with fire-hours did not fit the data well due to attenuation
of risk at high exposures. Attenuation of the exposure-response
at high exposures is common in occupational studies and may
result from the HWSE, depletion of the susceptible population,
exposure misclassification, other risk factors that vary by exposure and biological saturation.35 Despite adjustment for employment duration, residual bias from the HWSE is possible in this
update.
Nonetheless, a strength of this update is the assessment of
exposure-response relations accounting for the HWSE. Negative confounding by employment duration obscured positive
exposure-response relations for several outcomes in unadjusted
models. The appropriate method to account for the HWSE
depends on the association between: (1) prior exposure and
employment status, (2) employment status and subsequent
exposure and (3) employment status and survival.36 In this
update, cumulative fire-runs and fire-hours were not associated
with leaving employment (data not shown); therefore, standard
regression analyses adjusting for employment duration appeared
appropriate for controlling HWSE. Other strengths of this study
include the large cohort size and the long follow-up time.
Limitations include relatively few women and non-white firefighters under observation and the lack of information on potential confounders such as smoking and alcohol use. In addition,
mortality is not a sensitive outcome measure for cancers with
relatively good survival rates such as cancers of the prostate,
testes and breast.
If a bias from smoking exists, the direction is unclear. Changes
in the fire service culture as well as smoking-related policies and
regulations have led to a substantial decline in smoking among
firefighters,37 and recent data suggest firefighters are less likely
to smoke than the general population.38 However, other data
indicate that firefighters may have been more likely to smoke
than the general population in earlier years.39 In addition,
mortality from most smoking-related cancers was elevated in
the cohort compared with the general population, but mortality
from COPD, which is strongly associated with smoking,40 was
not elevated. As in the original study, the inconsistencies in the
findings for smoking-
related outcomes suggest that a strong
bias from smoking is unlikely. Nonetheless, SMRs for smoking-
related outcomes (eg, lung cancer, COPD) by department suggest
that there may be differences by department in smoking, with
San Francisco firefighters smoking less. However, the heterogeneity in SMRs by department could also be due to differences
in exposure or work practices. Research evaluating differences
that explain this heterogeneity might provide insight into effective methods for exposure reduction. Inconsistencies were also
observed for alcohol-
related outcomes. Excess mortality was
observed for cirrhosis and alcohol-related cancers, but mortality
from alcoholism remained significantly less than expected.

Conclusion

In conclusion, this update confirms previous findings of excess
mortality from all cancers and several site-specific cancers as
92

well as positive exposure-response relations for lung cancer and
leukaemia. New findings include excess NHL mortality and an
increase in COPD mortality with increasing fire-hours. A suggestive association of IHD mortality with cumulative fire-hours was
also observed.
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