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IMPORTANCE Dietary fiber (the main source of prebiotics) and yogurt (a probiotic food)
confer various health benefits via modulating the gut microbiota and metabolic pathways.
However, their associations with lung cancer risk have not been well investigated.

OBJECTIVE To evaluate the individual and joint associations of dietary fiber and yogurt
consumption with lung cancer risk and to assess the potential effect modification of the
associations by lifestyle and other dietary factors.

DESIGN, SETTING, AND PARTICIPANTS This pooled analysis included 10 prospective cohorts
involving 1 445 850 adults from studies that were conducted in the United States, Europe,
and Asia. Data analyses were performed between November 2017 and February 2019. Using
harmonized individual participant data, hazard ratios and 95% confidence intervals for lung
cancer risk associated with dietary fiber and yogurt intakes were estimated for each cohort
by Cox regression and pooled using random-effects meta-analysis. Participants who had a
history of cancer at enrollment or developed any cancer, died, or were lost to follow-up within
2 years after enrollment were excluded.

EXPOSURES Dietary fiber intake and yogurt consumption measured by validated instruments.

MAIN OUTCOMES AND MEASURES Incident lung cancer, subclassified by histologic type
(eg, adenocarcinoma, squamous cell carcinoma, and small cell carcinoma).

RESULTS The analytic sample included 627 988 men, with a mean (SD) age of 57.9 (9.0) years,
and 817 862 women, with a mean (SD) age of 54.8 (9.7) years. During a median follow-up of
8.6 years, 18 822 incident lung cancer cases were documented. Both fiber and yogurt intakes
were inversely associated with lung cancer risk after adjustment for status and pack-years
of smoking and other lung cancer risk factors: hazard ratio, 0.83 (95% CI, 0.76-0.91) for the
highest vs lowest quintile of fiber intake; and hazard ratio, 0.81 (95% CI, 0.76-0.87) for high
vs no yogurt consumption. The fiber or yogurt associations with lung cancer were significant
in never smokers and were consistently observed across sex, race/ethnicity, and tumor
histologic type. When considered jointly, high yogurt consumption with the highest quintile
of fiber intake showed more than 30% reduced risk of lung cancer than nonyogurt
consumption with the lowest quintile of fiber intake (hazard ratio, 0.67 [95% CI, 0.61-0.73] in
total study populations; hazard ratio 0.69 [95% CI, 0.54-0.89] in never smokers), suggesting
potential synergism.

CONCLUSIONS AND RELEVANCE Dietary fiber and yogurt consumption was associated with
reduced risk of lung cancer after adjusting for known risk factors and among never smokers.
Our findings suggest a potential protective role of prebiotics and probiotics against lung
carcinogenesis.
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P rebiotics and probiotics have attracted increasing
attention owing to their roles in modulating the gut
microbiota and their anti-inflammatory and antioxi-

dant properties.1-3 Prebiotics, typically high in fiber-rich
foods, are nondigestible compounds that can be fermented
by gut microbiota and also modulate gut microbiota,4 while
probiotics are living microorganisms, commonly included in
yogurt, that can improve the composition or function of gut
microbiota to bring health benefits to the host.5 Epidemio-
logic studies have assessed dietary fiber and yogurt, the main
sources of prebiotics and probiotics in human diets, and have
reported associations of yogurt or fiber with reduced risks
of various diseases, including metabolic disorders,6,7 cardio-
vascular diseases,8,9 gastrointestinal cancers,10-12 and prema-
ture death.8,13 Recently, it has been shown that certain gut
microbes are involved in lung inflammation,14 suggesting a
potential novel role of dietary fiber and yogurt against lung
disease.

Several cohort studies have linked dietary fiber intake to
enhanced lung function15 and reduced risk of chronic obstruc-
tive pulmonary disease (COPD)16-18 and of deaths from respi-
ratory diseases.13 Prospective studies have also shown that fi-
ber-rich, plant-based dietary patterns and fruit/vegetable
consumption are significantly associated with decreased risk
of lung cancer.19-21 However, direct evidence linking dietary
fiber intake to lung cancer risk is scarce. The UK Million Women
Study showed no association between dietary fiber and lung
cancer risk among female never smokers.22 For yogurt con-
sumption, a recent meta-analysis that included 2 cohort stud-
ies and 3 case-control studies reported a nonsignificant in-
verse association with lung cancer risk.23 Currently, no
epidemiologic studies have examined the potential synergis-

tic association of fiber and yogurt (ie, prebiotics and probiot-
ics) with lung cancer risk.

Herein, we assess the associations of dietary fiber and yo-
gurt intakes with lung cancer risk in a pooled analysis of more
than 1.44 million individuals from the United States, Europe,
and Asia. We evaluated the potential fiber or yogurt associa-
tion with lung cancer among all participants and by sex, race/
ethnicity, and tumor histologic type. We further assessed po-
tential modifications of any associations by lifestyle and other
dietary factors (eg, smoking status and saturated fat intake).
Finally, we assessed the joint association of dietary fiber and
yogurt consumption with lung cancer risk.

Methods
Study Populations
This study, performed from November 2017 to February 2019,
analyzed deidentified, individual participant data from a lung
cancer pooling project that included 10 prospective cohort
studies conducted in the United States, Europe, and Asia.24,25

Participating cohorts included the National Institutes of Health–
AARP Diet and Health Study (NIH-AARP), Health Profession-
als Follow-up Study (HPFS), Nurses’ Health Study (NHS), Iowa
Women’s Health Study (IWHS), Prostate, Lung, Colorectal, and
Ovarian Cancer Screening Trial (PLCO), Southern Commu-
nity Cohort Study (SCCS), Vitamins and Lifestyle Study
(VITAL), European Prospective Investigation into Cancer and
Nutrition (EPIC), Shanghai Men’s Health Study (SMHS), and
Shanghai Women’s Health Study (SWHS). All studies were ap-
proved by the institutional review boards and ethics commit-
tees of the hosting institutes.

Of the initial study participants, we excluded individuals
who had a history of any cancer, except nonmelanoma skin
cancer, at cohort enrollment or no data on smoking history or
implausible energy intake (beyond 3 standard deviations of the
log-transformed cohort- and sex-specific mean). We further ex-
cluded the first 2 years of observation, and participants who
developed any cancer or were censored within 2 years to mini-
mize the potential reverse causation due to preclinical cancer-
related dietary changes (Figure 1). The characteristics of our
analytic sample of 1 445 850 participants are summarized in
eTable 1 in the Supplement.

Figure 1. Flow Diagram of Study Participant Selection and Exclusion

10 Prospective cohort studies included
AARP, EPIC, HPFS, IWHS, NHS, PLCO,
SCCS, SMHS, SWHS, VITAL

Data harmonization with prerestriction
1 525 806 No history of cancer except

nonmelanoma skin cancer

Analytic samples for meta-analysis
1 445 850 Total study population

18 822 Incident lung cancer cases

79 956 Excluded
16 828 No data on smoking status
13 803 Implausible energy intake
49 325 First 2 years of observation,

and participants who were
newly diagnosed with any
cancer or censored within
2 y after enrollment

AARP indicates National Health Institute-AARP Diet and Health Study;
EPIC, European Prospective Investigation into Cancer and Nutrition;
HPFS, Health Professionals Follow-up Study; IWHS, Iowa Women’s Health
Study; NHS, Nurses’ Health Study; PLCO, Prostate, Lung, Colorectal and Ovarian
Cancer Screening Trial; SCCS, Southern Community Cohort Study;
SMHS, Shanghai Men’s Health Study; SWHS, Shanghai Women’s Health Study,
and VITAL, Vitamins and Lifestyle Study.

Key Points
Question Does an association exist between risk of lung cancer
and habitual intakes of dietary fiber (the main source of prebiotics)
or yogurt (a probiotic food)?

Findings In this pooled analysis of more than 1.44 million
individuals from the United States, Europe, and Asia, high intakes
of dietary fiber or yogurt were individually associated with
reduced risk of lung cancer, independent of all known risk factors.
A potential synergistic association of fiber and yogurt
consumption with lung cancer risk was also observed.

Meaning Dietary fiber and yogurt may be individually and jointly
associated with reduced risk of lung cancer.
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Diet and Outcome Assessment
At the baseline survey of each cohort, dietary information was
collected using validated food frequency questionnaires or
semiquantitative dietary questionnaires. Details of dietary as-
sessment and validity have been described previously; the cor-
relation coefficients between dietary questionnaires and di-
etary records/recalls ranged from 0.48 to 0.86 for dietary
fiber.26-36 Few studies reported specific validation results for
yogurt, but in the NHS and HPFS, yogurt assessment showed
a high validity; the correlation coefficient with criterion was
0.74.29 Dietary fiber intake (grams per day) was calculated by
multiplying the frequency of food consumption by portion size
and fiber content, based on population-specific food compo-
sition tables or the enzymatic-gravimetric methods of the As-
sociation of Official Analytical Chemists,37 and categorized into
sex-specific quintiles. Yogurt consumption (grams per day) was
calculated by multiplying the frequency of consumption by
study-specific portion size. The SMHS and SWHS had no data
on yogurt consumption, which was uncommon when the co-
hort members were enrolled; thus, these 2 cohorts were ex-
cluded from any yogurt-related analyses. Considering that 20%
to 76% of participants did not consume any yogurt (eTable 1
in the Supplement), we categorized yogurt consumption into
3 groups: a nonconsumption group (0 g/d) and 2 consump-
tion groups (low or high: ≤ or > the sex-specific median in-
take, respectively). All dietary intakes were adjusted for total
energy intake using the residual method.38

Incident cancer cases and deaths were identified via link-
age to cancer and death registries, follow-up surveys, and
review of medical records. The main study outcome was
primary lung cancer (International Classification of Diseases,
Ninth and Tenth Revisions: codes 162 and C34, respectively),
subclassified by tumor histologic type: adenocarcinoma, squa-
mous cell carcinoma, small cell carcinoma, or others. The time-
to-event analysis was started 2 years from the date of enroll-
ment and censored on the date of any cancer diagnosis, death,
loss to follow-up, or the latest follow-up/linkage, whichever
came first.

Statistical Analysis
Baseline characteristics across fiber and yogurt intakes were
compared using the χ2 test or the general linear model.
Spearman correlations of dietary fiber and yogurt intakes
were assessed. We adopted a 2-stage individual participant
data meta-analysis method.39 Using Cox proportional haz-
ards models, we first estimated the cohort-specific hazard
ratios (HRs) and 95% CIs, using the lowest quintile for fiber
and nonconsumption for yogurt as the reference; then all
estimates were pooled using random-effects meta-analysis
given the existence of between-study heterogeneity.40,41 In
consideration of varying enrollment times and age ranges
across participating cohorts, Cox models were stratified by
birth year (5-year intervals from <1925 to ≥1960) and enroll-
ment year (<1985, 1990, 1995, 2000, and ≥2005). Follow-up
time was treated as the time scale. The global goodness-of-fit
test with Schoenfeld residuals confirmed no violation against
the proportional hazards assumption. Covariates included
age, smoking status (never, former, or current), smoking

pack-years (continuous), energy intake (continuous), sex,
race/ethnicity (white, black, Asian, or other), educational
level (<high school, high school graduate, vocational/
professional, college, ≥university), obesity status (body mass
index, calculated as weight in kilograms divided by height in
meters squared: <18.5, 18.5-24.9, 25.0-29.9, or ≥30.0 for
Westerners, and <18.5, 18.5-22.9, 23.0-27.4, or ≥27.5 for Asian
persons), history of diabetes (yes or no), family history of
lung cancer (yes or no), physical activity (tertiles of total
physical active hours), menopause (yes or no), and intakes of
saturated and polyunsaturated fat (sex-specific quintiles).
Missing covariates were imputed in each cohort, separately
(eAppendix in the Supplement). Linear trend was tested
using a continuous variable with median values of each fiber
or yogurt intake category. Potential nonlinear associations
were evaluated using restricted cubic splines. Stratified
analyses were conducted to assess the potential effect modi-
fication by sex, race/ethnicity, tumor histologic type, and
other risk factors. Interaction was tested in each study by the
likelihood-ratio test, entering a cross-product term of fiber or
yogurt consumption and the stratification variables as both
ordinal variables; then the estimates were pooled using
random-effects meta-analysis.42 The joint association of fiber
and yogurt with lung cancer risk was assessed in a pooled
data analysis using the lowest intake of both fiber and yogurt
as the reference.

A series of sensitivity analyses were conducted using
(1) the common or the cohort- and sex-specific cutoffs;
(2) fixed-effect meta-analysis or pooled individual partici-
pant data analysis; (3) the energy density method for total
energy adjustment; and (4) further adjustment for red meat
and vegetable intakes. To better evaluate potential con-
founding by smoking, we conducted a sequential adjust-
ment for smoking intensity: (1) the minimal model, includ-
ing age, energy intake, sex, and race/ethnicity; (2) the model
adjusted for all covariates except smoking-related variables;
(3) the model adjusted for all other covariates and smoking
status; and (4) the final model (main results) that included
all covariates, including smoking status and pack-years.
Analyses were performed using SAS Enterprise Guide, ver-
sion 7.1 (SAS Institute Inc), or Stata, version 12 (StataCorp).
Two-sided P values less than .05 were considered statisti-
cally significant.

Results
The analytic sample included 627 988 men, with a mean
(SD) age of 57.9 (9.0) years, and 817 862 women, with a mean
(SD) age of 54.8 (9.7) years (eTable 1 in the Supplement).
During the median follow-up period of 8.6 years (after
excluding the first 2 years), 18 822 cases of incident lung can-
cer were identified. The median (interquartile range) intake
of dietary fiber was 18.4 (14.1-23.1) g/d. Overall, 62.2% of par-
ticipants reported yogurt consumption, among whom the
median (interquartile range) intake was 23.3 (5.7-73.4) g/d.
Basic characteristics of lung cancer cases are summarized in
eTable 2 in the Supplement.
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Table 1. Baseline Characteristics of Study Population by Total Fiber Intake and Yogurt Consumptiona

Characteristic

Total Fiber Intakeb Yogurt Consumptionc

Q1 Q2 Q3 Q4 Q5 None Low High

Men (n = 627 988)

Population, No. 125 597 125 598 125 597 125 598 125 598 264 808 149 562 149 562

Age, y 57.4 58.6 58.2 57.7 57.6 59.8 58.7 55.1

Race/ethnicity, %

White 56.5 86.4 92.5 93.7 93.5 92.1 92.1 97.5

Black 3.8 4.7 4.8 4.7 5.1 6.6 6.2 1.5

Asiand 39.7 8.9 2.7 1.6 1.4 1.3 1.7 1.0

University degree or above, % 34.4 42.2 44.2 44.0 45.5 40.0 45.5 47.9

BMI 25.9 27.0 27.1 27.0 26.6 27.2 27.3 26.6

Diabetes, % 5.8 7.4 7.9 8.4 9.3 9.0 8.2 6.0

Family history of
lung cancer, %

3.2 2.1 2.0 2.0 1.9 2.1 2.0 1.3

Smoking status, %

Never 24.1 27.2 29.6 32.0 36.1 25.6 29.3 37.2

Former 36.8 51.9 53.2 51.8 50.7 55.7 54.2 46.8

Current 39.1 20.9 17.2 16.2 13.2 18.7 16.5 16.0

Ever smokers, pack-yearse 34.4 33.9 31.2 28.8 26.9 35.5 31.5 25.2

Alcohol intake, g/d 27.1 18.7 15.5 13.4 10.3 19.0 18.0 14.9

Low-level physical
activity, %f

44.1 27.4 23.5 21.8 19.2 25.5 20.9 21.2

Dietary intakeg

Energy, kcal/d 2047 2122 2189 2239 2249 2164 2195 2261

Total fiber, g/d 10.7 15.6 19.2 23.1 31.0 19.2 21.3 23.3

Yogurt, g/d 7.7 14.5 21.4 29.1 35.4 0.0 4.5 82.5

Saturated fat, g/d 18.9 24.0 25.0 25.0 22.8 23.3 23.8 27.5

Polyunsaturated fat, g/d 11.6 14.7 15.1 15.1 14.9 15.1 15.2 14.3

Women (n = 817 862)

Population, No. 163 572 163 572 163 573 163 572 163 573 230 174 257 125 257 139

Age, y 55.4 55.7 54.9 54.3 53.8 56.2 55.7 53.5

Race/ethnicity, %

White 58.4 85.7 92.6 94.9 95.3 91.7 91.6 97.7

Black 6.0 6.3 5.1 4.1 4.0 7.6 7.4 2.0

Asiand 35.6 8.0 2.3 1.0 0.7 0.7 1.0 0.3

University degree
or above, %

17.0 24.5 26.0 25.7 27.5 19.6 28.5 29.2

BMI 26.0 26.4 26.1 25.9 25.5 26.6 26.6 25.4

Diabetes, % 4.7 5.1 5.0 4.9 5.1 6.0 5.7 3.5

Family history of
lung cancer, %

3.8 2.6 1.9 1.5 1.3 2.1 2.6 1.2

Smoking status, %

Never 60.7 52.8 55.0 57.0 58.8 49.2 52.9 56.4

Former 19.7 28.2 28.0 27.8 28.8 27.4 30.4 29.1

Current 19.6 19.0 17.0 15.2 12.4 23.4 16.7 14.5

Among ever smokers,
pack-yearse

27.9 22.6 19.3 17.0 15.5 24.0 20.8 16.3

Alcohol intake, g/d 7.7 6.7 6.3 5.7 4.7 6.5 7.2 6.6

Low-level physical
activity, %f

45.1 30.6 28.0 26.4 23.2 28.7 28.3 25.2

Menopause, % 69.9 72.3 67.9 64.9 63.9 74.5 72.9 61.9

(continued)
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Men with high fiber or yogurt intake had higher educa-
tional attainment, that is, university degree or above (lowest
vs highest, 34.4% vs 45.5% for fiber; 40.0% vs 47.9% for
yogurt), and healthy lifestyles, including less current smok-
ing (39.1% vs 13.2% for fiber; 18.7% vs 16.0% for yogurt), less
alcohol consumption (27.1 vs 10.3 g/d for fiber; 19.0 vs 14.9
g/d for yogurt), and more physical activity than those with
low intakes (all P < .05) (Table 1). Among men, a history of
diabetes was associated with high fiber intake (lowest vs
highest, 5.8% vs 9.3%) but not with yogurt (9.0% vs 6.0%).
Fiber and yogurt intakes were similarly associated with
these characteristics in women (Table 1). For both men
(r = 0.26) and women (r = 0.24), fiber and yogurt intakes
were correlated (P < .001).

Both fiber and yogurt intakes were inversely associated
with lung cancer risk (Table 2; and eFigure 1 and eFigure 2 in
the Supplement). Individuals with the highest quintile of
fiber intake showed a 17% lower risk (multivariable-adjusted
HR, 0.83; 95% CI, 0.76-0.91; P < .001 for trend) than those
with the lowest quintile. Compared with nonconsumers, low
yogurt consumers had a 15% decreased risk for lung cancer
(multivariable-adjusted HR, 0.85; 95% CI, 0.81-0.90), and
high yogurt consumers had a 19% decreased risk for lung
cancer (multivariable-adjusted HR, 0.81; 95% CI, 0.76-0.87)
(both P < .001 for trend). The inverse associations were con-
sistently observed in men and women and across histologic
type. When stratified by race/ethnicity, we found significant
inverse associations among white individuals, the largest
racial/ethnic group of this study (for the highest vs lowest
quintile of fiber: multivariable-adjusted HR, 0.83; 95% CI,
0.75-0.92; for high vs no yogurt consumption: multivariable-
adjusted HR, 0.82; 95% CI, 0.77-0.88); whereas, black and
Asian persons showed nonsignificant inverse associations,
which were likely because of the much smaller sample sizes
or lower intake levels (median [interquartile range] intakes

of fiber and yogurt: 19.3 [15.4-23.7] and 25.8 [6.2-77.1] g/d for
white persons; 17.8 [13.9-22.6] and 4.9 [1.7-19.0] g/d for black
persons; and 10.8 [8.9-13.3] and 6.6 [1.9-29.6] g/d for Asian
persons, respectively). Results from sequential adjustment
models indicated that the primary associations with lung
cancer attenuated after adjusting for smoking variables
among black persons (eTable 3 in the Supplement). Spline
analyses suggested a linear association for lung cancer and
fiber intake but a nonlinear association for yogurt consump-
tion (eFigure 3 in the Supplement).

Age or alcohol consumption might modify the fiber or yo-
gurt intake association with lung cancer (Figure 2). An in-
verse association of fiber was stronger in participants 57 years
of age or younger (the median age of the study populations)
than in those older than 57 years (HR, 0.75; 95% CI, 0.60-
0.92; vs HR, 0.87; 95% CI, 0.79-0.96; P = .02 for interaction).
The association of fiber or yogurt with lung cancer was more
evident among alcohol consumers than among nondrinkers,
especially heavy alcohol consumers (for fiber: HR, 0.77; 95%
CI, 0.62-0.96; P = .02 for interaction; for yogurt: HR, 0.76; 95%
CI, 0.68-0.85; P = .01 for interaction).

We found a potential joint association of fiber and yogurt
with lung cancer risk (Table 3). Individuals who reported
high yogurt consumption with the highest quintile of fiber
intake had a 33% reduced lung cancer risk (95% CI, 0.61-
0.73) compared with those who did not consume yogurt and
had the lowest quintile of fiber intake (P = .06 for interac-
tion). When stratified by smoking status, HRs (95% CIs; P for
interactions) were 0.74 (0.67-0.83; P = .04) among current,
0.66 (0.59-0.73; P = .45) among former, and 0.69 (0.54-0.89;
P = .02) among never smokers for the highest fiber intake
with yogurt consumption vs the lowest fiber intake without
yogurt consumption. Similar results were found in all sensi-
tivity analyses (eTable 4, eTable 5, and eTable 6 in the
Supplement).

Table 1. Baseline Characteristics of Study Population by Total Fiber Intake and Yogurt Consumptiona (continued)

Characteristic

Total Fiber Intakeb Yogurt Consumptionc

Q1 Q2 Q3 Q4 Q5 None Low High

Dietary intakeg

Energy, kcal/d 1673 1747 1818 1846 1829 1729 1830 1812

Total fiber, g/d 10.2 14.7 17.9 21.3 27.8 17.5 18.9 20.7

Yogurt, g/d 21.4 32.1 42.4 50.3 57.0 0.0 11.3 111.1

Saturated fat, g/d 16.8 21.2 22.8 23.0 21.1 21.5 20.9 24.1

Polyunsaturated fat, g/d 10.5 12.1 12.1 12.1 12.2 12.5 12.5 11.8

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared); SMHS, Shanghai Men’s Health Study;
SWHS, Shanghai Women’s Health Study; Q, quintile.
a Baseline characteristics across quintiles of fiber intake and yogurt

consumption groups were compared using the χ2 test for categorical variables
or the general linear model for continuous variables. Data are mean values for
continuous variables or proportions for categorical variables. Differences
across quintiles or yogurt consumption groups for all listed variables are
statistically significant (P < .05).

b Based on the sex-specific quintiles.
c Defined as none (0 g/d), low (�sex-specific median intake), and high

(>sex-specific median intake); participants from the SMHS and SWHS and

those having invalid data on yogurt consumption were not included.
d For fiber intake, included were Asian participants in the US and Chinese

cohorts; for yogurt consumption, only Asian participants in the US cohorts
were included. No data were available on yogurt consumption in the SMHS
and SWHS.

e Calculated among former and current smokers as (No. of cigarettes smoked
per day × No. of years smoked)/20.

f The lowest tertile of total physical activity measured by hours or metabolic
equivalent hours.

g Energy-adjusted mean intake per day using the residual method.
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Discussion

In this pooled analysis of more than 1.44 million individuals
from 10 prospective cohorts, we found that high intakes of di-
etary fiber and yogurt were associated with a 15% to 19% re-
duced risk of lung cancer after controlling for a wide range of
risk factors, including smoking status and pack-years, and pu-
tative dietary confounders, such as intakes of saturated and
polyunsaturated fat.25 In addition, we found a potential syn-
ergistic association of fiber and yogurt with lung cancer risk:
high intakes of both fiber and yogurt were associated with a
33% reduced risk of lung cancer. All the individual or joint as-
sociations were observed in the analyses stratified by smok-
ing status. Our findings suggest that the health benefits of fi-
ber and yogurt may include protection against lung cancer in

addition to their well-established beneficial effects on cardio-
vascular disease and gastrointestinal cancer.6-8,10,11

A protective role of dietary fiber against COPD has been
previously suggested. In the NHS and HPFS, 2 participating co-
horts in our study, the highest quintile of fiber intake was
associated with a 33% lower risk of COPD than the lowest
quintile.17 Similarly, in a Swedish cohort, men who con-
sumed dietary fiber of 36.8 g/d or more showed a 38% lower
risk of COPD than those with an intake of less than 23.7 g/d.18

Lung cancer, particularly squamous cell carcinoma, and COPD
share underlying molecular pathways.43 In addition, a high-
fiber diet was linked to better lung function in a dose-
response manner in US populations.16 Findings of our study
are in line with these previous studies on COPD and lung func-
tion, but are not in line with the finding of the UK Million
Women Study, which reported a null association between

Figure 2. Risk of Lung Cancer by Dietary Fiber Intake and Yogurt Consumption in Subgroups of Participants

P Value for
Interaction

No. of
CasesSubgroup

Age, y

HR
(95% CI)

.02
5534≤57 0.75 (0.60-0.92)

0.87 (0.79-0.96)

0.77 (0.61-0.97)
0.88 (0.75-1.04)
0.79 (0.71-0.89)
0.82 (0.67-1.01)
0.97 (0.80-1.18)

0.84 (0.27-2.56)
0.87 (0.75-1.02)
0.82 (0.72-0.93)
0.83 (0.68-1.00)

0.95 (0.83-1.09)
0.85 (0.76-0.95)
0.77 (0.62-0.96)

0.87 (0.73-1.03)
0.82 (0.73-0.92)
0.86 (0.74-1.00)

0.82 (0.76-0.89)
0.86 (0.73-1.02)

0.91 (0.80-1.03)
0.96 (0.82-1.11)

0.91 (0.83-1.00)
0.82 (0.76-0.88)
0.76 (0.68-0.85)

0.82 (0.71-0.95)
0.82 (0.75-0.89)
0.84 (0.77-0.92)

0.82 (0.77-0.88)
0.81 (0.73-0.90)

0.83 (0.76-0.91)
0.86 (0.77-0.95)

13 288>57
Smoking status,
pack years

2302Never

.20
2623Former ≤30
4778Former >30
2734Current ≤30
6385Current >30

Weight
384Under

.37
7853Normal
7548Over
3037Obese

Alcohol 
consumption

5479None
.029385Moderate

3958Heavy
Physical activity

5575Low
.368674Medium

4573High
Saturated fat

9884<21.5 g/d
.48

8938≥21.5 g/d
Follow-up

15 352<9 y
.14

3470≥9 y

Dietary fiber intake: highest vs lowest quintileA

0.6 1.20.8 1.0
Adjusted HR (95% CI)

P Value for
Interaction

No. of
CasesSubgroup

Age, y

HR
(95% CI)

.07
4866≤57 0.81 (0.74-0.90)

0.82 (0.75-0.90)

0.85 (0.73-0.98)
0.73 (0.61-0.87)
0.83 (0.76-0.91)
0.89 (0.79-1.00)
0.85 (0.74-0.96)

1.04 (0.62-1.74)
0.80 (0.74-0.86)
0.83 (0.75-0.93)
0.85 (0.76-0.96)

12 255>57
Smoking status,
pack years

1459Never

.44
2529Former ≤30
4665Former >30
2441Current ≤30
6027Current >30

Weight
308Under

.18
7202Normal
6787Over
2824Obese

Alcohol 
consumption

4253None
.019114Moderate

3754Heavy
Physical activity

4613Low
.448338Medium

4170High
Saturated fat

8289<21.5 g/d
.95

8832≥21.5 g/d
Follow-up

14 128<9 y
.23

2993≥9 y

Yogurt consumption: high vs noneB

0.6 1.20.8 1.0
Adjusted HR (95% CI)

Hazard ratios (HRs) and 95% CIs were estimated by random-effects
meta-analyses based on the sex-specific quintiles of total dietary fiber intake or
yogurt consumption (none, 0 g/d; low, �sex-specific median intake; high,
>sex-specific median intake). Participants from the Shanghai Men’s and
Women’s Health Studies were included in the fiber-lung cancer analysis only. No
data were available on yogurt consumption in these 2 cohorts. Age, saturated
fat intake, and follow-up time were grouped by their median values. Heavy
drinkers were defined as alcohol consumers who reported ethanol
consumption of more than 28 g per day in men or more than 14 g per day in

women; and moderate drinkers were defined as alcohol consumers who
reported ethanol consumption of greater than 0 to 28 g per day in men or
greater than 0 to 14 g per day in women. Physical activity levels were defined as
tertiles of total physical active hours or metabolic equivalent hours. All models
were stratified by birth year and enrollment year and adjusted for age, total
energy, smoking status, smoking pack-years, sex, race/ethnicity, educational
level, obesity status, diabetes, family history of lung cancer, physical activity
level, menopausal status in women, and intakes of saturated and
polyunsaturated fat.
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fiber intake and lung cancer risk among never smokers (823
cases included; HR, 0.98; 95% CI, 0.88-1.09 per 5 g/d
increase).22 For yogurt, a recent meta-analysis, including 2 co-
hort studies and 3 case-control studies, reported a nonsignifi-
cant inverse association between yogurt and lung cancer risk
(1294 cases included; relative risk, 0.88; 95% CI, 0.62-1.25 for
high vs low yogurt consumption).23 In addition to its much
smaller sample size, that meta-analysis was limited by hetero-
geneity in study design and different covariate adjustments.
The large sample size and the availability of individual-level
data in the present study overcame the limitations of the pre-
vious studies.

The health benefits of fiber and yogurt may be rooted in
their prebiotic and probiotic properties, through which they
independently or synergistically modulate gut microbiota.1-3

Dietary fiber is nondigestible by humans but can be ferment-
able by gut microbiota to generate short-chain fatty acids.44

Emerging evidence has suggested that the beneficial effects
of short-chain fatty acids on host immune and metabolism are
not restricted to the gut but reach various organs, including
the lungs.14,44,45 Animal studies have shown that a high-fiber
diet can remodel the immunological environment in the lungs
by changing the composition of both gut and lung microbiota.45

Yogurt, a nutrient-dense food commonly containing strain-
specific probiotics, can also enhance gut microbial commu-
nities. As an immunomodulator, furthermore, probiotics me-
diate cytokine secretion and proliferation and differentiation
of immune cells.3 There are high expectations that yogurt may
help prevent lung diseases; in vivo and in vitro studies have
shown that some probiotic strains inhibit lung metastasis, en-
hance natural killer cell activity, and have antitumor and anti-
inflammatory activities.46,47

In the present study, the inverse association of lung can-
cer risk with dietary fiber and yogurt consumption was more
evident for squamous cell carcinoma and among participants
with proinflammatory conditions (eg, heavy consumers of al-
cohol), suggesting that fiber and yogurt may exert beneficial
effects on lung carcinogenesis via anti-inflammatory mecha-
nisms. Previous studies have shown that a high-fiber diet and
yogurt consumption were independently inversely associ-
ated with proinflammatory cytokines and inflammatory
responses.7,48 Emerging evidence has also indicated a syner-
gistic effect of prebiotics and probiotics on host health; fer-
mentation of prebiotics can promote the colonization of health-
promoting probiotic bacteria, such as Bifidobacterium and
Lactobacillus, in the gastrointestinal tract,3 which can im-
prove the gut microbial ecosystem, and in turn, increase the
beneficial physiological effects of bacteria. Our present find-
ings indicated that the combination of prebiotics (fiber) and
probiotics (yogurt) may be stronger against lung cancer than
either component alone. This finding suggests a potential role
of increasing both prebiotic and probiotic consumption in lung
cancer prevention.

Strengths and Limitations
To the best of our knowledge, this is the largest prospective
study investigating the association of dietary fiber and yo-
gurt consumption with lung cancer risk, and no previous epi-

demiologic study has investigated a joint association of fiber
and yogurt with lung carcinogenesis. Over 1.44 million indi-
vidual participant data, including diverse racial/ethnic groups
and long-term observations, enabled us to comprehensively
investigate the potential roles of dietary fiber, yogurt, and their
joint activity in the development of lung cancer, with consid-
eration of a wide range of potential confounders and effect
modifiers. Detailed data on individuals’ smoking history, as
well as tumor histology, allowed for in-depth analyses on the
fiber or yogurt intake association with lung cancer. The first
2 years of follow-up were excluded from analyses to mini-
mize potential reverse causation due to preclinical cancer-
related dietary changes; although the data are not included in
the supplemental information, the results remained robust
even when the first 4 years of follow-up were excluded.

Nevertheless, we acknowledge several limitations. First,
we had no data on types (eg, soluble vs insoluble) and food
sources of fiber (eg, from grains, vegetables, or fruits); thus,
we could not investigate the association by fiber subtypes.
Data were also unavailable on types of yogurt (eg, sugar con-
tent and bacteria strains), which may differ across popula-
tions and confer different health effects. In addition, we
could not evaluate possible changes in fiber and yogurt con-
sumption over time because of data unavailability, which
might result in attenuated associations.49 Second, despite the
comprehensive adjustments for covariates, we cannot com-
pletely rule out the influence of residual confounding by
smoking or unmeasured confounders, such as socioeco-
nomic status and a history of COPD. Third, although we
found similar results after adjusting for putative dietary risk
factors, it is still possible that the observed associations were
confounded by other dietary constituents associated with
fiber and yogurt. Fourth, although the inverse association
pattern was consistently observed across racial/ethnic
groups, the associations for black or Asian persons failed to
reach statistical significance in multivariable-adjusted mod-
els. Whereas those results are likely attributable to a lack of
statistical power owing to small sample sizes or lower intake
levels, a true racial/ethnic–specific association cannot be
completely ruled out. Further investigation is needed to
evaluate the association of fiber or yogurt consumption with
lung cancer risk among those populations. Finally, measure-
ment errors in dietary assessment may exist, which is likely
to bias the estimates toward the null.50,51

Conclusions
In this large pooled analysis, after adjusting for a wide range
of known or putative lung cancer risk factors, we found that
dietary fiber and yogurt consumption were both associated
with reduced risk of lung cancer. For the first time to our knowl-
edge, a potential synergistic association between fiber and yo-
gurt intakes on lung cancer risk was observed. Although fur-
ther investigation is needed to replicate these findings and
disentangle the underlying mechanisms, our study suggests
a potential novel health benefit of increasing dietary fiber and
yogurt intakes in lung cancer prevention.
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