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Introduction: Only a small number of studies have examined the impact of combined 
lifestyle behaviors on cancer incidence, and never in a Norwegian population.
Purpose: To examine linear and nonlinear associations of combined lifestyle factors, 
assessed through a healthy lifestyle index (HLI), with the incidence of postmenopausal 
breast, colorectal, lung, postmenopausal endometrial, postmenopausal ovarian, pancreatic, 
and kidney cancer among women in Norway.
Methods: This prospective study included 96,869 women enrolled in the Norwegian 
Women and Cancer (NOWAC) cohort. Baseline information on lifestyle factors was col-
lected between 1996 and 2004. The HLI was constructed from five lifestyle factors: physical 
activity level, body mass index, smoking, alcohol consumption, and diet. Each factor 
contributed 0 to 4 points to the HLI score, which ranged from 0 to 20, with higher scores 
representing a healthier lifestyle. Multiple imputation was used to handle missing data. Cox 
proportional hazard regression models were used to estimate hazard ratios (HR) and 95% 
confidence intervals (CI). Restricted cubic splines were used to examine nonlinearity in the 
associations.
Results: The HRs for a one-point increment on the HLI score were 0.97 (95% CI: 0.96– 
0.98) for postmenopausal breast cancer, 0.98 (0.96–1.00) for colorectal cancer, 0.86 (0.84– 
0.87) for lung cancer, 0.93 (0.91–0.95) for postmenopausal endometrial cancer, 0.99 (0.96– 
1.02) for postmenopausal ovarian cancer, 0.92 (0.89–0.95) for pancreatic cancer, and 0.94 
(0.91–0.97) for kidney cancer. Nonlinearity was observed for the inverse associations 
between HLI score and the incidence of lung cancer and postmenopausal breast cancer.
Conclusion: Based on our results, healthier lifestyle, as assessed by the HLI score, was 
associated with lower incidence of postmenopausal breast, colorectal, lung, postmenopausal 
endometrial, pancreatic, and kidney cancer among women, although the magnitude and 
linearity varied. Adoption of healthier lifestyle behaviors should be a public health priority 
to reduce the cancer burden among Norwegian women.
Keywords: healthy lifestyle index, cancer prevention, prospective study, composite score

Introduction
Cancer is the second-leading cause of death worldwide,1 with estimated 
19.3 million new cancer cases and 10.0 million cancer deaths in 2020.2 The latest 
corresponding numbers in Norway were 34,190 and 11,049 in 2018.3 Women 
accounted for 46% of the new cases in Norway, where breast cancer remains the 
most common, followed by colorectal cancer and lung cancer.3 According to the 
latest report from the Cancer Registry of Norway, age-standardized incidence rates 
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for most cancers are increasing, as are the number of 
incident cases.3 This trend suggests that the already sub-
stantial cancer burden in Norway will continue to grow, 
placing increasing pressure on the healthcare system in the 
form of screening and treatment.

It has been estimated by the World Health Organization 
that 30% to 50% of all cancer cases are related to modifi-
able factors.4 Lifestyle factors – namely physical inactiv-
ity, overweight and obesity, smoking habits, alcohol 
consumption, and diet – have been repeatedly identified 
as cancer risk factors.5,6 There is substantial evidence that 
a large proportion of cancers can be prevented through the 
adoption of a healthier lifestyle, providing an optimistic 
avenue for decreasing the future cancer burden. While 
early diagnosis and treatment for the most common can-
cers have been improving, they remain a challenge, high-
lighting the importance of preventive strategies.

Epidemiological studies typically aim to isolate the 
relationship between single lifestyle factors and cancer 
risk. While these analyses are critical for identifying 
novel risk factors and the strength of associations in dif-
ferent populations,7–9 they cannot assess the combined 
impact of several healthy or non-healthy behaviors. An 
alternate approach is to assess the effects of 
a combination of lifestyle factors on cancer risk. This 
concept is increasingly being used to explore the cancer- 
preventing benefits of an overall healthy lifestyle. Several 
studies have employed additive exposure scores – either 
based strictly on recommendations from public health 
bodies, or based on a combination of recommendations, 
current scientific knowledge, and sample-specific attri-
butes – referred to as a healthy lifestyle index (HLI). 
These studies have, for the most part, observed linear 
risk decreases with increasing increments in their 
indices.10 To our knowledge, nonlinearity in associations 
between a HLI and cancer incidence has only been 
explored in one study on lymphoma incidence.11

The present study aims to examine the linear and non-
linear associations of combined lifestyle factors, assessed 
through a score on an a priori-defined HLI, with the 
incidence of postmenopausal breast, colorectal, lung, post-
menopausal endometrial, postmenopausal ovarian, pan-
creatic, and kidney cancer among women in Norway. To 
our knowledge, this is the first prospective study to explore 
associations between a combined measure of lifestyle, 
including diet, and the incidence of cancer in 
a Norwegian population.

Materials and Methods
Study Population and Data Collection
A detailed description of the Norwegian Women and 
Cancer Study (NOWAC) has been presented elsewhere.12 

Briefly, the NOWAC study is a nationwide, prospective 
cohort study, consisting of approximately 172,000 adult 
female participants. Women invited to participate in the 
NOWAC study were randomly sampled from the 
Norwegian Central Person Register between 1991 and 
2007 in multiple sub-cohorts. Those who agreed to parti-
cipate completed a first self-administered questionnaire. 
Second questionnaires were sent to all sub-cohorts, except 
for those enrolled from 2005 to 2007 (n = 42,671), and 
approximately 70% of participants responded. All ques-
tionnaires collected information on socio-demographic 
characteristics, reproductive and hormonal factors, self- 
reported health, physical activity, height, weight, smoking 
habits, dietary habits, and family history of breast cancer. 
Questionnaires consisted of either 4 or 8 pages depending 
on the sub-cohort, with the 8-page questionnaire contain-
ing a detailed food frequency questionnaire (FFQ).

The first completed 8-page questionnaire was used as 
the baseline for the present study. Therefore, sub-cohorts 
that did not complete an 8-page questionnaire as their first 
or second questionnaire were excluded (n = 71,210), leav-
ing a total of 101,316 women available for this analysis. 
This number included first questionnaires for sub-cohorts 
enrolled from 1996 to 1997 (response rate: 57%) and 2003 
to 2004 (response rate: 48%), and the second question-
naires, administered from 1998 to 1999, for sub-cohorts 
enrolled from 1991 to 1992. Thus, year at baseline ranged 
from 1996 to 2004. Women with prevalent cancer, those 
who died or emigrated before baseline, and those with 
extreme energy intakes (<2100 or >15,000 KJ/day) were 
excluded, leaving 96,869 cancer-free participants in the 
final study sample [see Figure S1 in Supplementary File].

Exposure Assessment and Construction
To capture overall lifestyle in one measure, relevant life-
style factors were combined into a HLI, which was a priori 
based on public health recommendations for cancer pre-
vention from the World Cancer Research Fund/American 
Institute for Cancer Research (WCRF/AICR)6 and current 
scientific knowledge. Thus, the HLI used for this analysis 
consisted of five modifiable lifestyle factors – physical 
activity level, body fatness, smoking status, alcohol con-
sumption, and diet – and each was assigned a score 
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ranging from 0 to 4, with higher scores indicating 
a healthier lifestyle. Physical activity level was reported 
by participants on a 10-point scale ranging from not active 
to very active, where participants were asked to consider 
the entirety of activity at work, outside work, at home, 
exercise, and other forms of physical activity. Since this 
measure could not be categorized by cancer guidelines or 
other measures of the dose of physical activity, physical 
activity level was scored by quintile (highest quintile = 4 
through to lowest quintile = 0). Body fatness was assessed 
by self-reported height (centimeters) and weight (kilo-
grams) to calculated body mass index (BMI, <23 = 4, 23 
to <25 = 3, 25 to <27 = 2, 27 to <30= 1, ≥30 = 0), smoking 
status was scored considering intensity and time since 
cessation (never smoker = 4, former smoker >10 years 
since cessation = 3, former smoker ≤10 years since cessa-
tion = 2, smoker <15 cigarettes/day = 1, current smoker 
≥15 cigarettes/day = 0), and alcohol consumption was 
recorded in grams/day (none = 4, >0 to <5 = 3, 5 to <10 
= 2, 10 to <20 = 1, >20 = 0). To quantify diet, a diet- 
specific score was generated, which ranged from 0 to 18, 
with 18 considered the healthiest diet. Six food groups 
were included in this score: whole grains, fruit, vegetables, 
dairy, red meat, and processed meat. Using the Norwegian 
Weight and Measurement Table,13 grams of intake per day 
were estimated for each food group based on the fre-
quency and portions reported in the FFQ. Each food 
group was adjusted for energy intake, by dividing grams 
of intake by daily energy intake, in millijoules (MJ). The 
energy-adjusted food groups were categorized into quar-
tiles and scored from 0 (lowest quartile) to 3 (highest 
quartile). Red and processed meat were scored in reverse 
order. The 18-point diet score was then divided into quin-
tiles for inclusion in the HLI (highest quintile = 4 through 
to lowest quintile = 0) (Table 1).

The scores for each lifestyle factor were summed to 
obtain the HLI score, which ranged from 0 to 20, with 

a score of 20 being considered the healthiest. Physical 
activity level,14 BMI,15 and the FFQ16,17 have been vali-
dated in the NOWAC study.

Outcome Assessment
Women diagnosed with incident cancer after baseline were 
identified through linkage to the Cancer Registry of 
Norway, based on codes from the International 
Classification of Diseases for Oncology, Third Edition 
(ICD-O-3):18 breast cancer [ICD-O-3 code C50], color-
ectal cancer [C18-20], lung cancer [C34], endometrial 
cancer [C54], ovarian cancer [C56], pancreatic cancer 
[C25], and kidney cancer [C64]. Breast, endometrial, and 
ovarian cancers were considered only among postmeno-
pausal women due to 1) known etiological and risk-factor 
profile differences between pre- and postmenopausal sta-
tuses and 2) inadequate numbers of premenopausal cancer 
cases. Information on emigration and mortality was 
obtained through linkage to the Norwegian National 
Population Register and the national Cause of Death 
Registry, respectively. The end of the follow-up was 
15 December 2018.

Statistical Analysis
Descriptive statistics were computed using means and 
standard deviations or medians and interquartile ranges, 
depending on distribution. Cox proportional hazard regres-
sion models were used to estimate hazard ratios (HRs) and 
95% confidence intervals (CIs) for associations between 
the HLI score and the incidence of postmenopausal breast, 
colorectal, lung, postmenopausal endometrial, postmeno-
pausal ovarian, pancreatic, and kidney cancer. Age was 
used as the underlying time-scale,19 whereby study entry 
was defined as age at baseline or age at menopause for 
postmenopausal breast, endometrial, and ovarian cancer 
models if the participant was not postmenopausal at base-
line. Women were categorized as postmenopausal if they 

Table 1 Healthy Lifestyle Index Scoring System Combining Five Lifestyle Factors Additively

Score Physical Activity Level  
(10-Point Scale)

BMI Smoking Status Alcohol Consumption (g/Day) Diet  
(0–18 Score)

0 1–3 ≥30 Current, ≥15 cig/day ≥20 0–6

1 4 27.0–29.9 Current, <15 cig/day 10.0–19.9 7
2 5 25.0–26.9 Former,<10yrs since cessation 5.0–9.9 8–9

3 6 23.0–24.9 Former,≥10yrs since cessation >0.0–4.9 10

4 7–10 <23 Never 0 11–18

Abbreviations: BMI, body mass index; g/day, grams per day; cig/day, cigarettes smoked per day; yrs, years.
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reported that their menstruation had stopped, reported use 
of hormone replacement therapy, or if they were ≥53 years 
of age, to maintain consistency with previous publications 
from the NOWAC study20,21 and the Million Women 
Study.22 Exit time was defined as age at cancer diagnosis, 
death, emigration, or end of follow-up, whichever 
occurred first.

The HLI score was first modelled as a continuous 
variable to estimate HRs corresponding to a one-point 
increase in the score. Categorical analyses were also car-
ried out by dividing the HLI score into 4 groups (0–5 HLI 
group, 6–10 HLI group, 11–15 HLI group, and 16–20 HLI 
group), using the 11–15 HLI group as a reference. The 
proportional hazards assumption was assessed by 
Schoenfeld residuals.23 The reverse Kaplan–Meier method 
was used to calculate the median follow-up duration.24

The selection of covariates for adjusted models was 
done on a per-outcome basis, including known risk factors 
for the exposure, the outcome, or both.25 As such, all 
models were adjusted for education (years) and height 
(centimeters). Models for postmenopausal breast and post-
menopausal endometrial cancer were additionally adjusted 
for age at menarche (years), use of oral contraceptives 
(ever, never), parity (0, 1–2, >2), breastfeeding (cumula-
tive months 0, <12 months, ≥12 months), and use of 
hormone replacement therapy (current, former, never). 
Models for postmenopausal breast cancer were further 
adjusted for the history of breast cancer in first-degree 
relatives (yes, no). The above analyses were conducted 
on multiple imputed data (described later).

Nonlinear dose–response relationships between the 
HLI score and the incidence of the included cancer types 
were modelled with restricted cubic splines. The Akaike 
information criterion (AIC) was used to evaluate the num-
ber of knots and positioning for the best fit. Nonlinearity 
was assessed through visual inspection of plots and com-
parison of linear and nonlinear model AIC values.

Several sensitivity analyses were conducted using the 
HLI score as a continuous variable. To evaluate the driving 
contributions of each lifestyle factor to the overall 
observed associations, reduced models were created, each 
of which excluded one lifestyle factor from the HLI score, 
thus producing five separate, reduced models for each 
cancer type. The factor that was excluded from the HLI 
score was included as a confounder in their respective 
model, and HRs from these reduced models were com-
pared to those from the full models for each cancer type. 
This was conducted in both linear and nonlinear models in 

which the HLI was modelled as a continuous variable. 
Possible reverse causation was assessed by excluding can-
cer cases diagnosed within 2 years of baseline. To assess if 
underweight individuals captured by the healthiest BMI 
category biased associations for BMI to the null, those 
with BMI <18.5 were excluded. To assess whether the 
association with colorectal cancer was driven by differing 
associations of specific sites, associations were also ana-
lyzed separately for the incidence of colon and rectal 
cancer.

Multiple Imputation
Missing information among covariates was handled using 
multiple imputation (MI) using chained equations under 
the assumption that data were missing at random. All 
covariates required for analysis (lifestyle factors and 
potential confounders), cancer incidence, and the Nelson 
Aalen cumulative hazard estimator were included in the 
MI model. A fully conditional specification was applied, 
allowing the univariate imputation method and predictors 
set for each incomplete variable to be specified.26 Missing 
information was replaced with values from 20 MI datasets 
with five iterations.

MI was performed on physical activity (1–10 scale); 
weight; height; smoking status; current smoking intensity 
(number of cigarettes smoked per day on average); time 
since smoking cessation (year); alcohol consumption 
(ethanol); daily grams of whole grains, fruit, vegetables, 
dairy, red meat and processed meat; years of education; 
and age at menarche (missing >19%). The remaining 
covariates were complete and therefore only used for pre-
diction purposes. The HLI scores were then generated for 
each participant in all 20 MI datasets (96,869 participants 
× 20 datasets). HRs and 95% CIs were estimated by 
pooling estimates and standard errors from the 20 MI 
datasets using Rubin’s Rule to account for between impu-
tation variance.27 All data treatment and statistical ana-
lyses were conducted in RStudio Version 1.3.959 with 
R Version 4.0.3.28

Results
After a median follow-up of 20.0 years and 15.2 post-
menopausal years, there were 4286 postmenopausal 
breast, 1591 colorectal, 1416 lung, 1043 postmenopausal 
endometrial, 531 postmenopausal ovarian, 382 pancreatic, 
and 345 kidney cancer cases diagnosed. The majority 
(58%) of participants were in the 11–15 HLI group. 
The 0–5 HLI group was the least common (1%), while 
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the 6–10 (22%) and 16–20 HLI groups (19%) were 
evenly populated. The mean age was 51.6. Overall, 
49% of participants were relatively physically active 

(physical activity level ≥6). Mean BMI was 24.7, mean 
alcohol consumption was 1.98 g/day and the mean diet 
score was 9 (Table 2).

Table 2 Baseline Characteristics of Participants by Healthy Lifestyle Index (HLI) Group, NOWAC Cohort, N = 81,554, Complete- 
Case Analyses

HLI Group

All 0–5 6–10 11–15 16–20

Number of participants 81,554 878 17,847 47,435 15,394

Number of incident cancer cases
Postmenopausal breast 3397 39 825 2014 519

Colorectal 1213 18 281 715 199

Lung 1006 33 349 557 67
Postmenopausal endometrial 807 13 228 444 122

Postmenopausal ovarian 425 3 101 241 73

Pancreatic 284 4 102 136 42
Kidney 268 3 74 156 35

Physical activity level (% >6) 48.9 1.8 16.3 50.9 83.3

BMI, mean (SD) 24.7 (3.9) 30.4 (4.2) 27.4 (4.5) 24.4 (3.4) 22.4 (2.2)

Smoking status, %

Never 36.3 0.5 13.8 35.1 68.3
Former 34.9 14.4 34.7 38.1 26.6

Current 28.8 85.1 51.5 26.8 5.0

Alcohol consumption (g/day), median (IQ1, IQ3) 2.0 (0.4–5.3) 7.0 (2.0–12.2) 3.0 (1.0–7.9) 2.0 (0.6–5.3) 1.0 (0.0–2.9)

Diet score, median(IQ1, IQ3) 9 (7–11) 6 (6–8) 8 (6–9) 9 (8–10) 11 (9–12)

Age at baseline, mean(SD) 51.6 (6.4) 51.6 (5.6) 51.6 (6.2) 51.6 (6.4) 51.5 (6.7)

Height (cm), mean(SD) 166.3 (5.7) 166.2 (5.7) 166.2 (5.7) 166.2 (5.6) 166.4 (5.7)

Weight (kg), mean(SD) 68.4 (11.5) 84.1 (12.6) 75.6 (13.1) 67.4 (10.2) 61.9 (7.1)

Energy intake (KJ/day), mean(SD) 7076.9 (1900.3) 6602.5 (1853.6) 6747.9 (1806.3) 7096.3 (1866.1) 7425.8 (1982.3)

Education (years), mean(SD) 12.3 (3.4) 11.6 (3.1) 11.9 (3.3) 12.3 (3.4) 12.9 (3.6)

Age at menarche, mean(SD) 13.3 (1.4) 12.8 (1.4) 13.1 (1.4) 13.3 (1.4) 13.5 (1.4)

Oral contraception use (% ever) 54.3 59.5 58.4 54.3 48.9

Parity (%)

Nulliparous 8.5 11.2 8.9 8.3 8.5

1–2 53.4 55.6 56.8 53.5 48.9
3+ 38.2 33.2 34.4 38.3 42.5

Breastfeeding (%)
0 months 54.1 58.0 54.8 53.7 54.6

0–12 months 24.5 29.9 27.6 24.8 19.6

>12 months 21.4 12.2 17.6 21.5 25.8

Hormone replacement therapy use (%)

Never 66.7 58.1 62.5 66.5 72.3
Former 11.3 17.1 12.9 11.2 9.4

Current 22.0 24.8 24.6 22.2 18.3

Abbreviations: NOWAC, Norwegian women and cancer study; BMI, body mass index; SD, standard deviation; g/day, grams per day; IQ, interquartile; cig/day, cigarettes 
smoked per day; cm, centimetres; kg, kilograms; KJ, kilojoules.
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Results from the MI models (Table 3) showed that the 
magnitude and direction of the effects were similar to 
those observed in complete-case analyses [see Table S1 
in Supplementary File]. After adjustment for covariates, 
estimates from the linear analysis using MI data (Figure 1) 
showed HRs of 0.97 (95% CI: 0.96–0.98) for postmeno-
pausal breast cancer, 0.98 (95% CI: 0.96–1.00) for color-
ectal cancer, 0.86 (95% CI: 0.84–0.87) for lung cancer, 
0.93 (95% CI: 0.91–0.95) for postmenopausal endometrial 
cancer, 0.99 (95% CI: 0.96–1.02) for postmenopausal 
ovarian cancer, 0.92 (95% CI: 0.89–0.95) for pancreatic 
cancer, and 0.94 (95% CI: 0.91–0.97) for kidney cancer 
for every 1-point increase in HLI score. No considerable 
difference in HRs was observed for colon and rectal can-
cers (results not shown). When the HLI score was mod-
elled as a categorical variable, HRs for the 16–20 HLI 
group compared to the 11–15 HLI group were 0.83 (95% 
CI: 0.76–0.91) for postmenopausal breast cancer, 0.88 
(95% CI: 0.77–1.00) for colorectal cancer, 0.39 (95% CI: 

0.31–0.49) for lung cancer, 0.78 (95% CI: 0.64–0.94) for 
postmenopausal endometrial cancer, 0.94 (95% CI: 0.73– 
1.20) for postmenopausal ovarian cancer, 0.94 (95% CI: 
0.69–1.28) for pancreatic cancer, and 0.72 (95% CI: 0.52– 
1.00) for kidney cancer (Table 3).

Analyses of nonlinearity in associations demonstrated 
that AIC estimates were lowest for all outcomes, except 
for lung cancer incidence, when three knots at the percen-
tiles were applied, positioned at the defined HLI score 
boundaries (1, 20) and at the HLI score median (13), 
compared to four- and five-knot models positioned at 
percentiles or three-, four-, and five-knot models posi-
tioned at equal intervals [see Table S2 and Figure S2–8 
for plot comparisons in Supplementary File]. The AIC 
estimate was lowest when five knots positioned at the 
percentiles were applied to the lung cancer incidence 
model; however, there were visual indications of overfit-
ting [see Figure S4A in Supplementary File]. Therefore, 
three knots were applied for all outcomes. The resulting 

Table 3 Linear Associations Between Healthy Lifestyle Index (HLI) Score and Incidence of Common Cancer Types, NOWAC Cohort 
(1996–2018), N = 96,869

HLI score

0–5 6–10 11–15 16–20

Cases (N) Cases (N) Cases (N) Cases (N)

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Postmenopausal 41 907 2162 567

Breasta,b,c 1.13 (0.85–1.50) 1.12 (1.03–1.20) 1.00 (ref) 0.83 (0.76–0.91)

Colorectala 19 293 751 218

1.46 (0.95–2.26) 1.04 (0.92–1.19) 1.00 (ref) 0.87 (0.75–1.00)

Lunga 36 376 613 72

3.15 (2.29–4.34) 1.63 (1.45–1.84) 1.00 (ref) 0.39 (0.31–0.49)

Postmenopausal 13 248 473 128

Endometriala,b 1.60 (0.95–2.69) 1.39 (1.20–1.62) 1.00 (ref) 0.78 (0.65–0.94)

Postmenopausal 3 101 241 73

Ovariana,b 1.11 (0.46–2.67) 1.06 (0.86–1.33) 1.00 (ref) 0.94 (0.73–1.20)

Pancreatica 4 108 143 45

1.49 (0.57–3.91) 1.87 (1.48–2.37) 1.00 (ref) 0.94 (0.69–1.28)

Kidneya 3 79 163 37

1.26 (0.47–3.36) 1.28 (0.99–1.67) 1.00 (ref) 0.75 (0.53–1.04)

Notes: aResults from analyses conducted on multiple imputation data, adjusted for education and height. bAdditionally adjusted for age at menarche, use of oral 
contraceptives, parity, breastfeeding, and use of hormone replacement therapy. cAdditionally adjusted for family history of breast cancer in a first-degree relative. 
Abbreviations: NOWAC, Norwegian women and cancer study; N, number; HR, hazard ratio; CI, confidence interval.
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plots indicated nonlinearity for lung cancer incidence, with 
relatively linear decreases in incidence until reaching 
a plateau at an HLI score of approximately 16 
(Figure 2). Nonlinearity was also indicated for postmeno-
pausal breast cancer incidence, with a strengthening of the 
negative HR gradient at HLI scores above 13 compared to 
below. The plots for the incidence of colorectal, postme-
nopausal endometrial, pancreatic, and kidney cancer did 
not display indications of nonlinearity.

Exclusion of single lifestyle factors from HLI scores 
did not affect estimates of the incidence of postmenopau-
sal breast, colorectal, and postmenopausal ovarian cancer 
[see Table S3 in Supplementary File]. For lung cancer 
incidence, the HR increased to 1.02 (95% CI: 0.99–1.03) 
when smoking status was excluded, and the HR decreased 
to 0.78 (95% CI: 0.76–0.79) when BMI was excluded. For 
postmenopausal endometrial cancer incidence, the HR 
decreased to 0.89 (95% CI: 0.87–0.91) when smoking 
status was excluded, and the HR increased to 0.97 (95% 
CI: 0.95–0.99) when BMI was excluded. For pancreatic 
cancer incidence, the HR increased to 0.97 (95% CI: 0.93– 
1.01) when smoking status was excluded. For kidney 
cancer incidence, the HR increased to 0.96 (95% CI: 

0.92–1.00) when BMI was excluded. Among nonlinear 
models [see Figure S9–15 in Supplementary File], exclu-
sion of BMI and diet resulted in linear associations for 
postmenopausal breast cancer incidence. Exclusion of 
smoking status in the nonlinear lung cancer incidence 
model resulted in no association. Removal of cancers 
diagnosed within 2 years of baseline and excluding those 
with BMI <18.5 did not alter the results considerably 
(results not shown).

Discussion
In this Norwegian national prospective cohort study, we 
identified inverse associations between our a priori-defined 
HLI score and the incidence of all included cancer types, 
except for postmenopausal ovarian cancer. Our examina-
tions indicated that higher HLI scores were associated with 
lower lung cancer incidence, whereby there were smaller 
differences in lung cancer incidences among the healthiest 
participants. There were indications that differences in 
postmenopausal breast cancer incidence could be greater 
for women with HLI scores above the median (13). We 
consider our study population to have a high adherence to 

Figure 1 Forest plot of linear associations between healthy lifestyle index (HLI) score and incidence of postmenopausal breast, colorectal, lung, postmenopausal 
endometrial, pancreatic and kidney cancers, NOWAC (1996–2018), N = 96,869. HRs and 95% CIs correspond to a 1-point increase on the HLI score. Estimates were 
obtained from multiple imputation data, employed Cox proportional hazard regression, adjusted for education and height. 
Abbreviations: NOWAC, Norwegian women and cancer study; HR, hazard ratio; CI, confidence interval.
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healthy lifestyles, with 77% of participants having HLI 
scores above 10.

Postmenopausal Breast Cancer
The incidence of postmenopausal breast cancer decreased 
by 3% for every 1-point increase in HLI score, and our 

results suggest a nonlinear relationship, based on 
a comparison of AIC values. Visually, we observed that 
the inverse association was more pronounced at HLI 
scores above 13. Our linear estimate is consistent with 
the results of two other studies, which reported a 3% and 
4% decrease, respectively, in breast cancer incidence for 

Figure 2 Nonlinear associations between the healthy lifestyle index (HLI) score and incidence of postmenopausal breast, colorectal, lung, postmenopausal endometrial, 
pancreatic and kidney cancers, NOWAC (1996–2018), N = 96,869. Obtained by applying restricted cubic splines with three knots to the healthy lifestyle index (HLI) score 
from complete-case analysis data. All models (A-G) were adjusted for education and height. Models (A, D, and E) were additionally adjusted for age at menopause, use of 
oral contraceptives, parity, breastfeeding, and use of hormone replacement therapy. Model (A) was additionally adjusted for family history of breast cancer in a first-degree 
relative. 
Abbreviations: NOWAC, Norwegian women and cancer study; HLI, healthy lifestyle index; HR, hazard ratio.
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each 1-point increase in HLI score.29,30 Other studies on 
the association between a combined lifestyle measure and 
breast cancer incidence observed a lower incidence among 
those with healthier lifestyles.31–36 However, these studies 
are less comparable to ours due to the scoring system 
employed.

We also conducted multiple sensitivity analyses; each 
one excluded a different, single lifestyle factor from the 
HLI score. These analyses resulted in inverse associations 
that were similar to those observed in the main analyses, 
suggesting that no specific lifestyle factor drove the 
observed associations to the HLI score. BMI and diet 
were suggested as the main contributors to the nonlinear 
trend in the association, as a linear trend was observed 
when these factors were excluded. Previous publications 
from the NOWAC study have observed positive associa-
tions between BMI21 and smoking37 with cancer inci-
dence; however, there is no evidence from the NOWAC 
study that physical activity38 or food groups and dietary 
patterns39 are associated with postmenopausal breast can-
cer incidence. Lifestyle factors known to be associated 
with postmenopausal breast cancer in the NOWAC cohort, 
namely, BMI and smoking status, did not fully explain our 
observed association, suggesting that the additive effect of 
multiple healthy lifestyle factors is important for postme-
nopausal breast cancer prevention, even though some sin-
gle lifestyle factors are only weakly associated with cancer 
incidence.

Colorectal Cancer
We observed an inverse association between HLI score 
and colorectal cancer incidence, suggesting a 2% decrease 
in incidence for each 1-point increase in HLI score, and 
a 13% decrease in incidence when the 16–20 HLI group 
was compared to the 11–15 HLI group. Allowing for 
nonlinearity in the HLI indicated that the score was more 
strongly associated with cancer incidence among women 
with the highest HLI scores at baseline, similar to our 
observation for postmenopausal breast cancer risk. 
However, the large amount of uncertainty in the present 
study makes it difficult to establish a clear interpretation of 
this trend, and there are currently no other studies explor-
ing nonlinearity with which we could compare our results. 
Previous prospective studies that assessed the overall life-
style with a similar additive exposure score observed 
comparable effect estimates in linear models, but only 
with greater precision.40–42

Sensitivity analyses indicated that single lifestyle fac-
tors did not explain the inverse association we observed. In 
previous publications of the NOWAC study, clear associa-
tions were not observed between single lifestyle factors 
and colorectal cancer incidence.21,43–45 However, our 
results suggest that healthy lifestyle factors, in sum, are 
inversely associated, and thus, together, could reduce col-
orectal cancer incidence.

Lung Cancer
We observed a strong, inverse association with lung cancer 
incidence, with a 14% decrease in incidence for each 
1-unit increase in HLI score. This association plateaued 
at the upper end of HLI scores. To our knowledge, no 
other study has explored nonlinearity in the relationship 
between overall lifestyle and lung cancer incidence. 
Compared to our result, an inverse association of lesser 
magnitude was observed in the European Prospective 
Investigation into Cancer and Nutrition (EPIC) cohort, 
with a 9% decrease in the incidence of tobacco-related 
cancers for each 1-unit increase in a similarly constructed 
20-unit index.46 This difference in the observed associa-
tions could be explained by the fact that several cancer 
types were pooled in the EPIC analyses. In accordance 
with this study, a strong inverse association was also 
observed in a Chinese population;47 however, a 5-point 
HLI and categorical analysis were employed, and thus the 
strength of associations could not be compared.

Results from sensitivity analyses suggested that smok-
ing status fully explained the observed inverse association. 
We also observed that smoking status explained the pla-
teau in the nonlinear model. This is consistent with 
a consensus that smoking is the greatest contributor to 
lung cancer incidence48,49 in the NOWAC cohort and, by 
design, it is impossible for those with HLI scores above 17 
to be current smokers. A study employing American 
Cancer Society (ACS) recommendations, not including 
smoking, to construct a combined score also observed 
a null association with lung cancer incidence.36 However, 
when employing a combined exposure score based on 
WCRF/AICR recommendations in the EPIC cohort, 
researchers observed an inverse association between com-
bined lifestyle factors and lung cancer incidence without 
the influence of smoking. Since dietary factors are 
weighted heavily in the WCRF/AICR adherence score, 
carcinogenic effects from a high consumption of preserved 
and red meat may have been detected.50 We observed that 
a higher BMI was inversely associated with lung cancer 
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incidence, which is consistent with the “obesity 
paradox”.51 While reverse causation due to weight loss 
associated with the early stages of cancer was ruled out 
in our study, it is unclear whether the residual confounding 
effect of smoking cessation could explain the paradoxical 
observation.

Postmenopausal Endometrial Cancer
The incidence of postmenopausal endometrial cancer 
decreased by 7% for each 1-point increase in HLI score, 
with no indication of a departure from linearity. Our linear 
observations are highly consistent with previous studies. 
A 6% and 5% risk decrease per 1-unit increase in HLI, 
based on 20-unit indices similar to ours, was observed in 
cohorts from the United States52 and Canada.30 General 
adherence to WCRF/AICR and ACS lifestyle recommen-
dations was also inversely associated with endometrial 
cancer risk in prospective cohort studies.36,53

From sensitivity analyses, we observed that the HLI 
was still inversely associated with postmenopausal endo-
metrial cancer incidence when BMI was excluded from the 
HLI score, although to a lesser degree than in the main 
analyses. This suggests that BMI contributed considerably 
to the association, which is consistent with the known 
dose–response association between overweight/obesity 
and cancer risk in the NOWAC study21 and with the 
current consensus that higher BMI is a risk factor for 
postmenopausal endometrial cancer.54 Excluding smoking 
status from the HLI score strengthened the association, 
indicating that smoking was protective. While smoking 
confers risk for most non-communicable diseases, includ-
ing cancers, cardiovascular disease, and diabetes, its rela-
tionship with endometrial cancer risk appears to divert 
from this pattern.55 However, our results suggest that 
higher physical activity, lower alcohol consumption, heal-
thier diet, and especially lower BMI are, in sum, protective 
against postmenopausal endometrial cancer incidence. In 
line with this, higher physical activity levels20 and lower 
BMI21 have been associated with decreased postmenopau-
sal endometrial cancer incidence in the NOWAC cohort. 
Smoking habits, alcohol consumption, and aspects of diet 
have not been previously investigated with respect to 
endometrial cancer in the NOWAC study.

Postmenopausal Ovarian Cancer
We observed a null association between the HLI score 
and postmenopausal ovarian cancer incidence. There 
was no indication of a nonlinear trend in the 

association. Null associations between comparable 
HLI scores were also observed in cohorts from 
Canada,30 the United States52 and France.34 Cohort 
studies employing scores based on WCRF/AICR and 
ACS recommendations also observed null 
associations.36,53 As such, there is little evidence in 
the published literature that overall lifestyle is asso-
ciated with ovarian cancer incidence, compared to the 
stronger associations observed for the other cancers we 
explored.

Sensitivity analyses indicated that no single lifestyle 
factor suppressed the association. In the NOWAC cohort, 
ever smoking was not differentially associated with ovar-
ian cancer incidence across histological subtypes and 
invasiveness,56 nor was BMI21 or physical activity57 

observed to be associated with overall ovarian cancer. 
This lends further evidence to a minimal or absence of 
association between lifestyle factors and ovarian cancer 
incidence in the NOWAC cohort. However, heterogeneity 
in the etiology of ovarian cancer subtypes may have atte-
nuated the magnitude and reduced the precision of esti-
mates. This should be investigated further in the NOWAC 
cohort and other populations.

Pancreatic Cancer
Pancreatic cancer incidence decreased by 8% for each 
1-point increase in HLI score, with no indication of 
a departure from linearity in the association. To our 
knowledge, two studies on overall lifestyle and pan-
creatic cancer have been conducted. Naudin et al58 

observed a similar association in the EPIC cohort 
when employing a 20-unit HLI comparable to ours: 
risk decreased by 21% for each 3-unit increase in the 
HLI score, corresponding to a decrease of approxi-
mately 7% per 1-unit increase. In an American cohort, 
Jiao et al59 also observed an inverse association: com-
pared to the lowest HLI score – 0, the highest score – 
5 – was associated with a 58% decrease in pancreatic 
cancer incidence.

Sensitivity analyses indicated that smoking status 
fully explained the inverse association we observed 
between the HLI score and pancreatic cancer incidence. 
However, Naudin et al58 observed that healthier life-
styles, in addition to smoking habits, were associated 
with decreased pancreatic cancer incidence in the EPIC 
cohort. Indeed, obesity and alcohol consumption are 
also known risk factors for pancreatic cancer, although 
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smoking is recognized as the primary modifiable risk 
factor.60 It is possible that we did not observe these 
associations due to a lack of power or our choice of 
body fatness measure, since weight gain, not baseline 
BMI, has been strongly associated with pancreatic can-
cer risk in the NOWAC cohort.21

Kidney Cancer
Kidney cancer incidence decreased by 6% for each 1-point 
increase in HLI score, with no indication of departure from 
linearity in the association. To our knowledge, there are no 
published studies that have examined the association 
between a similar combined score to ours and kidney 
cancer incidence to which we can compare our observa-
tions. While two other studies based on WCRF and ACS 
recommendation adherence scores also observed inverse 
associations, their combined score did not include 
smoking.36,53

Our sensitivity analyses demonstrated that BMI was 
a strong contributor, in comparison to the other lifestyle 
factors included the HLI, to the inverse association 
observed in the main analyses. Indeed, higher BMI has 
been associated with kidney cancer incidence in the 
NOWAC study.21 Although smoking is a well-established 
risk factor for kidney cancer,61 there was no evidence that 
it was an especially strong contributor to the association in 
our study, nor has it been studied as a single risk factor for 
kidney cancer in the NOWAC study previously. The 
assessment of other single lifestyle factors in relation to 
kidney cancer has not been undertaken in the NOWAC 
study, and these factors, such as physical activity and 
alcohol consumption, are emerging as important protective 
or risky behaviors.61 Nevertheless, there is evidence from 
the present study to suggest that the sum of considered 
lifestyle factors, not just BMI, are important for kidney 
cancer prevention.

Public Health Implications and 
Interpreting a Combined Exposure
The associations between single lifestyle factors and the 
incidence of different cancer types have been thoroughly 
examined in previous publications from the NOWAC 
study. In the present report, we provide an alternate 
approach for assessing risk, by combining several relevant 
lifestyle factors into an additive exposure score, as well as 
exploring linear and nonlinear associations. Given the 
representativeness of the NOWAC cohort to the 

Norwegian population,62 we can reasonably suggest that 
the majority of Norwegian women have high HLI scores, 
with 77% of the NOWAC cohort scoring above 10. 
Although these women can be considered healthy, our 
observations suggest that, regardless of baseline HLI 
score, healthier overall lifestyle, and thus greater adher-
ence to public health recommendations, is protective 
against postmenopausal breast colorectal, lung, postmeno-
pausal endometrial, pancreatic and kidney cancer. While 
our findings indicated no added benefit of healthy beha-
viors, besides smoking reduction for lung and pancreatic 
cancer, these combined behaviors had a meaningful pro-
tective impact on the incidence of postmenopausal breast, 
postmenopausal endometrial, postmenopausal ovarian, and 
kidney cancers. Further, limitations in our data may have 
rendered the remaining associations, without the contribu-
tion of smoking, undetectable.

The use of an additive exposure score provides a more 
holistic assessment of modifiable risk factors compared to 
single risk factors, as lifestyle behaviors co-exist. We 
therefore constructed an a priori index based on tangible 
increments of lifestyle behaviors, as far as our data would 
allow. With the aim of simplicity, we chose to apply 
a single, additive index across several cancer types, as 
this approach offered ease of interpretation, reproducibility 
across cancer types and populations,63 and effective public 
health messaging. Our results demonstrate that the HLI 
score is a valuable representation of combined lifestyle 
factors when evaluating the effects of several modifiable 
lifestyle factors in a population-based study. For example, 
the HLI score made it possible to determine whether an 
overall healthy lifestyle was protective of colorectal can-
cer, when individual lifestyle factors did not show such 
associations in the NOWAC cohort.

However, the use of our HLI has its challenges, given 
the inevitable loss of information that occurs when com-
bining factors into an additive score. We were unable to 
discern which lifestyle factors specifically contributed to 
the risk difference at a specific HLI score, nor whether 
a reduction in one risky behavior could offset the increase 
in another.7 The additive score also assumes linearity in its 
unit increments, whereas equal distance between units on 
the HLI may not represent proportional increments of 
a behavior.

Strengths
The main strengths of this study are its prospective design, 
large sample size, long follow-up time, and linkage to 
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national registries. An assessment of the external validity 
of the NOWAC study concluded that the NOWAC cohort 
is adequately representative of Norwegian women.62 

Recruitment through random sampling within the Central 
Population Register of Norway minimized sampling bias. 
Although education levels in the NOWAC cohort are 
somewhat higher than the national average, there were 
no considerable differences in cancer incidence or lifestyle 
factors compared to national reports.62 As such, we can 
assume that the distribution of participants across HLI 
scores in the NOWAC study represents the distribution 
of Norwegian women. Linkage to registries allowed us to 
be highly confident in the ascertainment of all incident and 
prevalent cancer cases. Further, MI was used to avoid 
potential bias created by listwise deletion and to conserve 
sample size.26

Limitations
This study also has several limitations. Given that lifestyle 
information is self-reported, it is possible that exposure 
misclassification introduces bias in our estimates of asso-
ciation. It has been widely acknowledged that research 
participants tend to underreport their food intake, alcohol 
consumption, and weight, and overreport variables like 
height.64 Although these tendencies were confirmed in 
a NOWAC study that compared energy and alcohol con-
sumption in the FFQ to repeated 24-hour dietary recalls, 
the FFQ still performed well on ranking high and low 
consumers.17 As such, the dietary component of the HLI, 
which scored participants based on relative intake of food 
groups, is expected to have achieved an adequate ranking.

Underreporting of weight was also confirmed in 
a NOWAC validation study, in which the largest tendency 
to underreport occurred among overweight women, and 
the largest degree of underreporting occurred among obese 
women.15 Our risk estimates may thus be attenuated due to 
misclassification of BMI. It is also possible that waist 
circumference or waist–hip ratio are more accurate indi-
cators of body fatness, and thus metabolic risk, than 
BMI,65 suggesting that stronger associations may have 
been observed if waist circumference or waist–hip ratio 
were used. The physical activity report measure was not 
informed directly by questions pertaining to dose (inten-
sity, frequency, and duration of physical activity). 
Therefore, differences in physical activity may not have 
been fully captured, resulting in attenuated estimates. 
Nevertheless, the physical activity measure demonstrated 
an adequate Spearman’s rank correlation coefficient in the 

range of 0.36–0.46 with objective criteria in the validation 
study and is considered relevant to rank the physical 
activity levels at a population level.14

We did not have information on family history of 
colorectal, endometrial, pancreatic, and kidney cancers. 
Due to this and other unmeasured variables, residual con-
founding may be introduced. Lastly, the models used in 
this study assumed that lifestyle exposures at baseline 
were held constant until the participants were censored. 
Potential changes in lifestyle may be relevant for assessing 
the relationship between combined lifestyle factors and 
cancer incidence.

Conclusion
This is the first prospective study to examine the linear and 
nonlinear relationship between combined lifestyle factors 
and the incidence of common cancers in a Norwegian 
population. Based on our results, healthier lifestyle, as 
assessed by the HLI score, was associated with lower 
incidence of postmenopausal breast, colorectal, lung, post-
menopausal endometrial, pancreatic, and kidney cancer 
among women, although the magnitude and linearity var-
ied. The adoption of an overall healthy lifestyle should 
therefore have a considerable impact on decreasing the 
cancer burden among women. Limiting smoking is the 
single most important component of the overall lifestyle 
for minimizing lung and pancreatic cancer incidence.
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