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Abstract

Background: Night shift work may acutely disrupt the circadian rhythm, with possible

carcinogenic effects. Prostate cancer has few established risk factors though night shift

work, a probable human carcinogen, may increase the risk. We aimed to study the asso-

ciation between night shift work and chlorinated degreasing agents (CDAs) as possible

endocrine disrupters in relation to aggressive prostate cancer as verified malignancies.

Methods: We conducted a case-cohort study on 299 aggressive prostate cancer cases

and 2056 randomly drawn non-cases in the Norwegian Offshore Petroleum Workers co-

hort (1965–98) with linkage to the Cancer Registry of Norway (1953–2019). Work history

was recorded as years with day, night, and rollover (rotating) shift work, and CDA expo-

sure was assessed with expert-made job-exposure matrices. Weighted Cox regression

was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for aggres-

sive prostate cancer, adjusted for education and year of first employment, stratified by

10-year birth cohorts, and with 10, 15, and 20 years of exposure lag periods.

Results: Compared with day work only, an increased hazard of aggressive prostate cancer

(HR¼1.86, 95% CI 1.18–2.91; P-trend¼0.046) was found in workers exposed to �19.5 years

of rollover shift work. This persisted with longer lag periods (HR¼ 1.90, 95% CI 0.92–3.95; P-
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trend¼0.007). The exposure-hazard curve for a non-linear model increased linearly (HRs�1.00)

for 18–26years of rollover shift work. No association was found with CDA exposure.

Conclusions: Long-term exposure to rollover shift work may increase the hazard of ag-

gressive prostate cancer in offshore petroleum workers.

Key words: Night shift work, prostate cancer, case-cohort, cancer incidence, offshore workers, petroleum

industry

Introduction

Prostate cancer has few established risk factors apart from

advanced age, family history of prostate cancer and genetic

susceptibility.1 There is limited evidence for other expo-

sures like smoking, body mass index (BMI), dietary intakes

and chemical agents such as certain organophosphate

insecticides2 and chlorinated hydrocarbons with potential

endocrine disrupting properties.3–5 Prostate cancer inci-

dence is three times higher in developed than in developing

countries,1 and despite differences in life expectancy and

diagnostic practices, occupational or environmental expo-

sures may still constitute risk factors. This includes night

shift work, which can cause circadian rhythm disruptions,

sleep deprivation, increased stress, vitamin D deficiency

and prolonged exposure to artificial light sources at night.6

The International Agency for Research on Cancer

(IARC) recently reconfirmed its classification of night shift

work as a probable human carcinogen (group 2A), with

limited positive evidence for prostate cancer.6 Individual

studies7–13 as well as systematic reviews and meta-analy-

ses14,15 have shown inconsistent results, although positive

associations have been found for aggressive prostate cancer

and longer durations of night shift work exposure.10,11 A

positive association with prostate cancer has also been

found in relation to rotating shift work (day and night shift

rotation).16,17 However, no meta-analysis has differenti-

ated between the risk of total and aggressive prostate can-

cer in relation to night shift work. Heterogeneity in the

observational evidence may stem from differential expo-

sure classifications and a lack of differentiation between

aggressive and non-aggressive (indolent) prostate cancer.

Aggressive prostate cancer cases have increased validity

through reduced sensitivity to variations in diagnostic

practices (i.e. the prostate-specific antigen test)18,19 and its

definition has been suggested for aetiological studies.19

The Norwegian Offshore Petroleum Workers (NOPW)

cohort contains detailed work histories for over 25 000

male offshore workers employed on the Norwegian conti-

nental shelf during 1965–98. An excess risk of total pros-

tate cancer was found in the NOPW cohort, compared

with the general population,20 but to our knowledge, this

is the first study to prospectively investigate the association

between the night shift work patterns of offshore petro-

leum workers and the hazard of aggressive prostate cancer.

We conducted a case-cohort study within the NOPW co-

hort, examining this association. To assess the impact of

delayed effects of exposure, we conducted lagged

exposure-effect analyses and examined the exposure-

hazard curve by applying a non-linear model. Finally, to

address potential chemical co-exposures, we examined if

the hazard was associated with exposure to chlorinated

degreasing agents (CDA), as potential endocrine

disrupters.

Methods

Study population and study design

The NOPW cohort was established by the Cancer Registry

of Norway (CRN) in 1998 for prospective follow-up of

cancer incidence.20 The cohort (n¼27 917) comprises

male (n¼ 25 347) and female (n¼ 2570) workers with cur-

rent or former employment (minimum 20 days) in the

Key Messages

• Exposure to night shift work, and particularly long-term exposure to rollover shift work (day and night shift rotation)

was associated with an increased hazard of aggressive prostate cancer in offshore petroleum workers.

• Exposure to chlorinated degreasing agents, as endocrine disrupting agents, was not associated with aggressive

prostate cancer hazard.

• Our data support that long-term rotating shift work should be considered when evaluating night shift work as a risk

factor for prostate cancer.
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offshore petroleum industry on the Norwegian continental

shelf during 1965–98, who completed a questionnaire.20

The final cohort has an estimated participation rate of

69%, and includes 25 347 male workers with information

on work history as well as sociodemographic and lifestyle

factors relevant to cancer.20

Workers reported up to eight offshore employments (27

categories) within the petroleum industry in 1965–98 (less

than 2% reported eight jobs).20 Employments one and

eight were recorded electronically, information regarding

employments two to seven was not. Because of this a strati-

fied case-cohort design was chosen, which required manual

extraction of work history data for a random sample of the

cohort (i.e. subcohort) and all aggressive prostate cancer

cases.21

Cancer cases

The NOPW cohort was linked to the CRN and the

National Population Registry for information on cancer di-

agnoses, death and emigration from the start of the regis-

tries to 31 December 2019, through unique personal

identification numbers assigned to residents in Norway

since 1960. The CRN collects data from pathology labora-

tories, physicians, the Norwegian Patient Register and the

Cause of Death Registry, providing a high degree of com-

pleteness and validity,22 with 92.7% and 95.1% of all

prostate cancer cases morphologically verified in 2000–05

and 2016–2020, respectively.23,24

For the period 1 July 1999 to 31 December 2003, ag-

gressive prostate cancer cases were defined as any worker

diagnosed with prostate cancer (International

Classification of Disease 10th revision: C61) with any re-

gional or distant lymph node or organ metastasis. From 1

January 2004 to 31 December 2019, the diagnostic criteria

for aggressive prostate cancer were a primary tumour (T)

category¼4 or regional lymph node (N) category¼ 1 or

distant metastasis (M) category¼ 1 or a Gleason score �8,

as the Norwegian Prostate Cancer Registry (a clinical regis-

try nested within the CRN) was established.19 Any other

prostate cancer diagnosis was classified as non-aggressive.

Study sample

Using stratified random sampling by 5-year birth cohorts,

a random subcohort (n¼ 2268) was drawn from the

25 347 male NOPW cohort members. From the aggressive

prostate cancer cases (n¼ 310) and subcohort (n¼ 2268)

we excluded workers based on the following criteria:

(i) offshore employment before 1965; (ii) <15 years at first

employment; (iii) >67 years at first employment; (iv) death

or emigration prior to start of follow-up; (v) missing work

history; and (vi) any cancer diagnosis prior to start of

follow-up. Aggressive prostate cancer cases randomly

drawn to the subcohort were reassigned to cases according

to the method (Estimator II) described by Borgan et al.21

This resulted in a final study sample of 2355 workers, con-

sisting of 299 aggressive prostate cancer cases and 2056

non-cases (Figure 1). Person-time was generated for cases

and non-cases from the start of follow-up (1 July 1999) to

the date of the first prostate cancer diagnosis (aggressive or

non-aggressive), emigration, death or end of follow-up (31

December 2019), whichever occurred first.

Exposure assessment

Work schedule

Each employment period consists of standard work tours

lasting 14 days, with 12-hour shifts. The work schedule for

each employment period was categorized as either day

work (14 days of day work each work tour, 07:00–19:00),

night shift work (14 night shifts each work tour, 19:00–

07:00) or rollover shift work (7 days of day work and 7

days of night shifts, or vice versa, each work tour).25

Overlapping employment records were harmonized by col-

lapsing jobs of the same category and by splitting jobs of

different categories into equal periods, according to a pre-

vious method.26

Work schedules were categorized as day work only

(only day work employment periods), night shift work

only (only night shift work employment periods), rollover

shift work only (only rollover shift work employment peri-

ods), and mixed work (any combination of employment

periods with day, night shift or rollover shift work sched-

ules). Day work, night shift work and rollover shift work

exposure was calculated by summing the duration (in

years) of day work, night shift or rollover shift work for

each worker, respectively. Total employment duration was

categorized as quartiles (based on all cases and non-cases)

and rollover shift work duration was categorized into five

categories: non-exposed and quartiles among exposed. To

capture the tail of the distribution, the upper quartile was

divided by its median (six categories in total).

Assessment of exposure to chlorinated degreasers

In 2005, industrial hygienists with expertise on the off-

shore industry developed job-exposure matrices (JEMs) to

measure exposure to agents and situations with known or

suspected carcinogenicity for the present cohort.27,28 The

CDA JEM (i.e. tri- and tetrachloroethylene) was

probability-based due to a lack of quantitative exposure

data. CDA exposure ratings were defined as likelihoods of

exposure (unlikely¼ 0, possible¼ 1, probable¼2 and

probable highest relative ranking¼ 3) by each combination
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of 27 job categories and time periods (1970–79, 1980–89

and 1990–99). Ratings were based on summary docu-

ments, including descriptions of exposure sources, sam-

pling data and job-specific work processes.27 For our

study, the CDA JEM ratings were linked to work histories

and exposure duration was defined as years of exposure to

CDA (exposure likelihood 1–3). For cumulative CDA ex-

posure, JEM ratings were multiplied by duration (in years)

for each employment period and summarized for each

worker from the start of employment until 31 December

1998. Both CDA exposure duration and cumulative expo-

sure metrics were categorized into three categories: non-

exposed and by the median among exposed.

Other variables

Education was recorded as compulsory, vocational, upper

secondary and university/college. Year of first employment

was recorded as the year of first employment in the off-

shore petroleum sector. BMI (kg/m2) was calculated based

on self-reported height (cm) and weight (kg). Smoking sta-

tus in 1998 was defined as never, current or former. Type

of company was defined as operating or contractor.

Data analysis

Cox regression, stratified by 10-year birth cohorts and

with age as the time scale, was used to estimate hazard ra-

tios (HRs) and 95% confidence intervals (CIs) for the night

shift work and CDA-prostate cancer associations.21

Aggressive prostate cancer cases were weighted 1 and

non-cases were weighted based on the inverse sampling

fraction in 5-year birth cohort strata. In the analysis of roll-

over shift work duration, we also excluded 60 workers

with only night shift work or with a combination of only

day work and night shift work employment periods, ensur-

ing that the reference category (0 years of rollover shift

work) only consisted of workers with day work exposure

only. Restricted cubic splines (RCS) with five knots (0.58,

3.82, 8.99, 14.98 and 21.5 years), based on 0.05, 0.275,

0.5, 0.725, 0.95 percentiles, were incorporated to assess

the form of the rollover shift work-prostate cancer associa-

tion. Lagged analyses were also conducted, modelling roll-

over shift work duration as a time-dependent variable,

discounting exposure 10, 15 or 20 years prior to diagnosis/

end of follow-up.29

The choice of covariates was based upon estimating the

total effect in directed acyclic graphs, drawn to model the

relationship between night shift work and CDA exposure

among offshore petroleum workers, and aggressive pros-

tate cancer hazard (Supplementary Figures S1 and S2,

available as Supplementary data at IJE online). We ad-

justed for year of first employment, incorporating RCS

with five knots (1972, 1977, 1979, 1984, 1992), and edu-

cation. We also included BMI, smoking status and com-

pany type as additional covariates for interaction analyses.

A Wald test was used to test for interactions

between rollover shift work exposure and year of first em-

ployment (continuous; indicating increased use of closed

Figure 1 Overview of study design and study sample. PCa, prostate cancer. NOPW, Norwegian Offshore Petroleum Worker
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systems, technical improvements and personal protective

equipment),30 BMI (continuous), smoking status and com-

pany type. Stratified analyses were performed by education

and year of first employment before and after 1980, fol-

lowing systematic implementations of improved safety

measures (not shown).30 To investigate the effect of BMI

and smoking31 on the rollover shift work-aggressive pros-

tate cancer association, we also adjusted for BMI (continu-

ous) or smoking status (not shown).

Up to 6% of the covariates were missing in the multi-

variable model. Assuming missing at random, multiple im-

putation by chained equations was used to impute 10

datasets, with job category, shift work type, type of plat-

form, education, year of first employment, 5-year birth co-

hort and case status as predictors.32 Each dataset was

analysed with the respective model and the results pooled

into a final point estimate and standard error using

Rubin’s rule.33 Results are reported with and without im-

puted data.

The statistical software package R (version 3.6.1) was

used to conduct all statistical analyses.34

Results

Median age at start of follow-up was 52 for cases and 54

for non-cases (Table 1), and median age at aggressive pros-

tate cancer diagnosis was 67. The most frequent main oc-

cupational activity in last position was maintenance/

inspection/deck construction for both cases (48%) and

non-cases (51%). Compared with non-cases, the median

rollover shift work duration in cases was 1.2 years (12%)

higher, whereas median day work duration was 2 years

(20%) lower. When stratified by work schedule, the pro-

portion of workers with a vocational education was 9%

lower and a university/college education was 13% higher

among day shift workers only, compared with rollover

shift workers only (Supplementary Table S1, available as

Supplementary data at IJE online).

Results from the complete study sample (without miss-

ing) and multiple imputation analyses were similar and

estimates from the multiple imputation are reported here.

Compared with day work only, an increased hazard was

suggested for ever exposure to night and/or rollover shift

work (HR¼ 1.26, 95% CI 0.99–1.61), and rollover shift

work only (HR¼ 1.27, 95% CI 0.97–1.66). An additional

analysis of work schedule categories, with mixed workers

divided into mostly day work, mostly night shift work and

mostly rollover shift work, were in line with the main

analysis (Supplementary Table S3, available as

Supplementary data at IJE online). Increased hazard of ag-

gressive prostate cancer was found in workers exposed to

�19.5 years of rollover shift work, compared with day

work only (HR¼ 1.86, 95% CI 1.18–2.91; P-

trend¼ 0.046) (Table 2). Using RCS, the exposure-hazard

curve increased linearly with 95% CIs �1.00 for 18–

26 years of rollover shift work (Figure 2). No association

with aggressive prostate cancer hazard was found for total

employment duration (not shown).

Compared with day work only, increased hazard was

also found for workers exposed to �19.5 years of rollover

shift work with lag periods of 10 (HR¼ 1.92, 95% CI

1.21–3.05; P-trend¼ 0.046), 15 (HR¼ 1.92, 95% CI

1.15–3.21; P-trend¼ 0.015), and 20 years (HR¼ 1.90,

95% CI 0.92–3.95; P-trend¼ 0.007) (Table 3). No interac-

tions were found between rollover shift work and year of

first employment (P-interaction¼ 0.250), BMI (P-inter-

action¼0.370), smoking status (P-interaction¼0.380) or

type of company (P-interaction¼ 0.150) in relation to ag-

gressive prostate cancer. Additionally, no interaction was

found between work schedule category and cumulative

CDA exposure (not shown). Adjusting for smoking status

or BMI did not alter the rollover shift work-prostate cancer

association. Additionally, we found no association be-

tween duration or cumulative exposure of CDA and ag-

gressive prostate cancer (Supplementary Table S2,

available as Supplementary data at IJE online).

Discussion

In this prospective case-cohort analysis of offshore workers

in the NOPW cohort, results indicated an increased hazard

of aggressive prostate cancer in workers ever exposed to

night shift work and to rollover shift work only, compared

with day work only. The hazard increased with increasing

years of rollover shift work compared with day work only,

and persisted with 10-, 15-, and 20-year periods of lag

time. The exposure-hazard curve of the non-linear model

further illustrated a hazard increase and a linear associa-

tion for most of the exposure range.

The work schedules of offshore petroleum workers

make the NOPW cohort an interesting setting in which to

study night shift work and cancer associations. Our results

are in line with recent systematic reviews and meta-

analyses on night shift work and prostate cancer for longer

durations of night shift work17,35 and rotating shift

work.16,17 However, this stands in contrast with the most

recent systematic reviews and meta-analyses, in which no

associations were found between night shift work and

prostate cancer.14,15 Based on autopsy findings, prostate

cancers may have latency times of up to 15–20 years, the

estimated time period from the first malignant transforma-

tion of cells to clinical diagnosis.36 The effect estimates in

our analysis indicated that the hazard of aggressive pros-

tate cancer is not affected by 10, 15 and 20 years of

International Journal of Epidemiology, 2022, Vol. 00, No. 00 5

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/advance-article/doi/10.1093/ije/dyac235/6957061 by U

niversity of O
slo including H

ospital C
onsortium

 user on 10 January 2023

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac235#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac235#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac235#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac235#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac235#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac235#supplementary-data


Table 1 Characteristics of the study sample (n¼ 2355) in the Norwegian Offshore Petroleum Workers Cohort

Variablesa Cases (n¼299) Non-cases (n¼2056)

Age at start of follow-up (years), median (range) 52 (32–73) 54 (20–80)

10-year birth cohort, n (%)

1915–24 0 (0.0) 25 (1.2)

1925–34 (NA) 325 (15.8)

1935–44 99 (33.1) 748 (36.4)

1945–54 143 (47.8) 676 (32.9)

1955–64 37 (12.4) 236 (11.5)

1965–79 <5 (NA) 46 (2.2)

Education, n (%)

Compulsory 44 (14.7) 327 (15.9)

Vocational 144 (48.2) 1046 (50.9)

Upper secondary 51 (17.0) 278 (13.5)

University/college 57 (19.1) 387 (18.8)

Missing 3 (1.00) 18 (0.9)

Anthropometric factors

Height (cm), median (range)b 180 (160–199) 179 (156–200)

Weight (kg), median (range)b 82 (54–130) 82 (48–184)

BMI (kg/m2) n (%), median (range)b 25.8 (18–36) 25.6 (13.7–60.8)

Work history

Year of first employment (years), median (range) 1980 (1965, 1997) 1979 (1965, 1998)

Year of first employment, n (%)

1965–74 36 (12.0) 293 (14.3)

1975–84 185 (61.9) 1220 (59.3)

1985–94 72 (24.1) 472 (22.9)

1995–98 6 (2.0) 70 (3.4)

Missing 0 (0.0) 1 (0.1)

Main occupational activity in last position, n (%)

Production and process 26 (8.7) 184 (8.9)

Drilling and well maintenance 27 (9.0) 175 (8.5)

Maintenance/inspection/deck construction 143 (47.8) 1055 (51.3)

Catering/office/administration 51 (17.1) 293 (14.3)

Miscellaneous 50 (16.7) 324 (15.8)

Missing 2 (0.7) 25 (1.2)

Total employment duration (years), median (range) 12.3 (0.09–30.9) 12.2 (0.09–33.5)

Total employment duration (years) in quartiles, n (%)b

<6 years 77 (25.8) 530 (25.8)

6–<12 years 70 (23.4) 488 (23.7)

12–<18 years 74 (24.7) 511 (24.9)

�18 years 78 (26.1) 526 (25.6)

Work schedule, n (%)b

Day work only 112 (37.5) 857 (41.7)

Night work only <5 (NA) 32 (1.6)

Rollover work only 112 (37.5) 745 (36.2)

Mixed work <100 (NA) 320 (15.6)

Missing 17 (5.6) 102 (4.9)

Duration by work schedulec

Day work (years), median (range) 8.0 (0.09–28.5) 10.0 (0.08–32.5)

Night work (years), median (range) 2.0 (0.2–8.0) 4.2 (0.08–23.2)

Rollover shift (years), median (range) 10 (0.3–30.9) 8.8 (0.04–33.5)

Rollover shift work duration (years), n (%)d,e

0 118 (39.5) 912 (44.4)

>0–<3 38 (12.7) 267 (13.0)

3–<9 39 (13.0) 275 (13.4)

(Continued)
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Table 1 Continued

Variablesa Cases (n¼299) Non-cases (n¼2056)

9–<16 39 (13.0) 266 (12.9)

16–<19.5 20 (6.7) 118 (5.7)

>19.5 28 (9.4) 116 (5.6)

Missing work schedule 17 (5.7) 102 (5.0)

Duration (years) of chlorinated degreaser exposure, n (%)

0 49 (16.4) 325 (15.8)

<Median 123 (41.1) 881 (42.9)

�Median 127 (42.5) 850 (41.3)

Cumulative chlorinated degreaser exposure, n (%)f

0 49 (16.4) 325 (15.8)

<Median 121 (40.5) 869 (42.3)

�Median 129 (43.1) 862 (41.9)

BMI, body mass index; NA, not available.
aAll numbers up to five are listed as <5 due to European Union (EU) General Data Protection Regulations (GDPR), unless this only concerns missing. If only

one cell per variable lists a number <5, the next smallest number is listed as <25, <50 or <100.
b

Missing: Height (n¼ 35); weight (n¼ 38); body mass index (BMI) (n¼ 41); employment duration (n ¼ 1); work schedule (n¼ 119).
cWorkers with completely missing information on day, night and rollover shift work (n¼119) were excluded when calculating the median.
dCategorized into non-exposed (0) and quartiles among exposed. To capture the tail of the distribution, the upper quartile was divided into two by its median.
eAny workers with rollover shift work were included in the exposure categories.
fCumulative exposure: job-exposure matrix (JEM) rating multiplied by duration (in years) for each employment period and summarized for each individual

from the start of employment until 31 December 1998.

Table 2 Hazard ratios (HR) and 95% confidence intervals (95% CI) of aggressive prostate cancer in the Norwegian Offshore

Petroleum Workers cohort

Complete study sample (n 5 2219)a Multiple imputation (n 5 2355)a

Work schedule variableb No. cases/non-cases HR (95% CI)f HR (95% CI)f

Ever exposurec,d,e

Day shifts only 112/853 1.00 (reference) 1.00 (reference)

Ever night/rollover shift work 168/1086 1.23 (0.95–1.61) 1.26 (0.99–1.61)

Work schedule exposure categoryc,d,e

Day work only 112/853 1.00 (reference) 1.00 (reference)

Night shift work only <5/32 1.19 (0.40–3.50) 1.50 (0.61–3.72)

Rollover shift work only 111/736 1.26 (0.94–1.69) 1.27 (0.97–1.66)

Mixed work <100/318 1.18 (0.82–1.69) 1.23 (0.90–1.69)

Rollover shift work duration (years)a,c,d,e,g

0 112/853 1.00 (reference) 1.00 (reference)

>0–<3 38/261 1.24 (0.83–1.85) 1.27 (0.88–1.83)

3–<9 39/273 1.15 (0.78–1.72) 1.19 (0.84–1.70)

9–<16 39/264 1.15 (0.76–1.75) 1.15 (0.80–1.67)

16–<19.5 19/117 1.18 (0.68–2.03) 1.22 (0.74–2.00)

19.5–33.5 28/116 1.90 (1.15–3.13) 1.86 (1.18–2.91)

P-trendh 0.064 0.046

aAn additional n¼ 60 workers without pure day work (the number varied for imputed data) were excluded to ensure the reference category (0 years) contained

workers with day work only.
bAll numbers up to five are listed as <5 due to European Union (EU) General Data Protection Regulations (GDPR), unless this only concerns missing. If only

one cell per variable lists a number <5, the next smallest number is listed as <25, <50 or <100.
cAdjusted for year of first employment and education, and stratified by 10-year birth cohorts.
dComplete work history i.e. up to eight employments as an offshore worker.
eMissing: ever exposure (n¼ 119), work schedule exposure category (n¼ 119), rollover shift work duration (n¼ 119), year of first employment (n¼ 1), educa-

tion (n¼ 21).
fCox regression adapted to a case cohort design with age as the time scale.
gCategorized into non-exposed (0) and quartiles among exposed. To capture the tail of the distribution, the upper quartile was divided into two by its median.
hModelled as a continuous variable to test for linear trend.
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exposure lag time. This supports a latency time of up to

20 years for more aggressive, high-risk forms of prostate

cancer, which was previously considered uncertain.36

Few studies make distinctions between aggressive and

non-aggressive prostate cancer,7,10,11,13 however, our

results are in line with two case-control studies that found

an association between night shift work and aggressive

forms of prostate cancer.10,11 Another recent case-control

study, however, found that whereas night shift work in-

creased prostate cancer risk, disease aggressiveness did not

modify the association with night shift work.13

There are several biological mechanisms through which

the association between rollover shift work and aggressive

prostate cancer in our study may be explained. The hor-

mone melatonin is an important regulator and biomarker

of circadian rhythm and has several anti-tumorigenic

effects.37 The increased hazard of aggressive prostate can-

cer among rollover shift workers found in our study aligns

with the possible mechanistic role of melatonin on human

prostate cancer cells38 and is consistent with findings that

melatonin is suppressed in humans with irregular sleep

patterns.39,40

Studies have found a higher risk of prostate cancer for

rotating shift work than for night shift work only.13,16 It is

hypothesized that workers may have less time to adapt to a

rotating shift work schedule and thus experience more cir-

cadian disruption, compared with night shift work

only.13,16 Compared with day work, day/night rotating

shift work among offshore petroleum workers is associated

with sleep problems and gastric problems.41 Moreover, cir-

cadian disruption has been linked to several other onco-

genic changes with long-term implications, including

increased oxidative stress,42 epigenetic changes,43 telomere

shortening44 and chronic inflammation.45 This may be

compounded further during work tours by the rollover

shift work pattern among workers on Norwegian offshore

installations.25

Suppression of melatonin has also been linked to irregu-

lar production of sex hormones, which may lead to the de-

velopment of hormone-sensitive cancers such as breast and

prostate cancer.37,46 We estimated the association between

cumulative exposure and duration of exposure to CDA to

investigate the possible impact of endocrine disrupting

agents,4,5,47 though no association was found in the pre-

sent study.

According to the IARC, there is sufficient mechanistic

evidence from experimental systems to show that altera-

tions in the light-dark schedule promote carcinogenic

effects.6 An important consideration highlighted in their

evaluation of the observational evidence was the varying

Figure 2 Exposure-risk curve for a non-linear model of rollover shift work exposure, generated using restricted cubic splines with five knots (0.58,

3.82, 8.99, 14.98 and 21.5 years)
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definitions of night shift work. Some studies define night

shift work as including night shift work only or rotating

shift work, or both. Despite being subject to specific na-

tional and occupational regulations, the strengths of our

study include the analysis of all types of shift work, al-

though the abundance of rollover shift workers excluded

an analysis of night shift work only.

Important strengths of our study also include a prospec-

tive case-cohort design, JEMs developed specifically for the

NOPW cohort by experts in industrial hygiene, and linkage

to the nationwide CRN, giving complete and high-quality

cancer information. Moreover, linkage to the National

Population Registry ensured control of loss to follow-up.

Most studies of night shift work exposure are based on

industry-specific occupational cohorts and occupations such

as airline staff, nurses and oil rig workers. Such workers

may be subject to regular health checks and thereby in-

creased diagnostic intensity. However, our focus on aggres-

sive prostate cancer mitigated the potential impact of

diagnostic bias. It is also important to note that non-

aggressive prostate cancer may be associated with different

risk factors than aggressive subtypes.7,10,11,13 This makes it

important to differentiate between aggressive and non-

aggressive prostate cancer in studies of aetiology.

Work history information in our study was based on a

prospectively collected self-report questionnaire. The valid-

ity and robustness of self-reported work history is supported

by its correspondence to occupational census data and em-

ployer records.48,49 The probabilistic nature of the CDA

JEM means that CDA exposure was based on likelihood of

Table 3 Hazard ratios (HR) and 95% confidence intervals (95% CI) of aggressive prostate cancer in the Norwegian Offshore

Petroleum Workers cohort

10-year lag Complete study sample (n¼2159)a Multiple imputation (n¼2355)a

Rollover shift work duration (years)b,c,d,e No. of cases Person-years HR (95% CI)f HR (95% CI)f

0 112 16 957.55 1.00 (reference) 1.00 (reference)

>0–<3 38 5304.36 1.23 (0.84–1.78) 1.26 (0.88–1.81)

3–<9 41 5571.12 1.20 (0.83–1.72) 1.23 (0.87–1.74)

9–<16 40 5550.14 1.14 (0.78–1.68) 1.15 (0.80–1.65)

16–<19.5 18 1765.68 1.17 (0.69–1.95) 1.22 (0.74–2.02)

19.5–33.3 26 1477.74 1.97 (1.23–3.14) 1.92 (1.21–3.05)

P–trendg 0.047 0.046

15–year lag

Rollover shift work duration (years)b,c,d,e

0 113 18 138.75 1.00 (reference) 1.00 (reference)

>0–<3 37 5477.71 1.16 (0.80–1.70) 1.20 (0.83–1.73)

3–<9 45 6182.65 1.24 (0.87–1.76) 1.25 (0.89–1.75)

9–<16 38 4810.03 1.05 (0.72–1.55) 1.06 (0.73–1.54)

16–<19.5 22 1149.64 1.72 (1.06–2.78) 1.79 (1.12–2.86)

19.5–33.3 20 867.82 1.97 (1.16–3.34) 1.92 (1.15–3.21)

P–trendg 0.018 0.015

20–year lag

Rollover shift work duration (years)b,c,d,e

0 117 20 410.65 1.00 (reference) 1.00 (reference)

>0–<3 41 5950.03 1.21 (0.84–1.74) 1.18 (0.83–1.69)

3–<9 48 5958.95 1.20 (0.85–1.69) 1.19 (0.86–1.66)

9–<16 46 3397.82 1.34 (0.94–1.93) 1.38 (0.97–1.95)

16–<19.5 15 578.60 1.98 (1.12–3.51) 1.92 (1.09–3.37)

19.5–33.3 9 343.46 1.99 (0.95–4.16) 1.90 (0.92–3.95)

P-trendg 0.009 0.007

aAny workers without pure day work (for complete and multiple imputed data) were excluded to ensure the reference category (0 years) contained workers

with day work only, n varied with lag period as shift type exposure changed among workers.
bAdjusted for year of first employment and education, and stratified by 10-year birth cohorts.
cComplete work history i.e. up to eight employments as an offshore worker.
dMissing: rollover shift work duration (n¼ 119), year of first employment (n¼ 1), education (n¼ 21).
eCategorized into non-exposed (0) and quartiles among exposed. To capture the tail of the distribution, the upper quartile was divided into two by its median.
fCox regression adapted to a case cohort design with age as the time scale.
gModelled as a continuous variable to test for linear trend.
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exposure rather than on quantifiable data sources. This type

of exposure assessment could have led to exposure misclas-

sifications that may have weakened a potential exposure-

response pattern. A major limitation of our study is also the

lack of work history and CDA exposure data in the NOPW

cohort during follow-up. This lack of exposure information

may be a source of misclassification that could have masked

a potential dose-response association.

Conclusion

To our knowledge, this is the first prospective study exam-

ining the association between the night and rotating shift

work patterns of offshore petroleum workers and aggres-

sive prostate cancer hazard. We found that exposure to

rollover shift work was associated with an increased

hazard compared with day work only, and that the

hazard estimates were highest for long-term exposure.

Additionally, we found no association between CDA expo-

sure and aggressive prostate cancer hazard. Our findings

are supported by recent discussions regarding recommen-

dations for fewer consecutive night shifts and longer shift

intervals as measures to reduce cancer risk among shift

workers.50
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