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Fruits, vegetables and lung cancer risk: a systematic review and meta-analysis  
 
Abstract  
Background: Lung cancer is the most common cause of cancer death. An estimated 158 040 
deaths are expected to occur in 2015. Several fruits and vegetables containing carotenoids 
and other antioxidants have been hypothesized to decrease lung cancer risk because of their 
antioxidant activity. As part of the WCRF-AICR Continuous Update Project, we conducted a 
systematic review and meta-analysis of prospective studies to assess the dose-response 
relationship between fruits and vegetables and incidence and mortality of lung cancer.  

Methods: We searched PubMed and several databases up to December 2014 for relevant 
prospective studies. We conducted meta-analyses comparing highest and lowest intakes and 
dose-response meta-analyses using random effects models to estimate summary relative risks 
(RRs) and 95% confidence intervals (CIs), and used restricted cubic splines to examine 
possible nonlinear associations. We combine results from the Pooling Project with the studies 
we identified to increase the statistical power of our analysis.   

Results: When comparing the highest with the lowest intakes, the summary RR estimates 
were 0.86(95% CI: 0.78-0.94; n(studies)=18) for fruits and vegetables, 0.92(95% CI: 0.87-
0.97; n=25) for vegetables and 0.82(95% CI: 0.76-0.89; n=29) for fruits. The association with 
fruit and vegetable intake was marginally significant in current smokers and inverse but not 
significant in former or never smokers. Significant inverse dose-response associations were 
observed for each 100 g/day increase: for fruit and vegetables (RR=0.96; 95% CI= 0.94-0.98, 
I2 =63.9%, n=14, N(cases)=9609), vegetables (RR=0.94; 95% CI= 0.89-0.98, I2 =47.9%, 
n=20, N=12 563), and fruits (RR=0.92; 95% CI= 0.89-0.95, I2 =56.8%, n=23, N=14506). 
There was evidence of a non-linear relationship (p < 0.01) between fruit and vegetable intake 
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and lung cancer risk showing that no further benefit is obtained when increasing consumption 
above approximately 400 g per day.  

Conclusions: Eliminating tobacco smoking is the best strategy to prevent lung cancer. 
Although residual confounding by smoking cannot be ruled out, the current evidence from 
prospective studies is consistent with a protective role of fruit and vegetables in lung cancer 
aetiology.  

 
Key words Fruits  Vegetables Citrus fruits  Cruciferous vegetablesLung Cancer  
Smoking  Systematic review  Meta-analysis 
 
Key message: 
Eliminating tobacco smoking is the best strategy to prevent lung cancer. This meta-analysis 
reinforces the importance of a diet rich in fruit and vegetable as a preventive measure against 
lung cancer.  
 
 
Word count abstract: 319 
Word count text: 3823 

Introduction   
Lung cancer is the leading cause of cancer death in males, the second leading cause of cancer 
death in women and the fourth most commonly diagnosed cancer worldwide (2). From 2007 
to 2011, lung cancer incidence rates decreased by 3.0% per year in men and by 2.2% per year 
in women. In 2012, about 1.5 million people died from lung cancer (2), accounting for about 
one fifth of all cancer deaths. Most lung cancers are diagnosed at an advanced stage due to 
the relative lack of clinical symptoms during early stages. The 5-year survival of lung cancer 
is only 17% (2). Cigarette smoking  accounts for 80% of the worldwide lung cancer burden in 
males and at least 50% of the burden in females (1, 20).  Although lung cancer incidence 
rates in men from North America, Europe and Australia are decreasing, they have increased 
in Asia and Africa (1) and in women, as a reflect of changes in smoking prevalence(30).  
Non-smokers exposed to environmental tobacco smoke have an increased risk of lung cancer 
and there is also evidence that air pollution is a risk factor of lung cancer (49). 
Non-smoking is the first strategy for preventing lung cancer. There is also evidence that 
nutritional factors may play a role in lung cancer development.  In clinical trials there was an 
increased risk of lung cancer in smokers receiving high dose of beta-carotene 
supplements(12). On the other hand, several fruits and vegetables contain carotenoids and 
other antioxidants have been hypothesized to decrease lung cancer risk because of their 
antioxidant activity.  In an exhaustive evaluation of the existing evidence, the expert panel of 
the 2007 WCRF/AICR Second Report concluded as convincing evidence that high doses of 
beta-carotene supplements (in smokers) increase the risk of lung cancer; fruits and foods 
containing carotenoids probably decrease the risk of lung cancer. The evidence suggesting a 
protective effect of non-starchy vegetables was limited. There was convincing evidence that 
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arsenic in drinking water increases the risk of lung cancer, but there was limited evidence  
supporting any effect of other nutritional factors investigated (1). 
As part of the WCRF-AICR Continuous Update Project, we conducted a systematic review 
and meta-analysis of prospective studies to assess the relationship between fruits and 
vegetables combined, fruits only, vegetables only, cruciferous vegetables, leafy vegetables 
and citrus fruit and incidence and mortality of lung cancer. We specifically aimed to clarify 
1) the strength and shape of the dose-response relationship by conducting linear and 
nonlinear dose-response analyses, 2) whether specific types of fruits and vegetables were 
associated with lung cancer risk, 3) and whether the association differed by geographic 
regions including not only studies from North America and Europe as the previous Pooling 
Project, but also Asian studies.  

Methods 
 
Search strategy 
The search of articles published before January 2006 was conducted by several reviewers at 
the Johns Hopkins University during the systematic literature review for the WCRF/AICR 
Second Expert Report (available online 
http://www.wcrf.org/sites/default/files/SLR_lung.pdf). Several databases were searched up to 
December 2005, including Pubmed, Embase, CAB Abstracts, ISI Web of Science, BIOSIS, 
LILACS, Cochrane library, CINAHL, AMED, National Research Register, and In Process 
Medline. Because all the relevant studies were identified by the PubMed search, the PubMed 
database was searched by the CUP team at Imperial College London for studies of fruit and 
vegetables and lung cancer risk published from January 2006 up to December 2014. The 
protocol followed for the review can be found at: 
http://www.dietandcancerreport.org/cancer_resource_center/downloads/cu/CUP_lung_cancer
_protocol.pdf and includes the specific search criteria used.  Furthermore, the reference list of 
the included articles and published meta-analyses and reviews identified was screened and 
hand searched. 
 
 
Study selection 
The study inclusion criteria were 1) being a randomized controlled trial or prospective study 
with cohort, case-cohort or nested case-control design; 2) report adjusted estimates of the 
relative risk (RR) (e.g. hazard ratio, risk ratio or odds ratio) and 95% confidence intervals 
(CIs) for the association of fruit and/or vegetables and lung cancer incidence or mortality; 3) 
for dose-response meta-analysis, studies should provide a quantitative measure of the intake. 
When the same study published more than one article on fruit and vegetables and lung 
cancer, we selected the newest publication with the largest number of cases. 
From 29513 articles identified, 28690 articles were excluded based on the abstract and title, 
800 articles did not meet the inclusion criteria and 27 articles met the inclusion criteria and 
were included (Flowchart of study selection – Figure 1).  
 

http://www.wcrf.org/sites/default/files/SLR_lung.pdf
http://www.dietandcancerreport.org/cancer_resource_center/downloads/cu/CUP_lung_cancer_protocol.pdf
http://www.dietandcancerreport.org/cancer_resource_center/downloads/cu/CUP_lung_cancer_protocol.pdf
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Data extraction 
The data extracted for each article were: first author’s last name, publication year, country 
where the study was conducted, the study name, follow-up period, sample size, sex, age, 
number of cases, dietary assessment method (type, number of food items and whether it had 
been validated), type of fruit and/or vegetable, amount of intake, RRs and 95% CIs and 
adjustment variables. The search and data extraction of articles published up to June 2006 
was conducted by several reviewers at the Johns Hopkins University during the systematic 
literature review for the WCRF/AICR Second Expert Report. The search and extraction from 
June 2006 and up to December 2014 was conducted by the CUP team at Imperial College 
London. 
 
 
Statistical methods  
We calculated summary RRs and 95% CIs for the highest compared to the lowest levels of 
fruits and vegetables intake using random effect models to account for anticipated 
heterogeneity.  The natural logarithm of the relative risks was weighted by the method of 
Dersimonian and Laird and then pooled across studies (11). To estimate linear trends and 
95% CIs from the natural logs of the RR and respective CI across categories of fruit and 
vegetable intake we used the method described by Greenland and Longnecker (19, 34). For 
this method at least three categories of intake and the number of cases and person-years or 
non-cases per category was required. When studies reported only the total number of cases or 
total person-years and the exposure was defined in quantiles, the distribution of cases or 
person-years was calculated dividing the total number by the number of quantiles. Whenever 
reported, the mean or median intake by category was assigned to the corresponding RR. The 
midpoint was calculated for studies that only reported a range of intake by category. When 
the intake range was open-ended we assumed that its width was the same as the adjacent 
category. For two studies that presented the exposure per given unit of energy intake, we 
rescaled it using the mean energy intake provided (17, 55). We expressed the dose-response 
by increments of 100g/day for fruits and vegetables and 50g/day for subtypes of vegetables. 
For studies that reported in servings, the conversion unit of 80 grams as a serving size was 
used, for comparison with other meta-analyses of fruit and vegetable intake and cancer 
risk(11). The analyses were conducted for men and women separately and for all studies 
combined. Where results were only presented separately for men and women in a study, these 
were combined for analyses on all studies using a fixed effects meta-analysis before being 
pooled with other studies to ensure that between-study heterogeneity was not underestimated. 
Between-study heterogeneity was assessed using Cochran Q test and the percentage of total 
variation in study estimates attributable to between-study heterogeneity (I2).  Heterogeneity 
was explored in stratified analysis by geographic location, lung cancer type, smoking status, 
outcome type and type of adjustment for smoking (smoking status only or also adjustment for 
smoking intensity and duration) and by visual inspection of the forest plots. Most of the 
studies adjusted the analysis for smoking status. Potential small-study effects, such as 
publication bias, were explored using Egger’s test and funnel plots.  
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The results of a published Pooling Project of eight prospective studies (39) could not be 
included in the dose-response meta-analysis because cohort-specific quartiles were used in 
the pooled analysis. However, a meta-analysis of the highest compared to the lowest intake 
category including the Pooling Project and the non-overlapping studies identified in our 
search and a stratified analysis by smoking status was conducted. Two studies included in the 
Pooling Project (39) did not provide individual data to be included in our meta-analysis.  

To examine possible nonlinear associations, we calculated restricted cubic splines for each 
study with more than three categories of exposure, using three fixed knots at 10%, 50%, and 
90% through the total distribution of the reported intake, and combined them using 
multivariate meta-analysis. Fifteen studies presented more than three categories and could be 
included in the non-linear analysis (7-9, 13, 17, 18, 21, 23, 31, 33, 38, 42, 45, 46, 51). 

Stata version 12 software (StataCorp, College Station, TX, USA) was used for the statistical 
analyses. A two-tailed p<0.05 was considered statistically significant.  

Results 
Twenty seven cohort studies were included in this analysis (3, 6-10, 13, 14, 17, 18, 21-23, 26, 
28, 29, 31, 33, 35-37, 42, 45-47, 51-53, 53, 56, 57) - fourteen on fruit and vegetables, twenty 
two on vegetables, eleven on cruciferous vegetables, nine on leafy vegetables, twenty-seven 
on fruits and thirteen on citrus fruits (supplementary tables S1-S6). The total number of 
studies after including the non-overlapping studies from the Pooling Project was twenty-nine 
(40). 

Fruit and vegetables 

Eighteen studies with 11 941 cases were included in highest compared to the lowest meta-
analyses. A significant inverse association was observed (RR: 0.86; 95% CI=0.78-0.94, 
I2=37%) (figure 3a) that was more evident in current smokers (RR: 0.90 (95%CI= 0.81-1.00, 
I2 =0%, 8 studies) than in never or former smokers (RR: 0.94; 0.70-1.27, I2 =19%, and 0.95 
(95%CI= 0.83-1.10, I2 =36, 7 studies respectively) (supplementary figure S5).  

Fourteen studies were included in the dose-response meta-analysis. A significant inverse 
association of fruit and vegetable consumption with lung cancer was observed (RR per 100 
g/day: 0.96 (95% CI= 0.94-0.98, I2 =64%, P heterogeneity (ph) <0.01) (figure 2a). Two 
studies excluded (52, 57) from the dose-response analyses reported non-significant 
associations. Two studies included in the Pooling Project (39), The New York State Cohort  
and the Canadian National Breast Screening Study, did not provide individual data to be 
included in our meta-analysis.  

The observed heterogeneity persisted in analyses stratified by sex, geographic location, 
smoking status, and level of adjustment for smoking. No significant associations were 
observed in smokers and never smokers (three studies) and in the only study on former 
smokers. Most of the studies in the analyses adjusted by smoking status, duration and 
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intensity. The inverse association was observed in subgroup of studies in Europe (4 studies) 
but not in Asia (3 studies) and North America (7 studies) (table 1). 

There was significant evidence of publication or small study bias in the dose-response meta-
analysis (p for Egger’s test < 0.01). Visual inspection of the funnel plot suggests that small 
studies showing positive or null associations may be missing (supplementary figure S1). All 
the studies included in the analysis on fruit and vegetables except two (38, 53) also reported 
on fruits and vegetables separately and lung cancer risk. 

There was evidence of non-linear dose-response association (p <0.01, 11 studies). The risk 
decreases by 27% with increasing intakes up to approximately 400 g/day. No benefit for 
increasing intake is apparent above this value (figure 5a). 

Vegetables 

Twenty-five studies with 19 095 cases were included in the meta-analyses of the highest 
compared to the lowest intakes. A significant inverse association was observed (RR highest 
compared to lowest: 0.92; 95% CI= 0.87-0.97; I2=0%) (figure 3b) that in stratified analysis 
was restricted to current smokers (RR highest compared to lowest: 0.93 (95%CI= 0.85-1.01, 
I2 =0%, 10 studies). No significant association was observed in never (RR highest compared 
to lowest: 0.92; 95%CI= 0.73-1.16, I2 =0%, 9 studies) and former smokers (RR highest 
compared to lowest: 1.01; 95%CI= 0.85-1.21, I2 =59%, 8 studies) (supplementary figure S6). 

A significant inverse association was observed in dose-response meta-analysis (RR per 100 
g/day: 0.94; 95% CI= 0.89-0.98, I2 =48%, 20 studies) (figure 2b). Four studies were excluded 
from the dose-response analyses; all reported non-significant associations (15, 25, 28, 52). 
Two studies included in the Pooling Project (39), The New York State Cohort and the 
Canadian National Breast Screening Study, did not provide individual data to be included in 
our meta-analysis.  

In analysis stratified by smoking status the significant inverse association was restricted to 
current smokers (RR per 100g/day: 0.88 (0.71-0.99, I2 =81%, 6 studies). No significant 
associations were observed in former and never smokers. A marginal significant inverse 
association was observed in men but not in women (table 1). 

High heterogeneity was observed that persisted in stratified analyses in men, current smokers, 
and European studies, and in subgroups with very large number of studies.  In analyses by 
cancer type inverse, but no significant association was observed for small cell carcinoma;  
only two studies were available; no association was observed in the other cancer types (four 
studies) (table 1).  

There was significant evidence of publication or small study bias (p < 0.01).  The asymmetry 
is driven by a small study showing an inverse association (supplementary figure S2). 

There was evidence of a non-linear inverse dose-response association (p < 0.01,15 studies). 
The risk decreased by 18% with intakes up to approximately 300g and no further risk 
reduction for higher intake levels (figure 5b).  
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Cruciferous vegetables 

Eleven studies with 11 467 cases were included in the highest compared to the lowest intake. 
A significant inverse association was observed (RR highest compared to lowest: 0.87, 95% 
CI= 0.79-0.97, I2=43% and RR per 50g/day: 0.92, 95% CI= 0.87-0.98, I2=33%) (figures 4a 
and 4b). There was evidence of a non-linear inverse dose-response association (p < 0.01, 9 
studies) with a 19% reduced risk with intakes up to 100g/day. 

Green leafy vegetables 

Nine studies with 5 783 cases were included in the highest compared to the lowest intake. A 
significant inverse association was observed (RR highest compared to lowest: 0.85, 95% CI= 
0.75-0.96, I2=24% and RR per 50g/day: 0.89, 95% CI= 0.79-1.00, I2=50%) (figures 4c and 
4d). There was evidence of a non-linear inverse dose-response association (p < 0.01, 8 
studies) with a 9% reduced risk with intakes up to 50g/day. 

Fruits 

Twenty-nine studies with 15 599 cases were included in the highest compared to the lowest 
intake meta-analysis. A significant inverse association was observed (RR highest compared 
to lowest: 0.82; 95% 0.76-0.89, I2=32%, 29 studies) (figure 3c).  The association was 
statistically significant in smokers (RR: 0.83; 95%CI= 0.75-0.93, I2 =22%, 13 studies) and 
former smokers (RR: 0.90; 95%CI= 0.81-0.99, I2 =0%, 9 studies); inverse, but not significant 
in never smokers (RR: 0.88; 95%CI= 0.68-1.15, I2 =37%, 12 studies) (supplementary figure 
S7).  

Twenty three studies were included in the dose-response meta-analysis. A significant inverse 
association was observed (RR per 100 g/day: 0.92; 95% CI= 0.89-0.95, I2 =57%, 23 studies) 
(figure 2c). Five studies (15, 24, 28, 32, 52) were excluded from the dose-response analyses; 
all reported non-significant associations (figure 2c). Two studies included in the Pooling 
Project (39) did not provide individual data to be included in our meta-analysis. 

In stratified analysis, similar significant inverse associations were observed in men and 
women. In analysis stratified by smoking status a significant inverse association was found 
for current smokers (RR per 100g/day: 0.90 (0.84-0.98, I2 =63%, 8 studies), but not for 
former or never smokers. There was high heterogeneity across studies in current smokers 
(table 1). 

There was significant evidence of publication or small study bias (p < 0.01).  The funnel plot 
shows that the small studies identified reported stronger inverse associations than the average 
and there were no small studies reporting positive associations (supplementary figure S3). 

There was evidence of a nonlinear dose-response relationship of lung cancer and fruit intake 
(p < 0.01, 14 studies).  The inverse dose-response with 18% risk reduction is observed for 
increasing levels of fruit intake up to 200-300 g/day and no further risk dose-response 
relationship is observed above this level (figure 5c). 
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Citrus fruits 

Fifteen studies with 12 021 cases were included in the highest compared to the lowest meta-
analysis. An inverse association was observed (RR: 0.85; 95% CI= 0.78-0.93, I2 =30%) 
(figure 3d). 

Eleven studies (6 382 cases) were included in the dose-response meta-analysis. A significant 
inverse association was observed (RR per 100 g/day: 0.91; 95% CI= 0.85-0.98, I2 =53%) 
(figure 2d). Three studies (14, 27, 41) were excluded from the dose-response analyses; all 
reported non-significant associations. One study included in the Pooling Project (39), The 
New York State Cohort, did not provide individual data to be included in our meta-analysis. 

Inverse but not significant associations of similar magnitude were observed in men and 
women, in former and current smokers, but not in never smokers (RR per 100g/day: 1.27; 
95% CI: 0.83-1.94, 3 studies). The same was observed in the highest compared to lowest 
analysis stratified by smoking (supplementary figure S8).  On average, Asian studies reported 
stronger associations than studies from other areas. There was significant evidence of 
publication or small study bias (p < 0.01). The asymmetry is driven by small studies on the 
left side of the funnel plot and no small studies on the right side (supplementary figure S4).  

There was evidence of non-linear dose-response relationship (p < 0.01, 8 studies) with 8% 
risk reduction in the range of citrus fruit intake up to around 70 g/day and no dose-response 
relationship is observed for increasing intakes above this value (figure 5d). 

Discussion 
This meta-analysis showed a 15-19% decreased risk of lung cancer with higher intakes of 
fruit and vegetables. When the analysis was stratified by smoking status the risk reduction in 
relation to intake of fruits and vegetables was attenuated. The dose-response association with 
fruits and vegetables was only significant for current smokers, but not for former or never 
smokers. In the meta-analyses of the highest compared to the lowest intake, a significant 
inverse association was also observed for fruits in former smokers. Non-linear dose-response 
meta-analyses suggested a threshold of risk reduction for fruit and vegetables with no further 
reductions in risk above 400 grams per day. 

It has been suggested that the protective effect of fruit and vegetables may be due to 
biologically active compounds such as flavonoids which have antioxidant effects. A meta-
analysis of dietary flavonoids intake and smoking related cancers showed a marginal effect 
on lung cancer risk (OR= 0.84, 95% CI= 0.71-1.00, I2 =58, ph=0.02, 8 cohort and case 
control studies) (54). Another meta-analysis showed that an increase 20 mg/day in flavonoids 
intake was associated with a 10% decreased risk of developing lung cancer (RR=0.90, 95% 
CI=0.83–0.97, 6 cohort and 4 case control studies). After stratification by smoking status the 
association was only significant for smokers(48). 
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Dietary carotenoids were shown to be protective against lung cancer in a highest compared to 
lowest meta-analysis of 8 cohort studies, RR=0.79 (95% CI= 0.71-0.87, Q(7df) =3.79, p 
=0.80) (16). The same meta-analysis showed no effect of beta-carotene supplementation 
when compared to placebo, RR=1.10 (95% CI= 0.89-1.36; p=0.39, 3 intervention studies). A 
clinical trial of beta-carotene supplementation in smokers showed no effect in decreasing 
lung cancer risk (50). While high-dose supplements of single nutrients have shown no benefit 
in reducing lung cancer risk, such findings does not exclude the possibility that a food-based 
approach with fruit and vegetables, which contain many other vitamins, antioxidants and 
phytonutrients than just beta-carotene in more balanced doses, may have benefits in reducing 
lung cancer risk. 

Cigarette smoking is also associated with depletion of circulating provitamin A carotenoid 
concentrations(4). It is known that smokers eat less fruit than never smokers (5, 43, 44) and 
because smoking is strongly associated with lung cancer the results found could potentially 
be explained by how detailed smoking was adjusted for.  Therefore, we cannot exclude 
residual confounding because of unmeasured smoking habits. Although most of the studies 
adjusted for smoking dose and duration (21 studies), some studies adjusted only for smoking 
status and few studies have detailed information on smoking such as type of cigarettes, 
passive smoking, pipe and cigar smoking and time since quitting smoking.   

In analyses stratified by smoking status the risk estimates were not significant in any of the 
analyses of never smokers, however, less than half of the studies included in each analysis 
provided analyses stratified by smoking status and this may have limited the statistical power 
in these analyses. For fruits and vegetables combined, the summary estimate was weaker 
among never smokers than among current and former smokers, while for fruits and 
vegetables separately, the summary estimates were of similar size in never smokers as in 
current smokers, thus it is possible that limited statistical power also may explain the null 
results in never smokers. 

Another limitation of our study is the potential misclassification of the intake of fruit and 
vegetables. Study-specific quantile approach does not account for real differences in the 
population intake, which is a limitation of highest compared to lowest analysis. To take into 
account differences in fruit and vegetable intake between studies we conduct linear and 
nonlinear dose-response analysis. However, some between-study differences in fruit and 
vegetable intake may also partly be due to differences in the detail of food frequency 
questionnaires used which may include different types and numbers of fruit and vegetables 
items. In nonlinear analysis measurement error in the dietary assessment may be a reason for 
the curvature for higher reported intakes. The curvature can also be explained by a cohort 
effect where the higher intakes are only reported by one study.  

Only a small number of studies reported the results stratified by lung cancer histological type 
therefore we could only do analysis by cancer type for fruit and vegetables separately, not for 
fruit and vegetables combined.  
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Our results were consistent among the different type of fruit and vegetables. For 50g of 
cruciferous and leafy vegetables and for 100g of citrus fruit there was a decrease in lung 
cancer risk. We could not do analysis on other specific types of fruits. We included studies 
from Europe, Asia and North America where fruit and vegetable eating and smoking habits 
differ considerably. The results were not always statistically significant because of the lower 
number of studies. 

All studies included in the dose-response analysis had a prospective design and were at least 
adjusted for age, sex, and smoking status.  All studies used FFQ to assess fruit and vegetables 
intake. One study (8) corrected for measurement error of diet using regression calibration.  
Similar results were observed with the calibrated intake. Repeated dietary measurements 
were used in the NHS and the HPFS (13). Cancer outcome was confirmed using records in 
cancer registries in most studies and loss of follow-up was low. 

In conclusion, we observed an inverse association between fruit and vegetables consumption 
and lung cancer risk, for intakes up to 400g/day. Smoking is the strongest risk factor for lung 
cancer and we cannot exclude the possibility that these results could be due to residual 
confounding by smoking. Our results reinforce the evidence of previous meta-analysis which 
advocate for the importance of smoking cessation and consumption of fruit and vegetables as 
preventive measures for lung cancer. Any further studies should investigate the association 
between specific types of fruits and vegetables lung cancer risk and conduct analyses 
stratified by smoking status.  

 

Contributors S.V. and L.A. did the updated literature search L.A. and A.R.V. did the 
updated data extraction. A.R.V. conducted the statistical analyses, wrote the first draft of the 
manuscript, and had primary responsibility for the final content. D.C.G. contributed towards 
the statistical analyses. All authors reviewed and contributed to the writing of the final 
version of the manuscript. T.N. wrote the study protocol and is the Principal Investigator of 
the Continuous Update Project at Imperial College London.  
 
Acknowledgments . This study is part of the WCRF Continuous Update Project 
(http://www.wcrf.org/cancer_research/cup/index.php). The views expressed in this review are 
the opinions of the authors. They may not represent the views of WCRF International/AICR 
and may differ from those in future updates of the evidence related to food, nutrition, 
physical activity and cancer risk. All authors had full access to the data in the study.  
 
Conflict of interest: The authors declare that there are no conflicts of interest.  
 
Funding: This work was funded by the World Cancer Research Fund (grant number 
2007/SP01) as part of the Continuous Update Project. The sponsor of this study had no role 
in the decisions about the design or conduct of the study; the collection, management, 
analysis, or interpretation of the data; or the preparation, review, or approval of the 
manuscript. 

http://www.wcrf.org/cancer_research/cup/index.php


11 
 

 

 
Reference List 

 
 1.  World Cancer Research Fund / American Institute for Cancer Research. Food, 

Nutrition, Physical Activity, and the Prevention of Cancer: a Global Perspective. 
Washington DC: AICR. 2007 

 2.  American Cancer Society. Cancer facts and figures 2015. Atlanta:American Cancer 
Society. 2015 

 3.  Alavanja MC, Dosemeci M, Samanic C, et al. Pesticides and lung cancer risk in the 
agricultural health study cohort. Am J Epidemiol 2004; 160(9): 876-85 

 4.  Alberg AJ, Chen JC, Zhao H, et al. Household exposure to passive cigarette smoking 
and serum micronutrient concentrations. Am J Clin Nutr 2000; 72(6): 1576-82 

 5.  Bottoni A, Cannella C, Del B, V. Lifestyle and dietary differences in smokers and non-
smokers from an Italian employee population. Public Health 1997; 111(3): 161-4 

 6.  Bradbury KE, Appleby PN, Key TJ. Fruit, vegetable, and fiber intake in relation to 
cancer risk: findings from the European Prospective Investigation into Cancer and 
Nutrition (EPIC). Am J Clin Nutr 2014; 100(Supplement 1): 394S-8S 

 7.  Breslow RA, Graubard BI, Sinha R, et al. Diet and lung cancer mortality: a 1987 
National Health Interview Survey cohort study. Cancer Causes Control 2000; 11(5): 
419-31 

 8.  Buchner FL, Bueno-de-Mesquita HB, Linseisen J, et al. Fruits and vegetables 
consumption and the risk of histological subtypes of lung cancer in the European 
Prospective Investigation into Cancer and Nutrition (EPIC). Cancer Causes Control 
2010; 21(3): 357-371b 

 9.  Chow WH, Schuman LM, McLaughlin JK, et al. A cohort study of tobacco use, diet, 
occupation, and lung cancer mortality. Cancer Causes Control 1992; 3(3): 247-54 

 10.  Cutler GJ, Nettleton JA, Ross JA, et al. Dietary flavonoid intake and risk of cancer in 
postmenopausal women: the Iowa Women's Health Study. Int J Cancer 2008; 123(3): 
664-71 

 11.  DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials 1986; 7(3): 
177-88 

 12.  Druesne-Pecollo N, Latino-Martel P, Norat T, et al. Beta-carotene supplementation and 
cancer risk: a systematic review and metaanalysis of randomized controlled trials. Int J 
Cancer 2010; 127(1): 172-84 

 13.  Feskanich D, Ziegler RG, Michaud DS, et al. Prospective study of fruit and vegetable 
consumption and risk of lung cancer among men and women. 2000; 92: 1812-23 

 14.  Fraser GE, Beeson WL, Phillips RL. Diet and lung cancer in California Seventh-day 
Adventists. Am J Epidemiol 1991; 133(7): 683-93 

 15.  Fu YY, Takezaki T, Tajima K. [Risk factors of lung cancer--follow-up studies in 
Nagoya Japan]. 1997; 18: 328-30 

 16.  Gallicchio L, Boyd K, Matanoski G, et al. Carotenoids and the risk of developing lung 
cancer: a systematic review. Am J Clin Nutr 2008; 88(2): 372-83 

 17.  George SM, Park Y, Leitzmann MF, et al. Fruit and vegetable intake and risk of cancer: 
a prospective cohort study. Am J Clin Nutr 2009; 89(1): 347-53 

 18.  Gnagnarella, P, Maisonneuve, et al. Red meat, Mediterranean diet and lung cancer risk 
among heavy smokers in the COSMOS screening study. Ann Oncol 2013; 24: 2606-
2611 



12 
 

 19.  Hamling J, Lee P, Weitkunat R, et al. Facilitating meta-analyses by deriving relative 
effect and precision estimates for alternative comparisons from a set of estimates 
presented by exposure level or disease category. Stat Med 2008; 27(7): 954-70 

 20.  Heuvers ME, Hegmans JP, Stricker BH, et al. Improving lung cancer survival; time to 
move on. BMC Pulm Med 2012; 12:77.: 77 

 21.  Holick CN, Michaud DS, Stolzenberg-Solomon R, et al. Dietary carotenoids, serum 
beta-carotene, and retinol and risk of lung cancer in the alpha-tocopherol, beta-carotene 
cohort study. Am J Epidemiol 2002; 156(6): 536-47 

 22.  Jansen MC, Bueno-de-Mesquita HB, Feskens EJ, et al. Quantity and variety of fruit and 
vegetable consumption and cancer risk. Nutr Cancer 2004; 48(2): 142-8 

 23.  Kabat, G C, Miller, et al. Dietary intake of selected B vitamins in relation to risk of 
major cancers in women. Br J Cancer 2008; 99: 816-821 

 24.  Key TJ, Thorogood M, Appleby PN, et al. Dietary habits and mortality in 11,000 
vegetarians and health conscious people: results of a 17 year follow up. 1996; 313: 775-
9 

 25.  Khan MM, Goto R, Kobayashi K, et al. Dietary habits and cancer mortality among 
middle aged and older Japanese living in hokkaido, Japan by cancer site and sex. Asian 
Pac J Cancer Prev 2004; 5(1): 58-65 

 26.  Knekt P, Jarvinen R, Teppo L, et al. Role of various carotenoids in lung cancer 
prevention. J Natl Cancer Inst. J.Natl.Cancer Inst. 91, 182-4. 1999.  

 
 27.  Kromhout D. Essential micronutrients in relation to carcinogenesis. 1987; 45: 1361-7 
 28.  Kvale G, Bjelke E, Gart JJ. Dietary habits and lung cancer risk. Int J Cancer 1983; 

31(4): 397-405 
 29.  Liu Y, Sobue T, Otani T, et al. Vegetables, Fruit Consumption and Risk of Lung Cancer 

Among Middle-Aged Japanese Men and Women: Jphc Study. 2004; 15: 349-57 
 30.  Lortet-Tieulent J, Soerjomataram I, Ferlay J, et al. International trends in lung cancer 

incidence by histological subtype: adenocarcinoma stabilizing in men but still 
increasing in women. Lung Cancer 2014; 84(1): 13-22 

 31.  Neuhouser ML, Patterson RE, Thornquist MD, et al. Fruits and vegetables are 
associated with lower lung cancer risk only in the placebo arm of the beta-carotene and 
retinol efficacy trial (CARET). Cancer Epidemiol Biomarkers Prev 2003; 12(4): 350-8 

 32.  Ocke MC, Bueno-de-Mesquita HB, Feskens EJ, et al. Repeated measurements of 
vegetables, fruits, beta-carotene, and vitamins C and E in relation to lung cancer. The 
Zutphen Study. Am J Epidemiol 1997; 145(4): 358-65 

 33.  Olson JE, Yang P, Schmitz K, et al. Differential association of body mass index and fat 
distribution with three major histologic types of lung cancer: evidence from a cohort of 
older women. Am J Epidemiol 2002; 156(7): 606-15 

 34.  Orsini N, Bellocco R, Greenland S. Generalized least squares for trend estimation of 
summarized dose-response data. Stata Journal 2006; 6(1): 40-57 

 35.  Ozasa K, Watanabe Y, Ito Y, et al. Dietary habits and risk of lung cancer death in a 
large-scale cohort study (JACC Study) in Japan by sex and smoking habit. Jpn J Cancer 
Res 2001; 92(12): 1259-69 

 36.  Sauvaget C, Nagano J, Hayashi M, et al. Vegetables and fruit intake and cancer 
mortality in the Hiroshima/Nagasaki Life Span Study. 2003; 88: 689-94 

 37.  Shibata A, Paganini-Hill A, Ross RK, et al. Intake of vegetables, fruits, beta-carotene, 
vitamin C and vitamin supplements and cancer incidence among the elderly: a 
prospective study. Br J Cancer 1992; 66(4): 673-9 



13 
 

 38.  Slatore CG, Littman AJ, Au DH, et al. Long-term use of supplemental multivitamins, 
vitamin C, vitamin E, and folate does not reduce the risk of lung cancer. Am J Respir 
Crit Care Med 2008; 177(5): 524-30 

 39.  Smith-Warner SA, Spiegelman D, Yaun SS, et al. Fruits, vegetables and lung cancer: a 
pooled analysis of cohort studies. Int J Cancer 2003; 107(6): 1001-11 

 40.  Smith-Warner SA, Spiegelman D, Yaun SS, et al. Fruits, vegetables and lung cancer: a 
pooled analysis of cohort studies. Int J Cancer 2003; %20;107(6): 1001-11 

 41.  Stahelin HB, Gey KF, Brubacher G. Plasma vitamin C and cancer death: the 
prospective Basel Study. 1987; 498: 124-31 

 42.  Steinmetz KA, Potter JD, Folsom AR. Vegetables, fruit, and lung cancer in the Iowa 
Women's Health Study. Cancer Res 1993; 53(3): 536-43 

 43.  Strine TW, Okoro CA, Chapman DP, et al. Health-related quality of life and health risk 
behaviors among smokers. Am J Prev Med 2005; 28(2): 182-7 

 44.  Subar AF, Harlan LC, Mattson ME. Food and nutrient intake differences between 
smokers and non-smokers in the US. Am J Public Health 1990; 80(11): 1323-9 

 45.  Takata, Yumie, Cai, et al. Dietary B vitamin and methionine intakes and lung cancer 
risk among female never smokers in China. Cancer Causes Control 2012; 23: 1965-75 

 46.  Takata Y, Xiang YB, Yang G, et al. Intakes of fruits, vegetables, and related vitamins 
and lung cancer risk: results from the Shanghai Men's Health Study (2002-2009). Nutr 
Cancer 2013; 65(1): 51-61 

 47.  Takezaki T, Inoue M, Kataoka H, et al. Diet and lung cancer risk from a 14-year 
population-based prospective study in Japan: with special reference to fish 
consumption. Nutr Cancer 2003; 45(2): 160-7 

 48.  Tang NP, Zhou B, Wang B, et al. Flavonoids intake and risk of lung cancer: a meta-
analysis. Jpn J Clin Oncol 2009; 39(6): 352-9 

 49.  Vineis P, Hoek G, Krzyzanowski M, et al. Lung cancers attributable to environmental 
tobacco smoke and air pollution in non-smokers in different European countries: a 
prospective study. Environ Health 2007; 6: 7 

 50.  Virtamo J, Taylor PR, Kontto J, et al. Effects of alpha-tocopherol and beta-carotene 
supplementation on cancer incidence and mortality: 18-year postintervention follow-up 
of the Alpha-tocopherol, Beta-carotene Cancer Prevention Study. Int J Cancer 2014; 
135(1): 178-85 

 51.  Voorrips LE, Goldbohm RA, Verhoeven DT, et al. Vegetable and fruit consumption 
and lung cancer risk in the Netherlands Cohort Study on diet and cancer. Cancer Causes 
Control 2000; 11: 101-115b 

 52.  Wang LD, Hammond EC. Lung cancer, fruit, green salad and vitamin pills. 1985; 98: 
206-10 

 53.  Wie GA, Cho YA, Kang HH, et al. Red meat consumption is associated with an 
increased overall cancer risk: a prospective cohort study in Korea. Br J Nutr 2014; 
112(2): 238-47 

 54.  Woo HD, Kim J. Dietary flavonoid intake and smoking-related cancer risk: a meta-
analysis. PLoS One 2013; 8(9): e75604 

 55.  Wright ME, Park Y, Subar AF, et al. Intakes of fruit, vegetables, and specific botanical 
groups in relation to lung cancer risk in the NIH-AARP Diet and Health Study. Am J 
Epidemiol 2008; 168(9): 1024-34 

 56.  Wright ME, Park Y, Subar AF, et al. Intakes of fruit, vegetables, and specific botanical 
groups in relation to lung cancer risk in the NIH-AARP Diet and Health Study. Am J 
Epidemiol 2008; 168(9): 1024-34 



14 
 

 57.  Yong LC, Brown CC, Schatzkin A, et al. Intake of vitamins E, C, and A and risk of 
lung cancer. The NHANES I epidemiologic followup study. First National Health and 
Nutrition Examination Survey. 1997; 146: 231-43 

 
 
 
 
Table 1 Summary table of results 
 
Figure 1 Flowchart of study selection 

Figure 2 Dose-response meta-analysis of fruit and vegetables and lung cancer  (2a, 2b, 2c, 2d) 

Figure 3 Highest compared to lowest analysis of fruit and vegetables and lung cancer (3a, 3b, 
3c, 3d) 

Figure 4 Highest compared to lowest and dose-response meta-analysis of subtypes of 
vegetables (cruciferous and green leafy vegetables (4a, 4b, 4c, 4d) 

Figure 5 Non-linear dose-response analysis (5a, 5b, 5c, 5d) 

Supplementary Table 1 Table of study characteristics (S1-S6) 

Supplementary figures – Funnel plots and highest compared to lowest analysis of fruit and 
vegetables and lung cancer stratified by smoking status (S1-S8)  



15 
 

Table 1 Summary table of results 

Exposures Total fruit  
and vegetables  

Vegetables Cruciferous 
Vegetables 

Green Leafy 
Vegetables 

Fruits Citrus fruits 

Highest versus lowest analysis 

n/N 14/9609 
 

22/ 14782 11/11467 9/5783 27/14928 13/6475 

HvL RR(95%CI)  0.85(0.77-0.93)  
I2=38%, ph=0.06 

0.88(0.82-0.94)  
I2=26%, ph=0.11 

0.87(0.79-0.97) 
I2=43%, ph=0.06 

0.85(0.75-0.96) 
I2=24%, ph=0.22 

0.81(0.75-0.87) 
I2=23%, ph=0.17 

0.85(0.70-0.92) I2=32%, 
ph=0.10 

 
n/N 

 
18/11941 

 
25/19095 - - 

 
29/15599  

 
15/12 021 
 

HvL RR(95%CI)  including 
non-overlapping studies from 
the Pooling Project 

0.86(0.78-0.94) 
 I2=37%, ph=0.08 

0.92(0.87-0.97)  
I2=0%,  ph=0.54 - - 

0.82(0.76-0.89)  
I2=32%, ph=0.07 

0.85(0.78-0.93) 
I2=30%,  ph=0.15 

Linear dose-response meta-analysis 

 Per 100g/day Per 100g/day Per 50g/day Per 50g/day Per 100g/day Per 100g/day 

n/N 14/9609 20/12563 11/11467 8/5732 23/14506 11/6382 

RR (95%CI)  
 

0.96 (0.94-0.98) 
 I2=64%, ph< 0.01 

0.94  (0.89-0.98)  
I2=48%,  ph <0.01 

0.92  (0.87-0.98) 
I2=33%,  ph =0.13 

0.89  (0.79-1.00) 
I2=50%,ph= 0.05 

0.92 (0.89-0.95) 
I2=57%,  ph <0.01 

0.91 (0.85-0.98)  
I2=53%,  ph =0.02 

 

 

 

Stratified  highest versus lowest analysis by smoking 

Never smokers   0.94(0.70-1.27)  
 I2=19%, ph=0.29 

0.92(0.73-1.16)  
I2=0%, ph=0.55 

- - 
0.88(0.68-1.15) 
I2=37%, ph=0.13 

1.04(0.80-1.33) 
I2=0%,ph=0.91 

 
Former smokers  

0.95(0.83-1.10)  
I2=36%, ph=0.19 

1.01(0.85-1.21) 
I2=59 %, ph=0.06 

- - 
0.90(0.81-0.99) 
 I2=0%, ph=0.94 

0.93(0.83-1.04) 
I2=0%,ph=0.85 

Current smokers 0.90(0.81-1.00)  
I2=0%, ph=0.69 

0.93(0.85-1.01)  
I2=0%, ph=0.68 

- - 
0.83(0.75-0.93)  
I2=22%, ph=0.13 

0.80(0.71-0.90) 
I2=23%, ph=0.26 

Stratified linear dose-response by sex 

Men (n) 
 

5 
0.99 ( 0.94-1.04)    
I2=57% ,ph= 0.06 

9 
0.94 ( 0.88-1.00)    
I2=53% , ph=0.03 

4 
0.95 ( 0.90-1.00)   
I2=0% , ph=0.97 

3 
0.89 ( 0.81-0.99)   
I2=1% , ph=0.36 

11 
0.94 ( 0.89-0.99)   
I2=46% ,  ph =0.04 

4 
0.83 ( 0.61-1.12)  
 I2=69% ,  ph =0.02 

 
Women (n) 

4 
0.94 (0.87-1.01)  
I2=76%, ph<0.01 

6 
1.01 (1.00-1.02) 
 I2=0%,  ph=0.75 

4 
0.94 (0.85-1.05)    
I2=57%,  ph=0.07 

4 
0.83 (0.54-1.28)    
I2=75%,   ph≤0.01 

22 
0.95 (0.92-0.99)    
I2=24%,   ph =0.22 

4 
0.86 (0.71-1.05)  
I2=70%,   ph =0.02 
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Stratified linear dose-response by smoking 

Never smokers (n) 
 

3 
1.0(0.94-1.07) 
I2=32%, ph=0.23 

5 
1.0 (0.91-1.10)  
I2=0%,  ph =0.44 

- 
4 
0.96(0.76-1.22) 
I2=0%, ph=0.94 

8   
1.02 (0.93-1.11) 
I2=22%,  ph=0.25 

3 
1.27 (0.83-1.94)  
I2=0%,  ph =0.64 

Former smokers (n) 
 

1 
0.99 (0.97-1.01) 

4 
0.97 (0.91-1.05) 
 I2=25%,  ph =0.26 

- 
3 
0.63(0.41-0.95) 
I2=28%, ph=0.25 

4 
0.97 (0.93-1.02)  
 I2=0%,  ph =0.68 

2  
0.68(0.42-1.11)  
I2=0%,  ph =0.46 

Current smokers (n) 
 

3 
0.98 (0.95-1.02)  
I2=59%,   ph=0.09 

6 
0.88 (0.71-0.99) 
 I2=81%,   ph <0.01 

- 
4 
0.83 (0.66-1.06) 
I2=44%, ph=0.15 

9 
0.91 (0.85-0.98) 
I2=57%,   ph <0.01 

3 
0.74 (0.51-1.06)  
I2=81%,   ph <0.01 

Stratified linear dose-response by adjustment for smoking 

Smoking status only(n) 
 
 

2 
0.74 (0.56-0.97) 
 I2=0%,  ph =0.39 

2 
1.01(0.87-1.17)  
I2=0%, ph=0.90 

- - 
2 
0.69(0.38-1.24) 
I2=66%,  ph =0.09 

1 
0.35(0.11-1.05) 

Intensity and duration  of 
smoking (n) 

12 
0.96 (0.94-0.99)  
I2=64%,  ph <0.01 

18 
0.93(0.88-0.98)  
I2=53%, ph< 0.01 

- - 
21 
0.92 (0.89-0.96) 
I2=57%,  ph <0.01 

9 
0.93(0.87-0.99)  
I2=42% , ph =0.09 

Stratified linear dose-response by outcome 

Incidence(n) 
 - 

16 
0.94 ( 0.89-0.90) )  
I2=56%,ph < 0.01 

- - 
18 
0.93 ( 0.89-0.97)  
I2=62%, ph< 0.001 

10 
0.92(0.86-0.99)   
I2=48%,  ph =0.05 

Mortality(n) 
 - 

4 
0.97 (0.85- 1.11)   
I2=0%,  phph =0.67 

- - 
5 
0.82 (0.72- 0.94)  
 I2=0%, ph=0.74 

1 
0.58(0.35-0.96) 

Stratified linear dose-response by cancer type 

Small cell carcinoma (n) 
 - 

2 
0.94 (0.66-1.32)  
I2=48%,  ph=0.17 

- - 
3 
0.84 (0.62-1.15) 
I2=38%,  ph =0.21 

- 

Squamous cell carcinoma (n) 
 

 
- 

2 
1.00(0.90-1.12) 
 I2=0%,  ph=0.61 

- - 
2 
0.88 (0.70-1.11) 
I2=15%,  ph =0.28 

- 

Adenocarcinoma(n) 
 - 

4  
0.98  (0.91-1.07)  
I2=0%,  ph=0.84 

- - 
5  
0.94  (0.83-1.07) 
I2=34%,  ph =0.19 

- 
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ph p for heterogeneity  
n denotes the number of studies  
N the number of cases 

Stratified linear dose-response by geographic location 

Asia(n) 
 

3 
0.96 ( 0.90- 1.03)  
I2=14% , ph=0.31 

5 
0.98 ( 0.93- 1.04)  
I2=0% ,  ph=0.97 

2 
0.94 ( 0.88- 1.00) 
I2=0% , ph=0.83 

3 
0.90 ( 0.82- 0.99) 
I2=0% , ph=0.76 

6 
0.94 ( 0.83- 1.06) 
I2=60% ,  ph =0.01 

3 
0.66 ( 0.41- 1.04) 
 I2=37% ,  ph =0.21 

 
Europe (n) 
 

4 
0.90 (0.82-0.99)   
I2=84% , ph<0.01 

6 
0.88 (0.78-0.99)   
 I2=64% ,  ph=0.02 

2 
0.98 (0.85-1.12)    
I2=0% , ph=0.46 

2 
0.97 (0.89-1.06) 
I2=0% , ph=0.52    

6 
0.91 (0.88-0.96)     
I2=20% , ph =0.28 

3 
0.94 (0.85-1.03)  
 I2=0% , ph =0.59  

 
North America(n) 
 

7 
0.98 (0.95-1.01)  
 I2=40%, ph=0.25 

8 
0.95 (0.90-1.02)   
 I2=30%,  ph=0.17 

7 
0.84 (0.72-0.98)   
I2=57%,  ph=0.03 

3 
0.76 (0.48-1.22)   
I2=80%,  ph=<0.01 

11 
0.91 (0.86-0.97)  
I2=61%,  ph <0.01 

5 
0.92 (0.84-1.01)  
 I2=68%,  ph =0.02 

Pnon-linearity, n p<0.01, 11 p<0.01, 15 p < 0.01, 9 p < 0.01, 8 p<0.01, 14 p<0.01, 8 
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Figure 1  Flowchart of study selection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Articles identified through database 
searching 

(n = 29513 ) 

Articles retrieved and assessed for inclusion 
(n = 826 ) 

Articles excluded on the basis of 
title and abstract (n=28690) 

 

Articles from prospective studies reporting on the 
association between fruit and vegetables and bladder 

cancer and potentially suitable for inclusion in the meta-
analysis (n=27) 

Articles excluded for not fulfilling the 
inclusion criteria: (n = 800)  
44 reviews/no original data  
29 meta-analyses 
5 pooled analysis 
12 letter/editorial/comments  
8 with no measure of the association  
624 with no exposure or outcome of interest 
8 ecological studies 
70 case-control studies 

 

Articles included in the meta-analysis (n=27): 
14 on total fruit and vegetables and lung cancer 
22 on vegetables and lung cancer 
11 on cruciferous vegetables 
9 on green leafy vegetables 
27 on fruits and lung cancer 
13 on citrus fruits and lung cancer 
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Figure 2 Dose-response meta-analysis of fruit and vegetables and lung cancer (2a, 2b, 2c, 2d) 
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Figure 3 Highest compared to lowest analysis of fruit and vegetables and lung cancer (3a, 3b, 
3c, 3d) 
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Figure 4 Highest compared to lowest and dose-response meta-analysis of subtypes of 
vegetables (4a, 4b, 4c, 4d) 
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Figure 5 Non-linear dose-response analysis (5a, 5b, 5c, 5d) 
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Supplementary figures (S1-S8)  

 


