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ABSTRACT

Some observational studies have examined the association between dietary whole
grain intake and all-cause mortality, but the results were inconclusive. We therefore
conducted a meta-analysis to summarize the evidence from cohort studies regarding
the association between whole grain intake and all-cause mortality. Pertinent studies
were identified by searching PubMed, Embase and Web of Knowledge, up to February 28,
2016. Study-specific estimates were combined using random-effects models. Eleven
prospective cohort studies involving 101,282 deaths and 843,749 participants were
included in this meta-analysis. The pooled relative risk of all-cause mortality for
the highest category of whole grain intake versus lowest category was 0.82 (95%
confidence interval: 0.78, 0.87). There was a 7% reduction in risk associated with each 1
serving/day increase in whole grain intake (relative risk = 0.93; 95% confidence
interval: 0.89, 0.97). No publication bias was found. This analysis indicates that higher
intake of whole grain is associated with a reduced risk of all-cause mortality. The
findings support current recommendations for increasing whole grain consumption
to promote health and overall longevity.

INTRODUCTION

The number of deaths was 52.8 million globally in
2010 and the deaths from non-communicable diseases rose
from just under 8 million in 1990 to 34.5 million in 2010,
accounting for two of every three deaths [1]. Of chronic
non-communicable diseases, cardiovascular disease, and
cancer are among the main causes of death [1]. A high
quality diet including plant foods is one of the most
promising factors in primary and secondary prevention of
non-communicable diseases [2].

Grains, also called cereals, are the seeds of grasses
cultivated for food. Whole grains are the entire seed of
a plant and this seed (which industry calls a “kernel”)
is made up of three key edible parts- bran, germ, and
endosperm [3]. The bran and germ, removed during
the milling process, are rich in dietary fiber, protein,
micronutrients and phytochemicals [4]. Whole grains
have been widely recommended in dietary guidelines

as healthful food [5, 6], and have shown consistently
favorable effects on insulin sensitivity [7, 8], lipid profile
[9], endothelial function [10], antioxidant activity [11]
and inflammation [12, 13]. The Dietary Guidelines for
Americans therefore recommend at least an intake of 3
servings of whole-grain products per day [6], but the mean
intake of whole grains in the United States is less than 1
serving/d [14].

Accumulating epidemiological evidence indicates
that high intake of whole grains might decrease the risks
of obesity/abdominal fatness [15], type 2 diabetes [16],
hypertension [17], cardiovascular disease [16] and major
cancers [18-22]. Extensive prospective cohort studies
also evaluated the association between dictary whole
grain intake and all-cause mortality in general population
[23-32] and specific disease-related population [33, 34].
The evidence from prospective cohort studies on dietary
whole grain intake in relation to all-cause mortality has
not yet been summarized, we therefore conducted a
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meta-analysis of prospective cohort studies to quantify
this association.

RESULTS

Literature search

A flow chart for the search process is presented in
Figure 1. Our search strategy identified 709 potentially
relevant articles from the 3 databases, and 218 records
were excluded because they were duplicates. After a
review of the titles and abstracts based on the pre-specified
inclusion and exclusion criteria, 478 articles were further
excluded. After reviewing the full text of the remaining
thirteen articles, four studies were excluded because 1)
the exposure of interest was the spending on grain
consumption expenses (n = 1) [35]; 2) newer data was
available (n = 2) [34, 36]; and 3) subjects were heart
failure patients and therefore not representative of the
general population (n = 1) [33]. One study [27] that was
identified by checking the reference lists of retrieved
articles was also included, giving a total of ten articles
with eleven independent prospective cohort studies in the
final analysis [23-32].

Study characteristics

Eleven prospective cohort studies from ten
publications [23-32] published between 2001 and 2016,
including 843,749 individuals and 101,282 deaths, were
eligible for the present meta-analysis (Supplementary
Table S1). Two Harvard cohorts were included in one
publication [32]. Ten cohort studies used food frequency
questionnaire (FFQ) to assess dietary whole grains [23, 24,
26-32] and the remaining one used 3-day food record [25].
The included studies were conducted in the United States
(n="17) (24,26, 27, 29, 30, 32] and Europe (n = 4) [23, 25,
28, 31]. The sample sizes ranged from 535 [25] to 367,442
[30], and the median follow-up time varied from 5.9 years
[28] to 26 years [32]. All of the included studies adjusted
for age, smoking status, total energy intake, and most of
them included adjustment for other potential confounders,
such as gender (if available), body mass index (BMI),
physical activity level and alcohol drinking, etc.

Whole grain intake and all-cause mortality

Categorical meta-analysis

Ten studies from nine publications [23-26,
28-32] with a total of 722,897 individuals and 91,591
deaths were included in the categorical meta-analysis.
In combined estimates for the highest versus the lowest
category, whole grain intake was inversely associated with
all-cause mortality risk (RR = 0.82, 95% CI: 0.78, 0.87),
with substantial heterogeneity among studies (/?

76.6%, P, erogencity < 0.001) (Figure 2). No significant
publication bias was observed according to the funnel
plot (Supplementary Figure S1), Begg’s test (P = 0.858),

Egger’s test (P = 0.575).
Dose-response meta-analysis

Ten studies from nine publications [24—-32] with
a total of 809,901 individuals and 99,224 deaths were
included in the dose-response meta-analysis. We used
serving/d (serving per day) as the units. The pooled
relative risk for a 1 serving/d increment of whole grain
intake was 0.93 (95% CI: 0.89, 0.97), with significant
heterogeneity (12 = 92.4%, Phelemgenehy< 0.001) (Figure 3).
No significant publication bias was observed according
to the funnel plot (Supplementary Figure S2), Begg’s test
(P =0.858), Egger’s test (P = 0.895).

Subgroup and sensitivity analyses

In subgroup analyses of the association between
whole grain intake and all-cause mortality, all estimates,
despite disparate magnitudes, showed inverse associations,
and all were statistically significant except in male
population (Table 1). Moreover, the inverse association
was much stronger when the analysis was restricted
to the population in Europe (RR = 0.75; 95% CI: 0.71,
0.80; 2 = 0%, P erogencity = 0.558) compared with the
pooled relative risk for the association of dietary whole
grain intake with all-cause mortality among population in
America. For studies in which with adjustment for BMI,
physical activity level, alcohol consumption, diabetes,
blood pressure, or serum cholesterol level, the pooled
relative risk was higher than that in studies without
adjustment. However, meta-regression analysis showed
that no variables may account for the heterogeneity across
studies on the association between whole grain intake and
total mortality.

In sensitivity analyses, we sequentially excluded
one study at a time and reanalyzed the remaining data.
The pooled relative risks for sensitivity analyses were
still statistically significant and similar to the overall
estimate. The pooled relative risks for all-cause mortality
ranged from 0.81 (95% CI: 0.77, 0.85) when the Health
Professionals Follow-up Study by Wu et al. [32]
was excluded, to 0.84 (95% CI: 0.79, 0.89) when the
Norwegian Women and Cancer Study, Northern Sweden
Health and Disease Study, Danish Diet, Cancer and Health
Study by Johnsen et al. [31] was excluded.

DISCUSSION

To our knowledge, the present study is the first
meta-analysis quantitatively assessing the association
between dietary whole grain intake and all-cause mortality.
In this meta-analysis, increased whole grain intake was
significantly associated with a reduced risk of total death.
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The risk of all-cause mortality was decreased by 18% for
individuals in the highest category intake of whole grain,
compared with it in the lowest. The results of the dose-
response meta-analysis suggested that each additional 1
serving whole grain intake daily may lower the risk of all-
cause mortality by 7%.

The protective effect of whole grain consumption on
risk of all-cause mortality is biologically plausible. Whole
grains are rich source of fiber, vitamins, minerals, phenolic
compounds, phytoestrogens, and other phytochemicals,
which may potentially explain whole grains’ favorable
effects [11, 37—42]. Many of these compounds are redox-
active secondary plant metabolites [39, 40, 43, 44] that
are produced by plants to protect against oxidative and

174 Articles Identified in Pubmed
193 Articles Identified in Embase
342 Articles Identified in Web of Knowledge

other types of stress. These components can activate
defense-related genes in the cells of plants to support the
antioxidant defense and thereby reduce the damaging
effects of chronic inflammation via several mechanisms
[40, 45]. It has been suggested that these compounds can
also mount an antioxidant defense in human body cells by
inducing expression of similar genes for antioxidant and
detoxification enzymes [40, 46, 47]. Therefore, a number
of previous meta-analyses observed that whole grain
intake was associated with decreased risk of major chronic
diseases, including cardiovascular disease (CVD) [48-50],
diabetes [51-53], and common cancers [18, 19, 21, 54].
Our findings are concordant with these meta-analyses of
whole grain intake in relation to the risk of chronic diseases.

218 Articles Excluded Because of Duplicate
Titles or Abstracts

491 Articles after Duplicates Removed

478 Articles Excluded Based on Screening of
Titles or Abstracts Using General Criteria

13 Articles Obtained From Screening Titles or
Abstracts

Articles Excluded:

1 had the exposure about spending on grain consumption
2 had newer data available

1 had the subjects with heart failure and was therefore not
representative of the general population

9 Articles Obtained
Screening

From Full-Text

1 Article Obtained From Checking Reference
Lists of Retrieved Articles

J

10 Articles Included in Meta-Analysis
(11 Cohort Studies)

Figure 1: Process used to select prospective cohort studies for a meta-analysis of the association between whole grain

intake and all-cause mortality, 1964-2016.
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Study (year) Gender RR (95% CI)

1
Wu, HPFS (2015) M i el 0.95 (0.89, 1.00)
Wu, NHS (2015) F : & 0.88 (0.84, 0.93)
Johnsen (2015) M+F SO 0.75 (0.70, 0.80)
Huang (2015) M+F -~ 0.83 (0.81, 0.86)

1
Boggs (2015) F —_— 0.75 (0.64, 0.89)
Buil-Cosiales (2014) M+F . 0.92 (0.64, 1.33)
Jacobs (2007) F —H— 0.79 (0.72, 0.87)
Sahyoun (2006) M+F 0.82 (0.52, 1.28)

1
Steffen (2003) M+F - 0.77 (0.61, 0.97)

1
Jacobs (2001) M+F —_— 0.75 (0.65, 0.88)
Overall <> 0.82 (0.78, 0.87)

1

1

1

1

I : 1
05 1.0 1.4
Relative Risk

Figure 2: Forest plot (random-effects model) of the association between whole grain intake (highest category vs. lowest)
and all-cause mortality. Black points indicate study-specific RRs (the size of the square reflects the study-specific statistical weight);
horizontal lines indicate 95% Cls; the diamond indicates the summary estimate with its 95% CI.

Study (year) Gender RR (95% ClI)
i
Wu, NHS (2015) F —:o— 0.93 (0.91, 0.95)
Wu, HPFS (2015) M i = 0.98 (0.96, 1.00)
Johnsen (2015) M+F —o-:r 0.92 (0.90, 0.94)
1
Huang (2015) M+F - i 0.85 (0.82, 0.87)
1
Boggs (2015) F _ i 0.83 (0.75, 0.92)
1
Buil-Cosiales (2014) M+F —E—o— 0.99 (0.88, 1.12)
van den Brandt (2011) M+F i e 1.02 (0.99, 1.05)
Jacobs (2007) F —-l— 0.93 (0.90, 0.96)
1
Sahyoun (2006) M+F :v 0.93 (0.79, 1.10)
1
Steffen (2003) M+F + 0.92 (0.85, 0.99)
Overall <> 0.93 (0.89, 0.97)
1
1
|
[ 1

0.7 1.0 1.2
Relative Risk

Figure 3: Forest plot (random-effects model) of the association between whole grain intake (each 1 serving/d increase)
and all-cause mortality. Black points indicate study-specific RRs (the size of the square reflects the study-specific statistical weight);
horizontal lines indicate 95% Cls; the diamond indicates the summary estimate with its 95% CI.
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Table 1: Pooled relative risk of all-cause mortality for persons in the highest category of whole grain
intake versus those in the lowest category in a meta-analysis, by study characteristic, 2001-2016

Studies Smﬁlﬁary 95% CI P, % P for heterogeneity* P for heterogeneity**
n

All studies 10 0.82 (0.78,0.87)  76.6 <0.001

Gender 0.725
Male 2 0.85 (0.67,1.07) 943 <0.001
Female 4 0.80 (0.72,0.88) 77.3 0.004
Male + Female 5 0.83 (0.80, 0.85) 0 0.673

Study location 0.143
America 7 0.85 (0.80,0.90) 744 <0.001
Europe 3 0.75 (0.71, 0.80) 0 0.558

Follow-up time’ 0.686
>15 5 0.83 (0.75,0.91)  88.1 <0.001
<15 5 0.82 (0.80, 0.85) 0 0.673

Cohort sizet 0.388
> 35,000 5 0.84 (0.78,0.90)  88.1 <0.001
<35,000 5 0.78 (0.73, 0.84) 0 0.886

Adjustment for:

BMI 0.707
Yes 8 0.83 (0.76,0.90)  80.0 <0.001
No 2 0.82 (0.76,0.88)  28.8 0.236

Physical activity level 0.241
Yes 9 0.84 (0.79,0.89)  69.5 0.001
No 1 0.75 (0.70,0.80) NA NA

Alcohol consumption 0.411
Yes 9 0.83 (0.78,0.88)  77.9 <0.001
No 1 0.75 (0.65,0.88) NA NA

Diabetes® 0.253
Yes 8 0.84 (0.79,0.89) 73.3 <0.001
No 2 0.75 (0.70, 0.80) 0 0.701

Blood pressure 0.090
Yes 5 0.87 (0.80,0.94) 64.6 0.023
No 5 0.79 (0.75,0.84) 54.1 0.069

Serum cholesterol level 0.063
Yes 3 0.88 (0.80,0.96)  79.2 0.008
No 7 0.79 (0.76,0.83) 359 0.154

BMI, body mass index; CI, confidence interval; NA, not available; RR, relative risk.

*P value for heterogeneity within each subgroup.

**P value for heterogeneity between subgroups in meta-regression analysis.

+The median follow-up time for studies included in the meta-analysis was 15 years.

1 The median cohort size for studies included in the meta-analysis was 35,000 participants.
§Studies excluding prevalent diabetes at baseline were included in the “yes” group.
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In subgroup analyses, among male population, no
significant inverse association was found. This might
be due to that the number of cohorts in the group was
only two, so the limited sample sizes had inadequate test
power to examine the association. Most studies included
in the present meta-analysis adjusted for some of the
major potential confounders or risk factors, such as BMI,
physical activity level, alcohol consumption. When we
stratified studies by adjustment for specific confounders,
the magnitudes of the association in the subgroups with
adjustment were considered to be more reliable because
these factors may be confounders in the analysis due to
their associations with both the risk of all-cause mortality
and whole grain consumption. When we restricted the
analysis to studies that were adjusted for diabetes, blood
pressure, or serum cholesterol level, the pooled relative
risk was more close to 1 than the overall estimate. Dietary
whole grain intake could influence the risk of all-cause
mortality via several different mechanisms. Controlling for
any of the intermediate variables, such as diabetes, blood
pressure, or serum cholesterol level, in the hypothesized
casual pathway between dietary whole grain and all-cause
mortality might lead to overadjustment and thus bias the
result towards null [55]. Therefore, the true association
between dietary whole grain intake and all-cause mortality
may be even stronger.

Although most studies indicated inverse association
between whole grain consumption and all-cause mortality,
significant heterogeneity was observed in this meta-
analysis, which could limit the interpretability of the
pooled estimate. There were several potential explanations
for the observed between-study heterogeneity. First,
the way in which these articles compared categories
was different. Several studies calculated the estimation
for the highest quintile vs. the lowest [23, 24, 26, 29,
30, 32], while others calculated for the highest quartile
vs. the lowest [25, 31], and another [28] used the highest
quintile vs. the lowest two quintiles. Second, the cut-off
points for each category were inconsistent, which could
certainly have contributed to inter-study differences in
the strength of the observed associations, especially in the
Europe studies by Buil-Cosiales et al. [28] and Johnsen
et al. [31]. This is due to that Europeans are recommended
to have more whole grain intake than Americans. In
the Scandinavian countries at least 75 grams per day
of whole grain intake which equals approximately 131
grams per day (4.7 servings/day) of whole grain products
is recommended [56] while in the USA and Canada the
recommendation is that “all adults eat at least half their
grains as whole grains” so at least 48 grams whole grains
or 84 grams whole grain products should be consumed
per day (3 servings/day) [6]. Third, we cannot rule out
the possibility that the study locations, the various
study follow-up periods, the different sample sizes of
the cohorts, or the potential confounders, intermediate
variables for which the researchers adjusted might also

have contributed to some of the heterogeneity reported
herein.

The present meta-analysis had some strengths. To
the best of our knowledge, this was the first meta-analysis
to explore the relationship between dietary whole grain
intake and all-cause mortality. A highlight of this present
meta-analysis was the prospective design of the included
cohort studies, which should have greatly reduced
the potential selection and recall bias. The large study
population (101,282 deaths among 843,749 participants)
enabled us to provide sufficient statistical power to
quantitatively assess the relationship between whole
grain intake and all-cause mortality. Most of the studies
included in the meta-analysis adjusted for large number of
major confounders. Because of this, the pooled estimate
may be less susceptible to confounding bias.

However, some limitations of the meta-analysis
should be considered. First, it was difficult to consistently
define and precisely evaluate the intake of whole grains or
whole grain products in epidemiological studies and some
degree of measurement error was inevitable, and reporting
whole grain intakes as the actual amount of whole grain
intake per dry weight had been pointed out [57]. Most
studies reported whole grain food intake as the amount
of whole grain products (fresh weight), while only two
articles reported intakes in actual amount of whole grain
(dry weight) [31, 32]. Moreover, the study by Johnsen
et al. reported results for both whole grain products
and actual whole grain intake [31]. Some studies and
guidelines have classified some products (e.g., breakfast
cereals) as whole grain foods if they have a whole grain
content of >25% [24, 26, 30] or > 51% [58] of the weight
of the product, leading to misclassification of the exposure.
In cohort studies, non-differential misclassification of
exposure leads to an underestimation of the magnitude of
the associations. In this respect, the observed reductions
in mortality associated with whole grain intake may be
conservative estimates. Second, small-sample bias, such
as publication bias, might have influenced the results.
Although there was no evidence of publication bias in
the present meta-analysis, tests for publication bias had
low statistical power, especially when the number of
studies was limited. Third, because the assessment was
based on observational studies, we could not rule out the
possibility that unknown residual confounding might still
have affected the results in each study and thus the pooled
estimates of the meta-analyses. Last but not least, the
studies in the present meta-analysis were all conducted in
Europe and America with no study conducted in Asia. This
might somewhat limit the generalizability of the results
from this meta-analysis.

In conclusion, the present meta-analysis indicates
that an increased whole grain intake is associated with a
reduced risk of all-cause mortality. These findings add to
and extend the evidence that an increased dietary whole
grain intake may exert healthy effects and decrease
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the risk of all-cause mortality and support current
recommendations to increase whole grain consumption to
promote health and overall longevity.

MATERIALS AND METHODS

Literature search

We followed standard criteria for reporting meta-
analyses of observational studies [59]. We performed a
systematic literature search and review of peer-reviewed
articles published on PubMed, Embase, and Web of
Knowledge through February 2016 using the following
key words: (grain OR grains) AND (mortality OR death)
AND (prospective OR longitudinal OR cohort OR cohorts
OR follow-up). The identified publications were reviewed
independently for their relevance to the research topic by
two authors (X.M., W.-G.T.). We also searched the reference
lists of relevant publications to include eligible studies.

Study selection

Published studies were included if they 1) reported
all-cause/total mortality as the outcome of interest; 2) were
conducted in a general population; 3) used prospective
cohort design; 4) presented information on whole grain
intake as the exposure of interest; and 5) provided
estimates of relative risk (RR) or hazard ratio (HR) with
confidence intervals (CIs) or standard errors or the data
necessary to calculate these estimates.

The studies were excluded if they 1) were non-
English language; 2) were not original articles, such as
reviews, letters, comments, etc.; and 3) had repetitive data
on the same population. We used the most recent report
or report with the largest number of cases if there were
duplicates.

Data extraction

Data abstracted from each study were as follows:
first author’s name, year of publication, country in which
the study was conducted, duration of follow-up, gender
of the study population, age group of the subjects, sample
size of the cohort, number of deaths, assessment tool
used to measure dietary whole grains, type of exposure,
categories of dietary whole grains and relative risks
and 95% confidence intervals for all-cause mortality
associated with those categories, and covariates included
for adjustment in multivariable models as well.

Statistical analysis

We calculated the pooled relative risk of all-cause
mortality and its 95% confidence interval for the highest
category of dietary whole grain intake versus the lowest
using DerSimonian and Laird random-effects model,

which incorporate both within- and between-study
variations [60].

For the dose-response meta-analysis, numbers of
deaths and persons/person-years for at least 3 whole grain
intake categories and the mean or median values of the
categories were needed. If the mean or median values
were not reported in the studies, the estimated midpoints
of the categories were used for substitution. When the
highest categories were open-ended, we assumed that the
open-ended categories were of the same amplitude as the
adjacent categories [61].We used the method proposed
by Greenland and Longnecker [62] and Orsini et al.
[63] to compute the linear trend of correlated log RRs
across categories of the dietary whole grain intake. Dose-
response results in forest plots were presented on the basis
of 1 serving per day increment for the dietary whole grain
intake. According to the recommendations by The Whole
Grains Council [64] and Ross et al. [57], one serving
dietary whole grain intake is either one ounce (28-g) of
a 100% whole grain food in its ready-to-eat form or the
amount of food containing 16-g of whole grain ingredients
(28 g of whole-grain products approximates 16 g of whole
grain). We converted the amount of whole-grain products
and whole grain using gram as the unit into serving as
follows: For studies [31, 32] reporting whole grains in
grams, the intake was converted in servings, using 16 g as
a serving size. For studies [27, 28] in which whole-grain
products were reported in grams, intake was converted in
servings, using 28 g as a serving size.

To assess the source of variations among studies,
we carried out subgroup analyses stratified by gender,
study location, follow-up period, and cohort size. We
also conducted analyses stratified by whether studies
adjusted for potential important confounders, including
total energy intake, BMI, smoking status, alcohol
consumption, physical activity level, or adjusted for
potential intermediate variables, including diabetes,
blood pressure, and serum cholesterol level. For each
stratification variable, heterogeneity between subgroups
was evaluated by conducting meta-regression analyses.

We conducted sensitivity analyses to assess the
influence of individual studies by excluding one study
at a time and created a sensitivity plot. Publication bias
was assessed using Begg’s test [65] and Egger’s test [66].
Heterogeneity among studies was assessed with the O and
I statistics, and results were defined as heterogeneous for
a P value <0.10 or /> 50% [67].

All statistical analyses were conducted using
Stata/SE software, version 12.0 (Stata-Corp LP, College
Station, Texas). Two-sided P value < 0.05 was considered
statistically significant unless otherwise specified.
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