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Abstract

Background

Healthy lifestyle and screening represent 2 major approaches to colorectal cancer (CRC)

prevention. It remains unknown whether the CRC-preventive benefit of healthy lifestyle dif-

fers by endoscopic screening status, and how the combination of healthy lifestyle with endo-

scopic screening can improve CRC prevention.

Methods and findings

We assessed lifestyle and endoscopic screening biennially among 75,873 women (Nurses’

Health Study, 1988 to 2014) and 42,875 men (Health Professionals Follow-up Study, 1988

to 2014). We defined a healthy lifestyle score based on body mass index, smoking, physical

activity, alcohol consumption, and diet. We calculated hazard ratios (HRs) and population-

attributable risks (PARs) for CRC incidence and mortality in relation to healthy lifestyle score

according to endoscopic screening. Participants’ mean age (standard deviation) at baseline

was 54 (8) years. During a median of 26 years (2,827,088 person-years) follow-up, we docu-

mented 2,836 incident CRC cases and 1,013 CRC deaths. We found a similar association

between healthy lifestyle score and lower CRC incidence among individuals with and with-

out endoscopic screening, with the multivariable HR per one-unit increment of 0.85 (95% CI,

0.80 to 0.90) and 0.85 (95% CI, 0.81 to 0.88), respectively (P-interaction = 0.99). The frac-

tion of CRC cases that might be prevented (PAR) by endoscopic screening alone was 32%

(95% CI, 31% to 33%) and increased to 61% (95% CI, 42% to 75%) when combined with

healthy lifestyle (score = 5). The corresponding PAR (95% CI) increased from 15% (13% to
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16%) to 51% (17% to 74%) for proximal colon cancer and from 47% (45% to 50%) to 75%

(61% to 84%) for distal CRC. Results were similar for CRC mortality. A limitation of our

study is that our study participants are all health professionals and predominantly whites,

which may not be representative of the general population.

Conclusions

Our study suggests that healthy lifestyle is associated with lower CRC incidence and mortal-

ity independent of endoscopic screening. An integration of healthy lifestyle with endoscopic

screening may substantially enhance prevention for CRC, particularly for proximal colon

cancer, compared to endoscopic screening alone.

Author summary

Why was this study done?

• Colorectal cancer is the third leading cause of cancer death in both men and women in

the United States.

• Healthy lifestyle and screening represent 2 major approaches to colorectal cancer

prevention.

• Endoscopic screening can detect and remove precancerous lesions, but it remains

unknown whether individuals having undergone endoscopic screening can still benefit

from healthy lifestyle.

• It remains to be determined to what extent a combination of healthy lifestyle and endo-

scopic screening can improve colorectal cancer prevention compared with endoscopic

screening alone.

What did the researchers do and find?

• Using 2 large nationwide cohorts in the US with a median of 26 years of follow-up, we

prospectively examined the association of healthy lifestyle with colorectal cancer inci-

dence and mortality among individuals having and not having undergone endoscopic

screening separately.

• We also estimated the proportion of colorectal cancer cases and deaths that are poten-

tially prevented by endoscopic screening alone and by a combination of healthy lifestyle

and endoscopic screening.

• We found a similar association between healthy lifestyle and lower incidence and mor-

tality of colorectal cancer among individuals having and not having undergone endo-

scopic screening.

• We also found that an integration of healthy lifestyle with endoscopic screening might

substantially enhance the prevention of colorectal cancer and related death compared

with endoscopic screening alone, and the increment of the beneficial association was

particularly high for proximal colon cancer.
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What do these findings mean?

• Our results indicate that healthy lifestyle is associated with lower colorectal cancer inci-

dence and mortality independent of endoscopic screening status.

• The evidence highlights the potential of healthy lifestyle to complement endoscopic

screening for optimal prevention of colorectal cancer.

• Our findings highlight the particular merit of an integration of healthy lifestyle and

endoscopic screening for prevention of proximal colon cancer, for which endoscopic

screening has limited effectiveness.

• These findings suggest the value of healthy lifestyle for colorectal cancer prevention in

settings lacking coverage or capacity of endoscopic screening.

Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer (40.7 per 100,000 pop-

ulation) and the third leading cause of cancer death (14.8 per 100,000 population) in the

United States (US) according to the estimates in 2020 [1]. Screening has substantially contrib-

uted to the decline in CRC incidence and mortality in elderly Americans during the past 2

decades through detection and removal of precancerous lesions [2–5]. According to the most

recent National Health Interview Survey in 2015, the prevalence of recommendation-consis-

tent CRC screening has increased from 43% in 2005 to 63% in 2015 among US adults aged 50

years and older [6].

Healthy lifestyle practices, including no or quitted smoking, maintaining a healthy body

weight, being physically active, limiting alcohol intake, and eating a healthy diet, have been

associated with a substantial reduction in CRC incidence and mortality [7–12]. Compelling

data indicate that 20% to 70% of CRC cases and deaths could potentially be prevented by

adhering to a healthy lifestyle [10–12], highlighting the essential role of healthy lifestyle in

CRC prevention. However, adoption and long-term maintenance of healthy lifestyle are chal-

lenging, particularly due to the reported “health certificate effect” of CRC screening, in which

individuals with negative endoscopic screening may perceive themselves as certified healthy

and have reduced incentives for the adoption of healthy lifestyle [13–15]. Nevertheless, it is

unknown whether healthy lifestyle in individuals having already undergone endoscopic

screening remains as beneficial for CRC prevention as those without endoscopic screening.

Furthermore, how an integration of healthy lifestyle with endoscopic screening can improve

CRC prevention compared with endoscopic screening alone is also an open question. Given

the rising use of endoscopic screening, addressing these questions has important clinical and

public health significance for improved CRC prevention.

Therefore, in the current study, we assessed the association of healthy lifestyle with CRC

incidence and mortality among individuals having and not having undergone endoscopic

screening within 2 large cohorts in the US, including the Nurses’ Health Study (NHS) and

Health Professionals Follow-up Study (HPFS). We also calculated the population-attributable

risks (PARs) for CRC incidence and mortality associated with endoscopic screening alone and

a combination of healthy lifestyle and endoscopic screening.
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Methods

Study population

The NHS included 121,700 US female nurses aged 30 to 55 years at enrollment in 1976; and

the HPFS included 51,529 US male health professionals aged 40 to 75 years at enrollment in

1986 [16,17]. In both cohorts, participants completed a detailed questionnaire about their life-

style and medical information at baseline, and every 2 years thereafter, with over 90% of fol-

low-up [18]. In the current study, we defined baseline as the year of 1988 for both NHS and

HPFS, when we started to collect information of endoscopy. Written informed consent was

obtained from all participants. We conducted this study following a prospective analysis pro-

posal (S1 Text). The study protocol was approved by the institutional review board of the Brig-

ham and Women’s Hospital and Harvard T.H. Chan School of Public Health, and those of

participating registries as required. This study was reported as per the Strengthening the

Reporting of Observational Studies in Epidemiology (STROBE) guideline (S1 Checklist).

Among participants who returned the baseline questionnaires (1988 for both cohorts), we

excluded those who had a history of cancer (except nonmelanoma skin cancer), or ulcerative

colitis; with a body mass index (BMI) of<18.5 kg/m2; reported implausible energy intakes

(<500 or >3,500 kcal/d for women; <800 or >4,200 kcal/d for men); or with missing data on

lifestyle exposures or endoscopic screening. After these exclusions, 75,873 women and 42,875

men were included in the analysis (see flowchart in S1 Fig).

Assessment of lifestyle factors

We considered 5 lifestyle factors: BMI, cigarette smoking, physical activity, diet, and alcohol

intake. Height, body weight, cigarette smoking, and physical activity were self-reported

through biennial questionnaires. Physical activity was assessed by the total hours per week for

moderate-to-vigorous intensity activity (including brisk walking) that requires the expenditure

of at least 3 metabolic equivalents per hour. Alcohol use and diet were self-reported every 4

years using validated food frequency questionnaires [19,20]. Diet quality was assessed using

the 6 dietary recommendations by the World Cancer Research Fund/American Institute for

Cancer Research (WCRF/AICR) Third Expert Report released in 2018 for red meat, processed

meat, dietary fiber, dairy products, whole grains, and calcium supplement use [21]. To capture

long-term exposures and reduce random within-person variation, we calculated cumulative

average levels of the exposures. When data on lifestyle factors were missing in a given ques-

tionnaire cycle, the last nonmissing observation was carried forward. Detailed information of

lifestyle and covariates assessment is provided in S2 Text.

For each of the 5 lifestyle factors, we defined a binary criterion, by which the participants

received a score of 1 if they met the criterion and 0 otherwise. The healthy lifestyle comprised a

BMI of�18.5 and<25.0 kg/m2, never smoking or past smoking with pack-years <5, moder-

ate-to-vigorous intensity activity for�30 minutes per day, none-to-moderate alcohol intake

(<1 drink [14 g alcohol] per day for women and<2 drinks per day for men), and meeting at

least 3 of the 6 dietary recommendations by the WCRF/AICR Third Expert Report 2018. An

overall healthy lifestyle score (range, 0 to 5) was then calculated by summing the 5 scores, with

a higher score indicating a healthier lifestyle.

Assessment of endoscopic screening

In both cohorts, beginning in 1988 and continuing through 2002, participants were asked

biennially whether they had undergone lower gastrointestinal endoscopy and, if so, the reason

for the endoscopy. In 2004, we additionally inquired whether the previously reported
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endoscopies were sigmoidoscopies or colonoscopies. In every cycle thereafter, responses for

sigmoidoscopy and colonoscopy were recorded separately. In random samples of participants

who reported having negative endoscopy (n = 114 in the NHS and 140 in the HPFS), we col-

lected endoscopic records and observed high concordance rate with self-reported negative

endoscopy (97% in the NHS and 100% in the HPFS) [22–24].

Participants were considered as endoscopically unscreened until the first time they reported

undertaking endoscopy for screening purpose and as endoscopically screened thereafter for

the remainder of follow-up. Given our focus on screening endoscopy, we stopped updating

endoscopy information in mortality analysis once a participant is diagnosed with CRC.

Ascertainment of cases and deaths of CRC

Participants reported CRC diagnoses on each biennial questionnaire. CRC deaths were identi-

fied through the National Death Index or reported by family members [25]. For the reported

CRC cases or deaths, we obtained medical records to confirm the diagnosis or cause of death

by study physicians. When we were unable to obtain medical records (approximately 10% of

cases), we linked to the appropriate cancer registry to confirm the diagnosis or death.

We classified CRCs into proximal colon cancers that encompassed those occurring in the

cecum, ascending colon, hepatic flexure, and transverse colon; and distal CRCs that encom-

passed those occurring in the splenic flexure, descending colon, sigmoid colon, rectosigmoid

junction, and rectum. We also staged CRC according to the American Joint Committee on

Cancer (AJCC) tumor–node–metastasis (TNM) cancer staging system [26].

Statistical analysis

Details about statistical analysis are provided in S2 Text. Participants contributed person-time

from return of the baseline questionnaire (1988 for both cohorts) until the date of CRC diag-

nosis (for CRC incidence analysis only), death, loss to follow-up, or end of the follow-up

period (June 30, 2014 for the NHS and January 31, 2014 for the HPFS), whichever came first.

We first calculated the age-adjusted CRC incidence and mortality rates by healthy lifestyle

score and endoscopic screening status. To account for multiple records per participant and

time-varying exposures and covariates, we used an Andersen-Gill data structure with a new

record for each 2-year follow-up period. Then, we used time-varying and age-, period-, and

cohort-stratified Cox proportional hazards regression models to estimate the multivariable

hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations of individual

and combined lifestyle factors with CRC incidence and mortality according to endoscopic

screening status. We also assessed the associations by anatomical site (proximal colon cancer

or distal CRC) and AJCC TNM stage of CRC (TNM 1 and 2 or 3 and 4) using the subtype-

stratified Cox proportional cause-specific hazards regression model by the duplication method

[27].

To examine the benefit of an integration of healthy lifestyle with endoscopic screening com-

pared to endoscopic screening alone, we calculated the hypothetical PARs [28] and 95% CIs

[10] to estimate the proportion of CRC cases and deaths that could have been avoided if all

participants in the cohorts had undertaken endoscopic screening and/or maintained healthy

lifestyle. To calculate the PARs, we derived the exposure prevalence within our cohorts and

used multivariable pooled logistic regression models to calculate the relative risk (RR) [29].

Using the prevalence (Pi) at the exposure category i and the corresponding RR estimates (RRi),

we calculated the PAR for healthy lifestyle using the following approximate formula: PAR ¼
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P
PiðHRi � 1Þ

P
PiðHRi � 1Þþ1

[30]. To examine the incremental benefit, we ran the PAR analysis for different

definitions of healthy lifestyle (score of�2,�3,�4, or = 5).

In secondary analyses, we calculated the PARs according to family history of CRC (yes and

no), regular aspirin use (yes and no), age (�65, 66–75, and >75 years), and sex (female and

male). Because CRC screening is generally recommended for individuals aged 50 to 75 years

[6,31], we repeated our analyses among participants aged 50 to 75 years only. To examine

whether the results were driven differently by colonoscopic and sigmoidoscopic screenings,

we repeated the analyses by only focusing on colonoscopic screening while excluding the per-

son-time counted in the sigmoidoscopic screening group. Due to that we carried forward the

status of endoscopic screening since the first time they reported taking endoscopic screening,

as a sensitivity analysis, we suspended updating the lifestyle information since the first endo-

scopic screening and repeated the analysis. In the main analysis, we counted the cycles when

no response to endoscopy was recorded (accounting for 11% of all person-time) into the non-

screening group, so we repeated the analysis after excluding the cycles as a sensitivity analysis.

Because the binary variables could not account for the gradient in CRC risk with more extreme

levels of these lifestyle factors, we conducted another sensitivity analysis by calculating an

expanded healthy lifestyle score using more refined categorizations for the lifestyle factors. We

assigned scores of 1 (least healthy) to 5 (most healthy) to the categories of the lifestyle factors

and summed the scores across all 5 factors (range, 5 to 25). We then categorized this expanded

score into 6 levels (5 to 10, 11 to 13, 14 to 16, 17 to 19, 20 to 22, and 23 to 25), which were

defined as the new healthy lifestyle score (0, 1, 2, 3, 4, and 5). Finally, to examine the benefit of

healthy lifestyle for overall health, we assessed mortality due to other causes than CRC. In this

analysis, we additionally adjusted for physical exam for disease screening, mammography for

breast cancer screening (women only), and prostate-specific antigen testing for prostate cancer

screening (men only).

Results

In the 2 cohorts of 118,748 participants with a median of 26 years (2,827,088 person-years) of

follow-up, we documented 2,836 incident CRC cases and 1,013 CRC deaths, among which

1,131 cases (40%) and 375 deaths (37%) were of proximal colon cancer, 1,305 cases (46%) and

433 deaths (43%) were of distal colorectal cancer, with the remaining (14% cases and 20%

deaths) having no confirmed site information. Overall, 41% and 59% of person-years occurred

in the endoscopic screening and non-screening groups, respectively. As shown in Table 1,

compared with the non-screening group, the screening group were older, more likely to be

male, have family history of CRC, use aspirin, use multivitamins, and have a healthier lifestyle.

Within each of the 2 groups, participants with a healthier lifestyle were more likely to be youn-

ger, have family history of CRC, and use multivitamins.

Fig 1 shows the associations of healthy lifestyle score with CRC incidence and mortality

according to endoscopic screening status. Each unit increment in the healthy lifestyle score

was associated with an HR for CRC incidence of 0.85 (95% CI, 0.80 to 0.90) in the screening

group and 0.85 (95% CI, 0.81 to 0.88) in the non-screening group (P-interaction = 0.99) (Fig

1A). Compared with participants without endoscopic screening and living a less healthy life-

style (score = 0), those with screening and a less healthy lifestyle had an HR of CRC incidence

of 0.37 (95% CI, 0.24 to 0.56), those without screening but living the healthiest lifestyle

(score = 5) had an HR of 0.38 (95% CI, 0.26 to 0.56), those with both screening and a healthiest

lifestyle had an HR of 0.14 (95% CI, 0.09 to 0.23). Likewise, the associations of healthy lifestyle

score with CRC mortality were also similar among individuals with and without endoscopic
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screening, with the HR of 0.82 (95% CI, 0.74 to 0.91) and 0.89 (95% CI, 0.82 to 0.96), respec-

tively (P-interaction = 0.27) (Fig 1B). Overall, endoscopic screening was associated with an HR

for CRC incidence of 0.53 (95% CI, 0.49 to 0.58) and for CRC mortality of 0.49 (95% CI, 0.43

to 0.56).

When assessed by anatomical site and TNM stage, the associations remained similar

between the screening and non-screening groups for proximal colon cancer (P-interac-

tion = 0.29) and distal CRC (P-interaction = 0.93) (S2 Fig), and TNM 1 and 2 (P-interac-

tion = 0.49) and TNM 3 and 4 CRC (P-interaction = 0.86) (S3 Fig). Similar associations were

also found for each of the individual lifestyle factors between the screening and non-screening

groups (all P-interaction > 0.10) (S1 and S2 Tables).

We then assessed the combined association of healthy lifestyle and endoscopic screening

(Table 2). For CRC incidence, the PAR with endoscopic screening alone was 32% (95% CI,

31% to 33%), increased to 37% (95% CI, 33% to 41%) when combined with a healthy lifestyle

score of�2, 43% (95% CI, 37% to 48%) with score�3, 49% (95% CI, 42% to 55%) with score

�4, and 61% (95% CI, 42% to 75%) with score = 5. For CRC mortality, the PAR with

Table 1. Age- and sex-standardized characteristics� of study participants according to endoscopic screening status and healthy lifestyle score†.

Nonendoscopic screening (1,661,951 person-years, 59%) Endoscopic screening (1,165,137 person-years, 41%)

Healthy lifestyle score Healthy lifestyle score

0 2 4 0 2 4

Person-years (% within group) 40,813 (2) 603,843 (36) 195,339 (12) 25,379 (2) 383,484 (33) 180,278 (15)

Age, years 62.7 61.9 61.2 69.0 68.7 68.7

Male sex, % 38 29 38 44 39 46

White, % 98 96 95 98 95 94

Family history of colorectal cancer, % 12 13 13 19 20 21

Regular aspirin use, % 29 26 25 35 33 32

Current multivitamins use, % 37 39 48 50 51 59

Body mass index, kg/m2 28.3 27.0 23.1 28.2 27.0 23.3

Current smoker, % 30 13 2 13 6 1

Pack-years of smoking‡ 34.8 24.9 12.1 32.4 23.1 11.5

Alcohol intake, g/d 32.3 6.3 4.4 31.8 7.7 5.5

Physical activity, min/d 9.5 15.1 39.2 10.7 17.7 39.7

Dietary intake

Red meat, serving/d 0.7 0.7 0.5 0.7 0.6 0.4

Processed meat, serving/d 0.4 0.4 0.2 0.4 0.3 0.2

Dietary fiber, g/d 14.8 17.5 21.0 16.4 19.3 22.9

Dairy products, serving/d 2.2 2.3 2.5 2.2 2.2 2.3

Whole grain, g/d 12.0 17.2 26.4 16.7 22.4 31.4

Whole grains: total grains in weight 0.2 0.2 0.3 0.3 0.3 0.4

Calcium supplement, % 35 39 59 41 44 64

� Updated information throughout follow-up was used to calculate the means for continuous variables and percentage for categorical variables. All variables are age- and

sex-standardized except person-years, age, and sex.

† Healthy lifestyle score (range, 0–5) was defined as the number of the 5 healthy lifestyle factors: normal body weight (body mass index,�18.5 and <25.0 kg/m2), never

smoking or past smoking with pack-years <5, moderate-to-vigorous intensity activity for�30 minutes per day, none-to-moderate alcohol intake (<1 drink [14 g

alcohol]/d for women and <2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations by the World Cancer Research Fund/American Institute for

Cancer Research Third Expert Report 2018, which included red meat <0.5 serving/d, processed meat <0.2 serving/d, dietary fiber�30 g/d, dairy products�3 servings/

d, whole grains�48 g/d or account for at least half of total grains, and calcium supplement use.

‡ Among ever smokers only.

https://doi.org/10.1371/journal.pmed.1003522.t001
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endoscopic screening alone was 34% (95% CI, 29% to 39%), increased to 38% (95% CI, 30% to

45%), 50% (95% CI, 40% to 59%), and 55% (95% CI, 37% to 69%) when combined with a life-

style score of�2,�3, and�4, respectively.

We also calculated the PARs by CRC subsites (Fig 2) and TNM stage (Fig 3). For incidence

of proximal colon cancer, the PAR increased from 15% (95% CI, 13% to 16%) with endoscopic

screening alone to 51% (95% CI, 17% to 74%) with the combination of endoscopic screening

and healthy lifestyle score of 5. The corresponding PAR for distal CRC increased from 47%

(95% CI, 45% to 50%) to 75% (95% CI, 61% to 84%), for TNM 1 and 2 CRC from 27% (95%

CI, 26% to 28%) to 52% (95% CI, 31% to 68%), and for TNM 3 and 4 CRC from 37% (95% CI,

33% to 41%) to 68% (95% CI, 45% to 84%). For mortality, combining a healthy lifestyle (score

�4) with endoscopic screening was associated with an increase in the PAR from 13% (95% CI,

2% to 23%) to 52% (95% CI, 20% to 74%) for proximal colon cancer, and from 49% (95% CI,

42% to 56%) to 65% (95% CI, 48% to 78%) for distal CRC.

In the stratified analysis, we found that an integration of healthy lifestyle with endoscopic

screening was associated with a substantially increased PAR across all the subgroups according

to family history of CRC, regular aspirin use, age, and sex (S3 Table). In addition, we found a

beneficial association of healthy lifestyle score with mortality due to other causes than CRC in

both the endoscopic screening (HR, 0.86 per one-unit increment; 95% CI, 0.85 to 0.88) and

non-screening groups (HR, 0.83 per one-unit increment; 95% CI, 0.82 to 0.84) (S4 Fig).

Our results were robust to several sensitivity analyses, including restricting to participants aged

50 to 75 years (S4 Table), defining screening based on colonoscopy only (S5 Table), stopping

updating lifestyle information after the first report of endoscopic screening (S6 Table), excluding

Fig 1. Association of healthy lifestyle score with CRC incidence (panel A) and mortality (panel B) according to endoscopic screening status and the

corresponding age-adjusted incidence and mortality rates. Healthy lifestyle score (range, 0–5) was defined as the number of the 5 healthy lifestyle factors: normal

body weight (BMI,�18.5 and<25.0 kg/m2), never smoking or past smoking with pack-years<5, moderate-to-vigorous intensity activity for�30 minutes per day,

none-to-moderate alcohol intake (<1 drink [14 g alcohol]/d for women and<2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations by the

WCRF/AICR Third Expert Report 2018, which included red meat<0.5 serving/d, processed meat<0.2 serving/d, dietary fiber�30 g/d, dairy products�3 servings/

d, whole grains�48 g/d or account for at least half of total grains, and calcium supplement use. Multivariable Cox proportional hazards regression was used to

calculate the HRs and 95% CIs while adjusting for age, calendar period, sex, ethnicity, current multivitamins use, regular aspirin use, family history of CRC,

menopausal status and hormone use (women only) in incidence analysis, and, additionally, diagnoses of cardiovascular disease and type 2 diabetes in mortality

analysis. Error bars indicate 95% CIs. BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; pys, person-years; WCRF/AICR,

World Cancer Research Fund/American Institute for Cancer Research.

https://doi.org/10.1371/journal.pmed.1003522.g001
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the person-times when response to endoscopy was missing (S7 Table), and defining the healthy

lifestyle score using the 5 lifestyle factors as 5-categorical variables (S5 Fig and S8 Table).

Discussion

In 2 large prospective cohorts, we found that adherence to a healthy lifestyle was associated

with a similar risk reduction of CRC incidence and mortality among individuals with and

without endoscopic screening. Our results suggest that approximately 32% of CRC cases and

34% of CRC deaths could potentially be prevented by endoscopic screening alone and, when

combined with the 5 healthy lifestyle factors, these figures increased to 61% and 55%, respec-

tively. Moreover, the incremental benefit was particularly strong for proximal colon cancer

(PAR increased from 15% to 51% for incidence, and from 13% to 52% for mortality). These

findings indicate that adherence to healthy lifestyle confers a substantial benefit for reduction

of CRC incidence and mortality independent of endoscopic screening and that integrating

healthy lifestyle with endoscopic screening may substantially enhance CRC prevention.

Screening is the cornerstone of CRC prevention, and endoscopic screening has been shown

to confer a persisting protection against CRC for up to 15 to 17 years [32,33]. In the current

study, we found that endoscopic screening was associated with an HR for CRC incidence of

0.53 and for CRC mortality of 0.49, consistent with our prior findings [33] and other studies

Table 2. PAR estimates for CRC incidence and mortality associated with endoscopic screening and healthy lifestyle� separately and in combination.

Exposures Prevalence (%) Age-adjusted rate /100,000 pys % PAR (95% CI)†

Colorectal cancer incidence

Endoscopic screening 41 78 32 (31–33)

Healthy lifestyle score�2 80 92 7 (5–10)

Healthy lifestyle score�3 45 82 16 (12–21)

Healthy lifestyle score�4 17 75 24 (16–31)

Healthy lifestyle score = 5 3 65 34 (16–49)

Endoscopic screening and healthy lifestyle score�2 34 73 37 (33–41)

Endoscopic screening and healthy lifestyle score�3 20 65 43 (37–48)

Endoscopic screening and healthy lifestyle score�4 8 61 49 (42–55)

Endoscopic screening and healthy lifestyle score = 5 2 44 61 (42–75)

Colorectal cancer mortality

Endoscopic screening 41 28 34 (29–39)

Healthy lifestyle score�2 76 33 5 (1–9)

Healthy lifestyle score�3 39 26 20 (11–28)

Healthy lifestyle score�4 13 24 23 (7–38)

Endoscopic screening and healthy lifestyle score�2 32 26 38 (30–45)

Endoscopic screening and healthy lifestyle score�3 17 20 50 (40–59)

Endoscopic screening and healthy lifestyle score�4 6 17 55 (37–69)

CI, confidence interval; CRC, colorectal cancer; PAR, population-attributable risk; pys, person-years; WCRF/AICR, World Cancer Research Fund/American Institute

for Cancer Research.

� Healthy lifestyle score (range, 0–5) was defined as the number of the 5 healthy lifestyle factors: normal body weight (body mass index,�18.5 and <25.0 kg/m2), never

smoking or past smoking with pack-years <5, moderate-to-vigorous intensity activity for�30 minutes per day, none-to-moderate alcohol intake (<1 drink [14 g

alcohol]/d for women and <2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations by the WCRF/AICR Third Expert Report 2018, which

included red meat <0.5 serving/d, processed meat <0.2 serving/d, dietary fiber�30 g/d, dairy products�3 servings/d, whole grains�48 g/d or account for at least half

of total grains, and calcium supplement use.

† PARs and 95% CIs were calculated while adjusting for age, calendar period, sex, ethnicity, current multivitamins use, regular aspirin use, family history of CRC,

menopausal status and hormone use (women only) in incidence analysis, and, additionally, diagnoses of cardiovascular disease and type 2 diabetes in mortality analysis.

https://doi.org/10.1371/journal.pmed.1003522.t002
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[34,35]. Over the years, despite an overall increase in the uptake of endoscopic screening, sub-

stantial disparity remains in the US [36,37]. On the other hand, although the importance of

lifestyle and diet for CRC prevention has been increasingly recognized [12], it remains unclear

whether adherence to healthy lifestyle in individuals having already undertaken endoscopic

screening remains as beneficial for CRC prevention as in those without endoscopic screening.

To the best of our knowledge, the current study represents the first effort to answer that ques-

tion and to comprehensively quantify the joint beneficial association of healthy lifestyle and

endoscopic screening with CRC prevention.

Although precancerous lesions can be detected and removed through endoscopic screen-

ing, the benefit is far from perfect, due to procedural (e.g., poor bowel preparation, difficulty

in accessing the proximal colon) and lesion-related reasons (e.g., missed/incomplete resection

of serrated polyps). On the other hand, lifestyle modification, as a primary prevention

approach for CRC, operates through various biological pathways, including reduction in

hyperinsulinemia and systemic inflammation, and modulation of gene expression and the gut

microbiota [38–42]. Therefore, given the independent pathways through which healthy life-

style and endoscopic screening exert protection against CRC, it is not surprising that we

observed a similar CRC-preventive association of adherence to healthy lifestyle in individuals

with and without endoscopic screening.

Fig 2. PAR estimates for incidence and mortality of proximal colon cancer and distal CRC with endoscopic screening alone and endoscopic screening–healthy

lifestyle combination. Healthy lifestyle score (range, 0–5) was defined as the number of the 5 healthy lifestyle factors: normal body weight (BMI,�18.5 and<25.0 kg/

m2), never smoking or past smoking with pack-years<5, moderate-to-vigorous intensity activity for�30 minutes per day, none-to-moderate alcohol intake (<1 drink

[14 g alcohol]/d for women and<2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations by the WCRF/AICR Third Expert Report 2018, which

included red meat<0.5 serving/d, processed meat<0.2 serving/d, dietary fiber�30 g/d, dairy products�3 servings/d, whole grains�48 g/d or account for at least half

of total grains, and calcium supplement use. PARs and 95% CIs were calculated while adjusting for age, calendar period, sex, ethnicity, current multivitamins use,

regular aspirin use, family history of CRC, menopausal status and hormone use (women only) in incidence analysis, and, additionally, diagnoses of cardiovascular

disease and type 2 diabetes in mortality analysis. Error bars indicate 95% CIs. BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; PAR, population-

attributable risk; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

https://doi.org/10.1371/journal.pmed.1003522.g002
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Our findings have important clinical and public health implications. First, we provide

empirical evidence for the independent associations of healthy lifestyle and endoscopic screen-

ing with lower CRC incidence and mortality. Despite the protection of endoscopic screening

against CRC [32,33], the fact that healthy lifestyle may be associated with a further increased

CRC prevention highlights the need to promote healthy lifestyle to optimize CRC prevention.

Second, we observed a higher increment in the beneficial association for proximal colon can-

cer when integrating healthy lifestyle with endoscopic screening. Given the rising incidence of

Fig 3. PAR estimates for incidence of CRC by TNM stage (TNM 1 and 2 and 3 and 4) with endoscopic screening alone and endoscopic screening–

healthy lifestyle combination. Healthy lifestyle score (range, 0–5) was defined as the number of the 5 healthy lifestyle factors: normal body weight (BMI,

�18.5 and<25.0 kg/m2), never smoking or past smoking with pack-years<5, moderate-to-vigorous intensity activity for�30 minutes per day, none-to-

moderate alcohol intake (<1 drink [14 g alcohol]/d for women and<2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations by

the WCRF/AICR Third Expert Report 2018, which included red meat<0.5 serving/d, processed meat<0.2 serving/d, dietary fiber�30 g/d, dairy

products�3 servings/d, whole grains�48 g/d or account for at least half of total grains, and calcium supplement use. PARs and 95% CIs were calculated

while adjusting for age, calendar period, sex, ethnicity, current multivitamins use, regular aspirin use, family history of CRC, and menopausal status and

hormone use (women only). Error bars indicate 95% CIs. BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; PAR, population-

attributable risk; TNM, tumor–node–metastasis; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

https://doi.org/10.1371/journal.pmed.1003522.g003
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proximal colon cancer and the diminished benefit of endoscopy in preventing these tumors

[33], our results suggest that an emphasis on healthy lifestyle may help address these limita-

tions. Third, our findings highlight the merit of healthy lifestyle for CRC prevention in settings

lacking coverage or capacity for endoscopic screening [43,44]. For example, compared to indi-

viduals with no endoscopic screening or healthy lifestyle, those with the 5 healthy lifestyle prac-

tices but remain unscreened might have a 62% reduction in CRC risk (HR, 0.38; 95% CI, 0.26

to 0.56), which was very close to that (63%) among individuals only undertaking endoscopic

screening but still living a less healthy lifestyle (HR, 0.37; 95% CI, 0.24 to 0.56). Fourth, we

noted a more general benefit of healthy lifestyle than endoscopic screening for other outcomes

than CRC. We found that each increment in the number of healthy lifestyle practices was asso-

ciated with 14% to 17% reduction in mortality due to other causes than CRC. However, no

such benefit was observed for endoscopic screening. Nevertheless, given the challenges in

undertaking and maintaining healthy lifestyle practices (only 3% of our study population had

all 5 healthy lifestyle factors), screening should still serve as an unshakable cornerstone for

CRC prevention.

Our study has several strengths, including the large sample size, long-term follow-up,

repeated assessments of lifestyle factors and endoscopic screening, and detailed information

on potential confounders. Also, several limitations should be noted. First, the information of

lifestyle factors and endoscopic screening was self-reported and thus subject to measurement

error. However, the accuracy of these self-reported data within our cohorts has been well docu-

mented (see S2 Text) [22–24,33,45,46]. Second, we used a less stringent threshold to define

healthy lifestyle due to the low prevalence of healthy lifestyle. For example, we included past

smoking with pack-years <5 in the nonsmoking group and defined healthy lifestyle as a score

of�4 rather than 5 in CRC mortality analysis. Thus, the PAR for healthy lifestyle may have

been underestimated. Third, our study participants are all health professionals and predomi-

nantly whites, thereby limiting the generalizability of our findings, particularly given that indi-

viduals with a healthier lifestyle are more likely to undertake screening. However, it is unlikely

that the biological effect of healthy lifestyle would substantially differ between health profes-

sionals and the general population. On the other hand, given the generally healthier lifestyle

profiles of health professionals, we may have underestimated the benefit of lifestyle in the gen-

eral population. Additionally, we lacked data on other screening modalities than endoscopy

and were thus unable to examine their influence on our results.

In conclusion, our study suggests that adherence to healthy lifestyle is associated with sub-

stantial reduction in CRC incidence and mortality independent of endoscopic screening. Inte-

gration of healthy lifestyle with endoscopic screening may improve prevention of CRC,

particularly proximal colon cancer, compared to endoscopic screening alone.
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S2 Fig. Association of healthy lifestyle score with incidence of proximal colon cancer (panel

A) and distal colorectal cancer (panel B) according to endoscopic screening status and the cor-

responding age-adjusted incidence rates. Healthy lifestyle score (range, 0–5) was defined as the

number of the 5 healthy lifestyle factors: normal body weight (BMI,�18.5 and<25.0 kg/m2),
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never smoking or past smoking with pack-years <5, moderate-to-vigorous intensity activity

for�30 minutes per day, none-to-moderate alcohol intake (<1 drink [14 g alcohol]/d for

women and<2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations by

the WCRF/AICR Third Expert Report 2018, which included red meat<0.5 serving/d, pro-

cessed meat<0.2 serving/d, dietary fiber�30 g/d, dairy products�3 servings/d, whole grains

�48 g/d or account for at least half of total grains, and calcium supplement use. Multivariable

Cox proportional hazards regression was used to calculate the HRs and 95% CIs while adjust-

ing for age, calendar period, sex, ethnicity, current multivitamins use, regular aspirin use, fam-

ily history of CRC, and menopausal status and hormone use (women only). P-

heterogeneity = 0.175 among unscreened participants and 0.349 among screened participants.

BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; pys,

person-years; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer

Research.

(TIF)

S3 Fig. Association of healthy lifestyle score with incidence of CRC by TNM stage (panel A:

TNM 1 and 2; panel B: TNM 3 and 4) according to endoscopic screening status. Healthy life-

style score (range, 0–5) was defined as the number of the 5 healthy lifestyle factors: normal

body weight (BMI,�18.5 and <25.0 kg/m2), never smoking or past smoking with pack-years

<5, moderate-to-vigorous intensity activity for�30 minutes per day, none-to-moderate alco-

hol intake (<1 drink [14 g alcohol]/d for women and<2 drinks/d for men), and meeting at

least 3 of the 6 dietary recommendations by the WCRF/AICR Third Expert Report 2018,

which included red meat<0.5 serving/d, processed meat<0.2 serving/d, dietary fiber�30 g/

d, dairy products�3 servings/d, whole grains�48 g/d or account for at least half of total

grains, and calcium supplement use. Multivariable Cox proportional hazards regression was

used to calculate the HRs and 95% CIs while adjusting for age, calendar period, sex, ethnicity,

current multivitamins use, regular aspirin use, family history of CRC, and menopausal status

and hormone use (women only). BMI, body mass index; CI, confidence interval; CRC, colo-

rectal cancer; HR, hazard ratio; TNM, tumor–node–metastasis; WCRF/AICR, World Cancer

Research Fund/American Institute for Cancer Research.

(TIF)

S4 Fig. Association of healthy lifestyle score with mortality due to other causes than CRC

according to endoscopic screening status. Healthy lifestyle score (range, 0–5) was defined as

the number of the 5 healthy lifestyle factors: normal body weight (BMI,�18.5 and<25.0 kg/

m2), never smoking or past smoking with pack-years <5, moderate-to-vigorous intensity

activity for�30 minutes per day, none-to-moderate alcohol intake (<1 drink [14 g alcohol]/d

for women and<2 drinks/d for men), and meeting at least 3 of the 6 dietary recommendations

by the WCRF/AICR Third Expert Report 2018, which included red meat<0.5 serving/d, pro-

cessed meat<0.2 serving/d, dietary fiber�30 g/d, dairy products�3 servings/d, whole grains

�48 g/d or account for at least half of total grains, and calcium supplement use. Multivariable

Cox proportional hazards regression was used to calculate the HRs and 95% CIs while adjust-

ing for age, calendar period, sex, ethnicity, current multivitamins use, regular aspirin use, fam-

ily history of CRC, menopausal status and hormone use (women only), diagnoses of

cardiovascular disease and type 2 diabetes, physical exam for disease screening, mammogra-

phy for breast cancer screening (women only), and prostate-specific antigen testing for pros-

tate cancer screening (men only). BMI, body mass index; CI, confidence interval; CRC,

colorectal cancer; HR, hazard ratio; WCRF/AICR, World Cancer Research Fund/American

Institute for Cancer Research.

(TIF)
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S5 Fig. Association of healthy lifestyle score with CRC incidence according to endoscopic

screening status when healthy lifestyle score was defined by the five 5-categorical lifestyle

factors. The five 5-categorical lifestyle factors included BMI (18.5–24.9, 25.0–27.4, 27.5–29.5,

30.0–34.9, and�35.0 kg/m2; scored 5–1, respectively), smoking (never, past smoking with

pack-years <5, past smoking with pack-years�5, current smoker with pack-years <20, and

current smoker with pack-years�20; scored 5–1, respectively), physical activity (moderate-to-

vigorous intensity activity for 0, 0.1–0.9, 1.0–3.4, 3.5–5.9, and�6 hours per week; scored 1–5,

respectively), alcohol intake (0, 0.1–13.9, 14–20.9, 21–27.9, and�28 g/d; scored 5–1, respec-

tively), and number of the 6 healthy dietary components recommendations by the WCRF/

AICR Third Expert Report 2018 (0–1, 2, 3, 4, and 5–6; scored 1–5, respectively). The 6 healthy

dietary components included red meat<0.5 serving/d, processed meat<0.2 serving/d, dietary

fiber�30 g/d, dairy products�3 servings/d, whole grains�48 g/d or account for at least half

of total grains, and calcium supplement use. Sum of the 5 scores (range, 5–25) was then cate-

gorical into 5 levels (5–10, 11–13, 14–16, 17–19, 20–22, and 23–25). These 5 levels were defined

as the new healthy lifestyle score (0, 1, 2, 3, 4, and 5). Multivariable Cox proportional hazards

regression was used to calculate the HRs and 95% CIs while adjusting for age, calendar period,

sex, ethnicity, current multivitamins use, regular aspirin use, family history of CRC, and men-

opausal status and hormone use (women only). Error bars indicate 95% CIs. BMI, body mass

index; CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; WCRF/AICR, World

Cancer Research Fund/American Institute for Cancer Research.

(TIF)
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