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Abstract

Background

In many countries breakfast cereals are an important component of breakfast. This system-
atic review assesses the contribution of consumption of ready-to eat cereal (RTEC) to the
recommended nutrient intake. Furthermore, the effects of RTEC consumption on key
health parameters are investigated as well as health promoting properties of RTEC.

Method

The Cochrane Central Register of Controlled Trials, MEDLINE, EMBASE and CINAHL
have been searched up till 16™ of June 2015. Randomized controlled trials were excluded if
RTEC were used during hypocaloric diets, if RTEC were eaten at other times than break-
fast and if breakfasts included other products than RTEC, milk and fruit. Observational
studies were excluded when “breakfast cereals” were not defined or their definition included
cooked cereals. From cross-sectional studies only data concerning energy and nutrient
intake as well as micronutrient status were used.

Results

From 4727 identified citations 64 publications met the inclusion criteria of which 32 were
cross-sectional studies, eight prospective studies and 24 randomized controlled trials. Con-
sumption of RTEC is associated with a healthier dietary pattern, concerning intake of carbo-
hydrates, dietary fiber, fat and micronutrients, however total sugar intake is higher. Persons
consuming RTEC frequently (> 5 times/week) have a lower risk of inadequate micronutri-
ent intake especially for vitamin A, calcium, folate, vitamin B 6, magnesium and zinc. Evi-
dence from prospective studies suggests that whole grain RTEC may have beneficial
effects on hypertension and type 2 diabetes. Consumption of RTEC with soluble fiber helps
to reduce LDL cholesterol in hypercholesterolemic men and RTEC fortified with folate can
reduce plasma homocysteine.
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review. This does not alter our adherence to PLOS
ONE policies on sharing data and materials.

Discussion

One of the review’s strengths is its thorough ex/inclusion of studies. Limitations are that
results of observational studies were based on self-reported data and that many studies
were funded by food-industry.

Conclusion

Consumption of RTEC, especially of fiber-rich or whole grain RTEC, is implicated with sev-
eral beneficial nutritional and health outcomes. The effect on body weight, intestinal health
and cognitive function needs further evaluation. Of concern is the higher total sugar intake
associated with frequent RTEC consumption.

Introduction

Extensive research has been shown that eating breakfast compared to skipping breakfast results
in improved macro- and micro-nutrient intake and status [1], can reduce the risk of weight
gain [2] and has beneficial effects on cognitive and academic performance [1;3] and develop-
ment of diseases such as type 2 diabetes [4] and cardiovascular diseases [5;6]. In many coun-
tries breakfast cereals (BC) are considered the main component of a balanced breakfast. A
considerable number of studies are conducted to investigate the impact of the consumption of
BC on nutritional and health benefits [7-12]. In addition, several reviews summarize their
effects on either specific health outcomes [13;14] or comprehensively on nutritional and health
benefits [15]. The group of BC comprises many different cereal products and can be divided
roughly into cooked cereals, like porridge type breakfasts, and ready-to-eat cereals (RTEC) or
“cold” breakfast cereals like corn flakes and muesli. It is obvious that nutritional and health
benefits depend on the composition of the breakfast meal. Many observational studies do not
differentiate between RTEC and cooked cereals and in intervention trials BC are often either
only part of breakfast or consumed not only for breakfast. To obtain more specifically informa-
tion on nutritional and health benefits of cereals consumed at breakfast it is necessary to con-
sider the specific composition of BC while summarizing and evaluating the available evidence.
Therefore, in this systematic review, studies are included that investigate the effect of RTEC
only and an attempt is made to relate their specific composition to specific health benefits.

Two questions are addressed:

1. To what extent does consumption of RTEC contribute to the recommended nutrient intake
of children, adolescents and adults?

2. What are the effects of RTEC consumption on key health parameters in healthy persons as
well as in persons at risk of disease and what are health promoting properties of RTEC?

Data from all available observational cohort studies and (randomized) controlled trials
(RCTs) have been systematically reviewed and summarized. “Key health parameters” assessed
were outcomes related to energy metabolism, weight management, cardiovascular health,
digestion/gut health, immune function, performance, bone growth and development. RCTs
compared either the health effect of consuming different amounts of RTEC or different types
of RTEC (e.g. high- vs low-fiber RTEC). Data from cross-sectional studies have not been con-
sidered for assessing the effect on health parameters due to their limited strength of evidence.
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Methods

A protocol of this systematic review is available as supporting information (S1 Protocol). The
Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) and the guide-
lines for the Meta-analysis of Observational Studies in Epidemiology (MOOSE) were followed
[16;17]. The PRISMA and MOOSE checklists are available as supporting information (S1 and
S2 Checklists). Due to the low number and the diversity of the studies addressing one specific
health outcome a meta-analysis was not carried out.

Data sources and literature search

The Cochrane Central Register of Controlled Trials, MEDLINE, EMBASE and CINAHL have
been searched with no time limit and no language restriction on 26" of February 2014 by MGP
(investigator). The following MEDLINE search strategy has been used and adapted for the
other electronic databases searched: 1) Breakfast OR fortified OR ready-to-eat, 2) Cereal OR
cereals, 3) 1 AND 2. No specific search items have been used for nutritional and health out-
comes as we aimed for a wide range. The search was updated with the identical search-strategy
on 16" of June 2015. In addition, the reference lists of all included studies and of review articles
have been searched in order to identify additional studies of interest. The title and abstract of
each record of the search have been assessed by two reviewers (MGP, JRM) independently.
Studies have been rejected if the article, based on the abstract, definitely did not meet the
review's inclusion criteria, otherwise the full text of the study has been obtained and screened.
Abstracts for which no full text papers were available were excluded. Differences between
reviewers' results have been resolved by discussion. Studies were included if they were RCTs or
prospective studies and if they assessed energy and nutrient intake or outcomes related to
energy metabolism, weight management, cardiovascular health, digestion/gut health, immune
function, performance, bone growth and development. Cross-sectional studies were included if
they assessed energy intake, nutrient intake and micronutrient status. RTEC were defined as “a
cereal food that is processed to the point where it can be eaten without further preparation, as
in boxed cereals”, thus cold cereals were defined to be RTEC. RCTs were excluded if they
assessed breakfast skippers vs breakfast eaters, if RTEC were used as meal replacer or during
hypocaloric diets, if RTEC were eaten at other times than breakfast, if breakfasts included other
products than RTEC, milk and fruit and if breakfasts differed in carbohydrate content in stud-
ies comparing postprandial blood glucose and/or insulin. Observational studies were excluded
when “breakfast cereals” were not defined or the definition of “breakfast cereals” included
cooked cereals. From cross-sectional studies only data concerning energy and nutrient intake
as well as micronutrient status were used.

Data extraction process and assessment of risk of bias

From original reports of the studies data were extracted by one reviewer (MGP) according to
pre-designed extraction forms which were validated and used already in a similar systematic
review [18]. From RCTs the following data were extracted:

1. General information: title, authors, country, year of publication, funding, duplicate
publication;

2. Trial characteristics: design, duration, randomizations, concealment of allocation, blinding,
checking of blinding;

3. Intervention: length of intervention, dietary advice/diet provided, comparison
interventions;
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4. Participants: population, exclusion criteria, number (total, per compared groups), age, gen-
der, health condition; diagnostic criteria used to define health condition, similarity groups
at baseline, assessment of compliance, withdrawals/losses to follow-up;

5. Outcomes: outcomes specified above (primary and secondary outcomes of the studies);

6. Results: for outcomes and times of assessment (including a measure of variation), intention-
to-treat analyses.

The following data were extracted from cohort studies:
1. General information: title, authors, country, year of publication, duplicate publication;
2. Study characteristics: design, dates of enrolment, follow-up;

3. Exposure: type, type of measurement, validation of measurement, time-points
measurements;

4. Outcome: type, criteria used, type of measurement, validation of measurement;
5. Participants: number, characteristics;

6. Results: total number of cases, cases in group with lowest and highest intake, results of out-
come, confounders adjusted for.

Risk of bias of RCTs and the methodological quality of prospective and cross-sectional stud-
ies were evaluated by one reviewer (MGP). The Cochrane Collaboration’s tool for assessing
risk of bias [19] was used for the appraisal of RCTs. The following seven items were assessed
and rated as “low”, “high” or “unclear risk” of bias: random sequence generation, allocation
concealment, blinding participants and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting and other bias. As “other bias” the appropriateness and meth-
odology (washout period, analysis) of the cross-over design in cross-over studies was exam-
ined. For the assessment of the quality of observational studies the following criteria were
examined [18]: methods for selecting study participants, number of appropriate confounders
investigated and adjusted for; quality of method used to assess dietary intake, e.g. food fre-
quency questionnaire with/without validation, quality of method used to assess outcome mea-
sures: e.g. self-report with/without validation, or direct measurement/medical records and
additional for prospective studies: duration/completeness of follow-up.

Results
Description of studies

The results of the literature search and the progress through the different stages of the review
process are depicted in the PRISMA flow diagram (Fig 1). A total of 64 publications (all pub-
lished in English) met the inclusion criteria, of which 32 were cross-sectional studies [7;9;20-
49], eight prospective studies [8;50-56] and 24 RCTs [10-12;57-77].

Characteristics of cross-sectional studies are presented in Table 1, those of prospective stud-
ies in Table 2 and those of RCTs in Table 3. The impact of RTEC consumption on nutrient
intake was addressed in all cross-sectional studies as well as in three prospective studies (cross-
sectional at baseline [51;53] and prospectively [51]) and one RCT [11]. All RCTs and prospec-
tive studies assessed health parameters, which were risk factors for cardiovascular disease
[10;11;52554;56558;62;66;68;69:71;72;77] and type 2 diabetes [50;55;59;60;64;67;70;74], BMI/
body weight/satiety/food intake [8;11;12;51;54;57;59-62;65;73;76], digestion/gut health
[10;58;69] and cognitive performance [53;63;75]. No publications were found assessing

PLOS ONE | DOI:10.1371/journal.pone.0164931 October 17,2016 4/35



o ®
@ : PLOS | SINE Ready-to-Eat-Cereals - Effects on Nutritional and Health Outcomes

Articles identified through data base
searching
N = 4727
(2014: n = 4287 update 2015: n = 440)

\ 4

Articles after removal of duplicates

N = 3928
= 3774 of articles excluded
- Based on title and/or abstract
Articles included for full text
screening
N =154
l > N = 97 excluded
- 21 breakfast cereals not defined
- 17 more than 1 serving of RTEC
Articles included from data - 9 hot cereals included _
- 9 other food items than RTEC, milk,
base search fruit included in breakfast
N = 57 - 41 divers reasons
l " N = 7 additional articles
- Identified by hand searching

Final set of included articles
n =64

Fig 1. Flow diagram of articles identified in search and included in review.

doi:10.1371/journal.pone.0164931.9001

immune function and bone growth and development. The risk of bias for all individual RTCs
is depicted in Fig 2. Overall the RCTs had a low or unclear risk of bias. Based on the items
assessed, all selected observational studies have been judged to be of appropriate methodologi-
cal quality. As many studies (45 studies, Tables 1-3) were funded by food industry, funding is
also reported together with the results.
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Table 1. Characteristics cross-sectional studies assessing associations between frequency of RTEC consumption and energy and nutrient

intake.

Reference, country,
sponsor

Affenito et al, 2013 [23],
USA, General Mills

Albertson and
Tobelmann, 1993 [7],
USA, General Mills

Albertson et al, 2003 [36],

USA, General Mills

Albertson et al, 2011 [27],

USA, General Mills

Albertson et al, 2012 [25],

USA, General Mills

Albertson et al, 2013 [44],

USA, General Mills

Albertson et al, 2013 [46],

Canada, General Mills

Barr et al, 2013 [24],
Canada, Kellogg

Barr et al, 2014 [22],
Canada, Kellogg

Bertrais et al, 2000 [9],

France, in part by Kellogg

Deshmukh-Taskar et al,

2010[29], USA, in part by

Kellogg

Deshmukh-Taskar et al,
2010[28], USA, USDA
Agricultural Research
Service

Galvin et al, 2002 [37],

Ireland, in part by Kellogg

Study name, year

Third School Nutrition

Dietary Assessment Study

Market Research
Corporation of America
Menu Census Panel
Survey 1986-1987 and
1987-1988

NHANES 2001-2006

National Eating Trends
20062008

NHANES, 2003-2008

2003-2004

Canadian Community
Health Survey 2004

Canadian Community
Health Survey, 2004

"Supplementation en
Vitamines et Minéraux
Antioxydants” cohort

NHANES 1999-2006

NHANES 1999-2002

North/South Ireland Food

Consumption Survey

Cohort, age range

N = 2298, 5-18y

N=824,7-12y

N=603,4-12y

N = 9660, 6-18y

N=1759, > 55y

N=4737,4-12y
Food secure and not
food secure

N=2026,> 12y

n=19913,> 19y

N=12281,4-18y

N =2188 men, 45—
60y; N=2,851
women, 35-60y

N =4320,9-13Yy;
N =5,339, 14-18y

N =2615,20-39y

N =1379, 18-64y

Method dietary
assessment

24-h dietary
recall

14-day food diary

14-day food
diary, minimum
of 7 days had to
be filled in

24-h dietary
recall

14-day food diary

24-h dietary
recall

7-day food diary

24-h dietary
recall

24-h dietary
recall

12 x 24-h dietary
recalls averaged

24-h dietary
recall

24-h dietary
recall

7-day food diary

Nutritional intake,

categorization

* SBP nonparticipants:
RTEC vs no RTEC at
breakfast

» SBP participants:
RTEC vs no RTEC at
breakfast

> 7 times vs 2—6 times vs <2

times/14d

> 8 serving vs <3 serving/14d

> 1 serving/day vs non

> 8 serving vs 0 serving/14 d; to
be assigned to the “whole
grain” category the first grain
ingredient in the product must

be a whole grain.
RTEC vs no RTEC

> 4 serving vs 2-3 serving vs

0-1 serving/7 d

RTEC vs no RTEC at breakfast

RTEC vs no RETC at breakfast

RTEC breakfast on 0-1 d vs
2-5dvs6-9dvs 10-12d/12d

RTEC vs no RTEC at breakfast

RTEC vs no RTEC at breakfast

0gvs onaverage 28 g/d

Outcomes?

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage of
population
consuming less than
100% RDA

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake, percentage
receiving less than
EAR

Energy, nutrient
intake

Energy, nutrient
intake

Energy, nutrient
intake

Energy, nutrient
intake, percentage

1997-1999 receiving less than
EAR
(Continued)
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Table 1. (Continued)

Reference, country,
sponsor

Grieger et al, 2012 [26],
Australia, Kellogg

Grieger et al, 2013 [45],
Australia, Kellogg

Kafatos et al, 2005 [35],
Crete, Kellogg

Koo et al, 2014 [21],
Malaysia, Universiti
Kebangsaan Malaysia

McNulty et al, 1996 [39],

Northern Ireland, Kellogg

Montenegro-Bethancourt

etal, 2009 [30],
Guatemala, Kellogg

Morgan et al, 1981 [43],
USA, not stated

Morgan et al, 1986 [48],
USA, not stated

Study name, year

Australian National
Children’s Nutrition and
Physical Activity Survey
2007

Australian National
Children’s Nutrition and
Physical Activity
Survey.2007

1992

1990/1991

2005

1977

Nationwide Food
Consumption Survey
1977-78

Cohort, age range

N =781 boys, 12-16
y

N =4487,2-16y

N=392,15+0.4y

N=382,10-11y
N=1015,12and 15
y

N =449 boys, 8-10
y

N=657,5-12y

N=11082,1-17y

Method dietary
assessment

Two 24-h food
recalls

Two 24-h food
recalls

24-h dietary
recall, FFQ for
RTEC
consumption
24-h dietary
recall

Dietary history
method

24-h dietary
recall

7-day food
diaries

3-day dietary
record

Nutritional intake,
categorization

RTEC vs no RTEC at breakfast

RTEC vs no RTEC at breakfast

6-5 times vs 1-4 times vs < 1/

week

RTEC vs no RTEC at breakfast

> 40 gvs 0 g/day

RTEC vs no RTEC

> 3timesvs < 3timesvs 0

times/7 day at breakfast

> 2times RTEC vs no RTEC/3

days at breakfast

Outcomes?

Energy, nutrient
intake, probability of
not achieving 100%
of EAR

Dietary fiber intake

Energy, nutrient
intake

Energy, nutrient
intake

Energy, nutrient
intake, percentage
not achieving LRNI

Energy, nutrient
intake

Energy, nutrient
intake

Energy, nutrient
intake

Nicklas et al, 1995 [42], Bogalusa Heart Study N=568,10y; 24-h dietary RTEC vs no RTEC Energy, nutrient
USA, in part by Kellogg 1984-1985, 1987—-1988 N =504, 1928y recall intake, percentage of
and 1988-1991 population receiving
less than 2/3 of RDA
Ortega et al, 1996 [41], N =200,9-13y weighed food Every day RTEC vs never Energy, nutrient
Spain, The National record over 5 RTEC at breakfast intake, micronutrient
Institute of Diabetes and consecutive days status
Digestive and Kidney
Diseases/National
Institutes of Health
Papoutsou et al, 2014 IDEFICS study 2007-2008 | N = 1558,4-8y 24-h dietary RTEC vs no RTEC at breakfast | Energy, nutrient
[20], Cyprus, European recall intake, percentage of
Community within the population receiving
Sixth RTD Framework less than 2/3 of RDA
Programme
Preziosi et al, 1999 [38], N=1108,2-65y Dietary history RTEC vs no RTEC at breakfast | Energy, nutrient
France, Kellogg method intake, micronutrient
status
Ruxton et al, 1996 [40], 1991 N=136,7-8y 7-d weighed food | 6-7 times RTEC vs 4-5times | Energy, nutrient
Scotland, Kellogg record RTEC vs 0-3 times RTEC/ intake,
week at breakfast
Sampson et al, 1995 [47], | 1989 N=1151,7-10y 24-h dietary RTEC vs no RTEC at breakfast | Energy, nutrient
USA, General Mills recall intake, percentage of
population
consuming less than
80% RDA
Song et al, 2005 [34], NHANES 1999-2000 N=4219,>19y 24-h dietary RTEC vs no RTEC at breakfast | Energy, nutrient
USA, Kellogg recall intake
Song et al, 2006 [32], NHANES 1999-2000 N=7403, >4y 24-h dietary RTEC vs no RTEC at breakfast | Energy, nutrient
USA, in part by Kellogg recall intake, calcium intake
(Continued)
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Table 1. (Continued)

Reference, country,
sponsor

Van den Boom et al, 2006 | enKid study

[33], Spain, Kellogg

Williams et al, 2009 [31],

USA, in part by Kellogg
Yeung et al, 2011 [49],

USA, Centers for Disease

Control and Prevention

Study name, year

Cohort, age range |Method dietary | Nutritional intake, Outcomes?®
assessment categorization
N = 2852 (without 24-h dietary >40gvs21-40gvs 1-20gvs | Energy, nutrient
underreporters), recall 0 g/day intake, percentage of
2-24y population receiving
less than 2/3 of RDA
NHANES, 1999-2002 N=1389, 1-12y 24-h dietary RTEC vs no RETC at breakfast | Energy, nutrient
recall intake
NHANES 2003-2006 N=7161,1-18y 24-h dietary Folic acid enriched grain Folic-acid
recall consumers (ECGP) vs ECGP | consumption, serum

+ RTEC consumers vs ECGP | folate, red blood cell
+ folic acid supplements (SUP) | folate, serum vitamin
consumers vs ECGP+SUP B-12

+RTEC consumers

Al: Adequate intake, EAR: estimated average requirement, FFQ: Food frequency questionnaire, NHANES: National Health and Nutrition Examination
Survey, LRNI: lower reference nutrient intake, RDA: recommended dietary allowance, SBP: School Breakfast Program

2 Results in Table 4, S1 and S2 Tables.

doi:10.1371/journal.pone.0164931.t001

Nutritional benefits—associations and effects of interventions

One prospective [54] and 31 cross-sectional studies in different countries (15 in the USA
[7;23;25;27-29;31;32;34;36;42-44;47;48], three in Canada [22;24;46], two each in Spain [33;41],
Ireland [37;39], Australia [26;45] and France [9;38] and one each in Scotland [40], Cyprus
[20], Greece [35], Malaysia [21] and Guatemala [30]) investigated the association between
RTEC consumption and daily nutrient intake. From two prospective studies [51;53] baseline
data concerning RTEC consumption and daily nutrient intake were also used. One cross-sec-
tional study assessed the impact of RTEC consumption on micronutrient status only [49].

23 studies included only children/adolescents [7;20-23;26;27;29-31;35;36;38-41;43-45;47 -
49;51], eight studies only adults [9;24;25;28;34;37;38;53], one study children and adults [42]
and in three studies the age-range comprised children/adolescents and adults [32;33;46] (cate-
gorized in “adult” studies). In cross-sectional studies frequency of RTEC consumption was
mainly assessed with single and repeated 24-h dietary recalls ([20-24;27-35;42;44;47;49] and
[9;26;45] respectively) (Table 1). In addition, food diaries of 14 [7;25;36], 7 [37;43;46] and 3
days [78] as well as 5 —and 7 day weighted food records were used [40;41]. Two studies applied
the dietary history method [38;39]. Due to the variation in registration of food intake, compari-
sons of high or low frequency of RTEC consumption in these studies varies from 1 serving/day
vs none to 7/14 day vs < 2/14 days. RTEC consumption at breakfast only was monitored in 20
studies [20-24;26;28;29;31;32;34;38;40;41;43;45;47;48;51;54]. RTEC consumption during the
whole day was assessed in 14 studies of which in four it was demonstrated that most of the
RTEC were consumed at breakfast (Ireland: 91% [37], Spain: 67% [33], France: 89% [9], Guate-
mala: 93.2% [30]) and in three studies that a high percentage of the population was eating
RTEC at breakfast (USA: 63% of 10 y olds and 65% of young adults [42] and 87,3% of 4-12'y
old children [44], Greece: 60% of boys and 58% of girls [35]). As RTEC, based on these num-
bers, are predominately eaten at breakfast, all the studies were included. One RCT in adults
examined the impact of substituting a traditional breakfast by RTEC on daily macronutrient
consumption [11].

Associations of RTEC consumption with daily intake of energy, macronutrients, choles-
terol, dietary fiber (DF) and sodium. For summarizing cross-sectional data about the associ-
ation between RTEC consumption and daily intake of energy, macronutrients, cholesterol, DF

PLOS ONE | DOI:10.1371/journal.pone.0164931 October 17,2016 8/35
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Author, year [ref] Random sequence Allocation Blinding participants |Blinding of outcome Incomplete Selective Other
generation concealment and personnel assessment outcome data reporting bias*
Barkoukis, 2007 [64] 2 ? ?

Beck, 2009 [59] ?
Brighenti, 1999 [69]
Carvalho-Wells, 2010 [58]
Costabile, 2008 [10]
Fairchild, 1996 [70]
Hamedani, 2009 [61]
Hlebowicz, 2007 [65]
Hlebowicz, 2008 [76]
Ingwersen, 2007 [75]
Kleemola, 1999 [11]
Lafond, 2015 [57]

Lioger, 2009 [60]
Roberts, 1994 [71]
Samra, 2007 [12]
Schenk, 2003 [67]
Wolever, 2004 [74]

Bell, 1990 [72]

Levine, 1989 [73]
Rosado, 2008 [62]
Schorah, 1998 [77]

BV IEVEIEVE EVE RN

BV IEVEIEVE EVE IEVE VN EVE IOV

~

NA
2 NA
2 NA
? 2 NA
Smith, 2008 [63] 2 NA
Tucker, 2004 [66] 2 NA
Venn, 2002 [68] NA

EUNIEVE EVE IEVEIEVE IEVE IEVE IEVE IEVE BV

EVNIEVE RV IRV N
~N

EVEEVEICVE IEVE IRV IEVE SV ICVE IESR IEVE IEVE [CVE IEVR IEVE IEVE IEVE EVE IEVE EVE IEVE IESE RN

Fig 2. Overview risk of bias RCTs (according to Cochrane Collaboration Risk of Bias Tool). Green (+) indicates low risk of bias; Red (-) indicates
high risk of bias; and Yellow (?) indicates unclear risk of bias. NA: not applicable, * for cross-over studies only.

doi:10.1371/journal.pone.0164931.9002

and sodium in children/adolescents, 33 data sets from 24 studies were available. More data sets
per study were available when the investigators reported their results per sex and/or in several
age groups (S1 Table and Table 4). 18 of these studies were (in part) funded by food industry.
Higher frequency (approximately > 5 serving/week) of RTEC consumption in children/adoles-
cents was associated with higher intake of DF, carbohydrates and total sugars in 75%, 65% and
63% of the data sets respectively and with lower intake of cholesterol and fat, expressed as total
amount and as energy percentage in 83%, 50%, and 60% of the data sets respectively. Energy,
saturated fat, sodium and protein intake was not associated with RTEC consumption in most
data sets (in 77%, 75%, 81% and 86% respectively). Associations were similar in the 6 studies (9
data sets) [20;21;41;43;48;51] with no food-industry related funding, except that total amount
of fat was only reduced in 22% of the 9 data sets and dietary fiber intake was only higher in
25% of the 4 data sets in which it was measured. In the other data sets (78% and 75%) no differ-
ence of fat and dietary fiber intake was reported.

For summarizing the results in adults 16 data sets from 12 studies were available (S1 Table
and Table 4). One of these studies [28] received no food-industry related funding. Higher fre-
quency (approximately > 5 serving/week) of RTEC consumption in adults was associated with
higher intake of DF, carbohydrates and total sugars in 93%, 100% and 100% of the data sets
respectively and lower intake of fat expressed as energy percentage (in 100% of data sets) but
not if expressed as total amount. The associations of RTEC consumption with saturated fat and
cholesterol intake were not consistent, whereas most data sets (62%) did not show an associa-
tion with energy and protein intake.

One study (funded by food industry) investigated the association between RTEC consump-
tion and daily intake of energy, macronutrients, cholesterol, DF and sodium prospectively [54]
(Table 2). In secondary analyses of a RCT, 8-10 y old children were followed for 7.5 y Higher

PLOS ONE | DOI:10.1371/journal.pone.0164931 October 17,2016 17/35



@° PLOS | ONE

Ready-to-Eat-Cereals - Effects on Nutritional and Health Outcomes

Table 4. Number and percentages of studies reporting higher, lower or equal daily consumption of energy and nutrients of frequent versus low/

no RTEC consumers.

Children/adolescents (summary of 33 data sets from 24 studies)

Energy | Dietary fat, | Saturated fat, | Cholesterol,
total amount

total total amount
amount
Higher | 5(19%) 2 (8%) 0
intake
Lower 1(4%) 12 (50%) 3 (25%)
intake
Equal 20 10 (42%) 9 (75%)
intake (77%)
Not 7 9 21
assessed
Dietary fat, | Saturated fat,
% of % of energy
energy
Higher 3(20%) 0
intake
Lower 9 (60%) 1(14%)
intake
Equal 3 (20%) 6 (86%)
intake
Not 18 26
assessed

Adults (summary of 16 data sets from 12 studies)

Energy | Dietary fat, | Saturated fat, | Cholesterol,
total amount

total total amount
amount
Higher | 5(38%) 0 0
intake
Lower 0 3 (30%) 4 (57%)
intake
Equal 8 (62%) 7 (70%) 3(43%)
intake
Not 3 6 9
assessed
Dietary fat, | Saturated fat,
% of % of energy
energy
Higher 0 0
intake
Lower 10 (100%) 1(33%)
intake
Equal 0 2 (67%)
intake
Not 6 13
assessed

doi:10.1371/journal.pone.0164931.t1004

20 (83%)

4 (17%)

4 (57%)

3 (43%)

Carbohydrates, Total Dietary Sodium,
total amount sugars, total | fiber, total total
amount amount amount
13 (65%) 15 (63%) 18 (75%) 1(5%)
1(5%) 0 0 3 (14%)
6 (30%) 9 (37%) 6 (25%) 17 (81%)
13 9 9 12
Carbohydrates, % | Total Whole
of energy sugars, % of | grain, total
energy amount
7 (58%) 3 (100%) 5 (100%)
0 0 0
5 (42%) 0 0
21 30 28
Carbohydrates, Total Dietary Sodium,
total amount sugars, total | fiber, total total
amount amount amount
9 (100%) 7 (100%) 13 (93%) 2 (33%)
0 0 0 0
0 0 1(7%) 4 (67%)
7 9 2 10
Carbohydrates, % | Total Whole
of energy sugars, % of | grain, total
energy amount
10 (100%) 3(100%) 2 (100%)
0 0 0
0 0 0
6 13 14

Protein,
total
amount
2 (9%)
1(5%)
18 (86%)
12

Protein, %
of energy

1(10%)
1(10%)
8 (80%)
23
Protein,
total
amount
2 (25%)
1(13%)
5 (62%)
8

Protein, %
of energy

0
3 (43%)

4 (57%)

frequency (3 vs 0 serving/3 days) of RTEC consumption at breakfast was associated in girls and
boys with a higher percentage of energy intake from carbohydrates and protein as well as a
lower percentage from total and saturated fats. In addition, an association with higher intake of
DF and lower intake of cholesterol was found whereas energy and sodium intake was not
related. For boys, but not for girls, RTEC consumption was associated with higher intake of

total sugars.
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Associations of RTEC consumption with the percentage of populations receiving inade-
quate amounts of vitamins and minerals. 17 studies (of which one [20] was not funded by
food industry) investigated the association of frequency of RTEC consumption with the pro-
portion of the population receiving inadequate vitamins and minerals, of which ten studies
were conducted in children/adolescents [7;20;22;23;26;27;36;39;44;47], five studies in adults
[24;25;33;37;46] and two in both categories [32;42] (Table 1).

Inadequate micronutrient intake was defined as “below the estimated average requirement
(EAR)” in ten studies [22-25;27;32;36;37;44;46], as “receiving less than two-thirds of the rec-
ommended dietary allowance (RDA)” in three studies [20;33;42] and as “consuming less than
100% of RDA, “consuming less than 80% of RDA”, “probability of not achieving 100% of EAR
“and “percentage who did not achieve LRNI” in one study each [7;26;39;47]. The EAR is
defined as the intake adequate for 50% of the population, the RDA is the average daily dietary
intake level that is sufficient to meet the nutrient requirement of nearly all (97 to 98 percent)
healthy individuals and the LRNT is the amount estimated to meet the needs of 2.5% of the
population with the lowest requirements.

The prevalence of inadequate vitamin and mineral intake by breakfast group (lowest vs
highest RTEC consumption) for 14 micronutrients is given in S2 Table. 19 data sets were avail-
able for children/adolescents and 11 for adults. In 15 data sets it was assessed whether the prev-
alence of inadequacy between low and high RTEC consumers is significantly different.

Combining these results, significant reductions of prevalence of inadequacy associated with
RTEC consumption were observed for all vitamins and minerals. Prevalence of inadequacy as
well as magnitude of reduction varied depending on country, age group, sex and method of
assessment (S2 Table).

To assess the nutrients for which the prevalence of inadequacy was reduced the most, those
nutrients were scored which had the four highest reductions of inadequacy. In case that an
equal percentage of reduction was observed for more micronutrients, all micronutrients were
scored, thus more micronutrients per reduction level were possible (S2 Table). To reduce
imbalance due to limited assessment of micronutrients, data of studies were excluded which
reported less than eight micronutrients, resulting in 11 data sets for children and eight for
adults. The scored micronutrients of different populations were then combined: data of adults
in which significance was assessed (7 data sets), data of children in which significance was
assessed (6 data sets), all adult and all children/adolescent data sets.

When using only data sets that assessed significance, in children/adolescents as well as in
adults, reductions of prevalence of inadequacy due to RTEC consumption were highest for
vitamin A (range: 7-21% and 5-37% respectively), calcium (17-39% and 6-40% respectively),
folate (5-28% and 7-50% respectively), magnesium (7-11% and 4-26% respectively) and zinc
(9% and 19-37% respectively). In adults, high reductions were also seen for vitamin B 6 (7-
55%) and C (6-21%).

When combining all data sets, for children/adolescents as well as for adults consistently the
greatest reductions of prevalence of inadequacy was observed for vitamin A (range: 7-28% and
5-37% respectively), calcium (17-39% and 6-43% respectively), folate (5-50% and 7-50%
respectively), vitamin B 6 (31-37% and 7-55% respectively), magnesium (7-11% and 4-26%
respectively) and zinc (9-15% and 19-37% respectively).

Associations of RTEC consumption with micronutrient status. In two cross-sectional
studies (of which one was funded by food industry [38]) micronutrient status (12 vitamins
and minerals) was measured in populations with and without RTEC consumption [38;41]
(Table 1). In Spanish and/or French children and adolescents consumption of RTEC was
associated with higher plasma concentrations of vitamin A (0.10 umol/1 [41]), B-carotene
(0.21 pmol/1 [38]), serum folate (4.1 nmol/l [41]) and lower erythrocyte glutathione
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reductase (EGR, 0.07 [38;41]) which indicates a better riboflavin status. In Spanish adults, a
better thiamine and riboflavin status (erythrocyte transketolase 0.03, EGR 0.06) as well as
higher B-carotene (0.25 pmol/l) and serum folate concentrations (30 pg/l) were found in the
RTEC group [38].

Another study (no industrial funding) investigated the contribution of consumption of
folic-acid enriched RTEC to folate and vitamin B 12 status in US children and adolescents [49]
(Table 1). Higher folate and vitamin B 12 concentrations were associated with consumption of
enriched RTEC. However, only a very low percentage of this population (< 0.5%) had folate
deficiency or low vitamin B-12 status, probably due to consumption of other grain products
which are mandatory enriched with folate since 1996. The percentage of persons with margin-
ally low folate and vitamin B-12 status decreased from 3.4% to 1.7% and from 9.6 to 6.6%
respectively [49] due to additional consumption of RTEC.

The effect of RTEC consumption on macronutrient and DF intake. In healthy adults
substituting the habitual breakfast with RTEC (60 g for women/80 g for men) resulted in a
higher percentage of energy from carbohydrates and a lower percentage from total and satu-
rated fat [11] (Table 3) in this study funded by food industry. Intake of energy, protein and
cholesterol stayed the same. No effect on DF intake was observed, but the RTEC adminis-
tered were relatively low in DF, providing 3 and 4 g DF/day for women and men respectively.

Health benefits—associations and effects of interventions

Associations of RTEC consumption with risk factors for cardiovascular diseases. One
prospective study investigated the association of consumption of whole grain vs refined grain
RTEC with incident heart failure in a large cohort of male physicians [56] (Table 2). Decreased
risk of heart failure was found for frequent consumers of whole grain RTEC (HR: 0.78 (95% CI
0.64-0.96) for 2-6 servings/wk; HR: 0.72 (95% CI 0.55-0.88) for > 7 servings/wk) but not for
those consuming refined RTEC.

Another prospective study investigated the association of consumption of whole grain vs
refined grain RTEC with incident hypertension in a large cohort of male physicians [52]

(Table 2). Decreased risk of hypertension was clearly demonstrated for participants with a high
consumption of whole grain RTEC (HR: 0.87 (0.81-0.94) for 2-6 servings/wk, HR: 0.80 (0.74-
0.86) for > 7 servings/wk), whereas the associations with consumption of refined RTEC was
weak and not significant in all groups (HR: 0.86 (95% CI 0.76-0.98) for 2-6 servings/wk, HR:
0.86 (95% CI0.74-1.00) for > 7 servings/wk).

One prospective study [54] (Table 2) investigated the association between low and high
RTEC consumption (0 vs 3 servings/3 days) on blood lipids in a group of 660 children, aged
8-10 years at baseline and with serum LDL cholesterol levels between the 80th and the 98th
percentile for sex and age. In the high RTEC group total cholesterol was lower in boys (0.10
mmol/l) but not in girls. LDL cholesterol was lower in boys (0.07 mmol/l) but in girls lower
HDL cholesterol (0.05 mmol/l) was observed.

The two prospective studies reporting decreased risk of heart failure and hypertension were
not funded by food industry [56; 52], whereas the last described prospective study [54] which
was funded by food industry showed mixed results on blood lipids in children.

Effects of RTEC consumption on risk factors for cardiovascular diseases. Two RCTs,
one in children (overweight or at risk of overweight 6- to 12-year-old Mexican children [62])
and one in Finnish adults [11] investigated whether increased consumption of RTEC results in
a reduction of blood lipids (Table 3).

Twelve weeks of RTEC consumption (= 33 g, different corn and rice based types) resulted
in an increase in HDL concentrations (as compared to baseline and the control group) when
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combined with nutritional education [62] in children. The changes of other lipid parameters,
however, were not different.

In adults with serum cholesterol concentrations above 5.0 mmol/l, six weeks of consump-
tion of RTEC (60 g for women/80 g for men) mainly in the morning instead of the habitual
Finnish breakfast resulted in a reduction in total cholesterol by 2.5% (0.16 mmol/l) which was
partly due to a reduction in HDL cholesterol (LDL was not measured) [11]. Intake of saturated
fat and total fat was decreased by 2.5 and 5.5 energy% respectively.

Both studies were (partially) funded by the food industry and showed mixed results on the
parameters investigated.

The effect of RTEC enriched with different types of DF on blood lipids was investigated in
five RCTs [10;58;69;71;72] (Table 3).

Six week consumption of DF-enriched RTEC providing 5.8 or 11.9 g soluble fiber/day con-
sistently lowered total cholesterol and LDL (by 5.9 or 3,5% and 5.7 or 5.7% respectively) in per-
sons with hypercholesterolemia consuming a low-fat diet [71;72]. The effective soluble fiber
was mainly derived from psyllium whereas soluble fiber from pectin [72] or wheat bran [71]
did not have a significant cholesterol lowering effect.

Three other, more short-term (3-4 wk), RCTs in healthy volunteers [10;58;69] investigated
the effect of RTEC rich in various DF (inulin-enriched vs inulin-free, whole grain wheat vs
wheat bran-based, whole grain maize vs refined maize) on various lipid parameters. No effect
on total and HDL cholesterol was found, only the inulin-enriched RTEC (9 g inulin/day) was
able to reduce LDL cholesterol compared to baseline (by 0.35 mmol/l, 8.3%) but not to control.
However, concentrations of triacylglycerols were reduced compared to baseline and to control
(by 0.23 mmol/l, 27.4%) [69].

Four RCTS were industrial funded, of which two [71;72] showed positive effects on blood
lipids and two no effects [10; 58]. Another RCT [69], without industrial funding, showed
mixed effects.

Three RCTs [66;68;77] investigated the effect of folate-fortified RTEC on plasma homocys-
teine (tHcy) (Table 3). It was found that cereals fortified with 200 pg per portion could increase
plasma folate concentrations by about 12 nmol/l and lower tHcy by about 1 pmol/l in popula-
tions selected based on high plasma tHcy concentrations (> 10 umol/l, [68]) or not consuming
vitamin supplements and RTEC [77]. Consumption of RTEC with 200 pg folate in combina-
tion with other vitamins did not result in different effects [77]. Homocysteine lowering effects
were most effective in subjects with lowest plasma folate concentrations and highest baseline
tHcy (tHcy reduction- 1.58 umol/l and -1.87 umol/l respectively) [77]. Venn et al [68] also
tested fortification with 100 and 300 pg folate/portion and found similar tHcy results, conclud-
ing that 100 pg folate would be sufficient in population with > 10 pmol /1 plasma tHcy. Con-
sumption of RTEC enriched with 440 ug folate in combination with RDA amounts of vitamin
B 6 and B 12/portion resulted in small differences in plasma folate (7,5 nmol/l) and homocyste-
ine (-0.4 pmol/l) in a population with in general already relatively high baseline folate and low
homocysteine concentrations [66]. In addition, the reduction of the percentage of persons with
high homocysteine (>>10.4 pmol/l for women or 11.4 pmol/l for men) was greater in the sup-
plemented group (13% to 3.2%) compared to the control group (10.4% to 7.3%). All three
RCTs were funded by industry and showed a positive effect of the intervention.

Associations of RTEC consumption with BMI/weight gain. One prospective study in
adults demonstrated that men consuming at least one portion of RTEC/day gained on average
0.59 and 0.46 kg less body weight after 8 and 13 years respectively than men consuming RTEC
rarely [8] (Table 2). They also had a decreased risk of 22% and 12% to become overweight dur-
ing 8 and 13 years of follow-up. Associations were also examined for whole grain and refined
grain RTEC intake separately but these were not different.
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Two prospective studies investigated the relationship between consumption of RTEC and
BMI in children with a follow up of 7.5 [54] and 3 years [51] (Table 2). Both studies were sec-
ondary analyses of RCTs with 8-10 year old children including either both intervention groups
[54] or the control group only [51]. Lower BMI was associated with more frequent RTEC con-
sumption in both sexes in low-income minority children in one study [51] (every day of RTEC
consumption decreased BMI by 2 percentiles), but only in boys in the other (BMI20.4 vs 20.1,
0-3 times RTEC/week respectively) [54].

Negative associations of frequent RTEC consumption with body weight gain were found in
all three RCTs, two of which [8;54] were funded by food industry.

Effects of RTEC consumption on body weight, satiety and food intake. Two RCTs, one
in children (overweight or at risk of overweight [62]) and one in adults [11] investigated
whether increase of consumption of RTEC results in a reduction in body weight (Table 3).
Twelve weeks of RTEC consumption (= 33 g, different corn and rice based types) in combina-
tion with nutritional education not only prevented the weight gain observed in the other
groups but it decreased weight (mean -1.01 kg) and body fat gain (0.8%) [62]. As these changes
were different to that observed after the RTEC intervention without nutritional education, it
can be assumed that nutritional education is responsible for this positive effect.

In adults, six weeks of consumption of RTEC (60 g for women/80 g for men) mainly in the
morning instead of the habitual Finnish breakfast did not result in change in body weight (sec-
ondary objective) [11].

Both RCTs were funded by food industry and showed no effect of RTEC consumption
(alone) on body weight reduction.

Seven RCTs [12;57;59;61;65;73;76] examined the effect of low DF vs high DF RTEC and/or
wholemeal RTEC [65] on postprandial satiety and five of them also on subsequent energy
intake [12;57;59;61;73] (Table 3). The amount of DF administered with the high DF RTEC var-
ied between 2.3 g and 33 g whereas the control RTEC contained 0-4 g. The types of DF were
wheat bran [12;61;65;73], b-glucan [59;76] and 2 types of arabinoxylans (AX): hydrolysed
wheat bran AX and unhydrolysed flax AX [57]. Visual analog scales were applied in most stud-
ies to measure satiety and/or appetite and a questionnaire in one trial [73]. Three trials
reported a significant difference in satiety/appetite measures. The degree of hunger was lower
after ingestion of high versus low DF RTEC [73]. Furthermore, the average appetite score was
highest after the high bran RTEC [12] and the 8-glucan RTECs resulted in a lower combined
appetite score independent from dose [59].

Positive effects on satiety/appetite measured were found in two industrial funded [12; 59]
and one not industrial funded RCT [73]. No effects were found in three industrial funded
RCTs [57; 61;76] and one RCT without industrial funding [65].

In two trials [12;61] it was found that a large portion of RTEC (71 and 60 g) containing 33
and 28 g of mainly insoluble wheat fiber can reduce subsequent energy intake (Table 3). After
breakfasts providing the same energy, food intake at an early subsequent meal (75 min) was
reduced by 160 kcal [12]. In the other trial the lower caloric value of the high DF RTEC was
not compensated at lunch (3 h later) resulting in lower cumulative energy intake (93 kcal) [61].
In another trial [73] two experiments were conducted with RTEC containing different amounts
of wheat bran. In the first experiment a significant difference in cumulative (breakfast and
lunch 3.5 h later) energy intake (= 140 kcal) was found after the RTECs with the highest (22
and 20 g) compared to that with the lowest DF content (0 g). In the second experiment com-
paring the RTEC with the lowest and highest amount of DF, a decrease of energy intake at
lunch and of cumulative energy intake was observed after the high DF RTEC (~ 100 and 200
keal respectively). In a trial with overweight women consumption of RTEC enriched with 15 g
AX (19 g total DF) did not result in decreased energy intake at lunch (4 h later) nor decreased
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cumulative energy intake compared to the low DF RTECs (4 and 3 g DF) [57]. In addition,
RTEC enriched with a low amount of B-glucan (2.3-5.9 g) did not result in lower energy intake
at lunch (4 h later) in overweight persons [59].

Positive effects of consumption of fiber-rich RTEC on subsequent food intake were found
in two RCTs [12;61] funded by food industry and one RCT without industry-related funding
[73], whereas the other two funded RCTs [57;59] showed no effect. One RCT (industry funded)
investigated the effect of modifying the processing procedure of wheat flakes (sour-dough pre-
fermentation, steam cooking omission, reduction sucrose content) on satiety. Modified wheat
flakes successfully reduced hunger feelings at 120, 150 and 180 min after ingestion compared
to conventionally produced wheat flakes and white wheat bread [60] (Table 3). The test meals
had similar energy content and differed slightly in macronutrient and DF composition.

Associations of RTEC consumption with development of type 2 diabetes. One prospec-
tive study investigated the association between RTEC (cold breakfast cereals) consumption and
incident diabetes in male physicians [55] (Table 2). Decreased risk of diabetes was clearly dem-
onstrated for participants with a high consumption of whole grain RTEC (HR: 0.76 (95% CI
0.66-0.87) for 2-6 servings/wk, HR: 0.60 (95% CI 0.50-0.71) for > 7 servings/wk), whereas the
associations with consumption of refined RTEC were not significant in all groups (HR: 0.69
(95% CI0.53-0.90) for 2-6 servings/wk, HR: 0.95 (95% CI 0.73-1.3) for > 7 servings/wk) [55].

Another prospective study investigated the association between consumption of whole
grain foods and incident diabetes in women [50] (Table 2). Analyses of HR of specific whole
grain foods showed decrease risk of diabetes for high consumption of whole grain breakfast
cereals ((HR: 0.71 (95% CI 0.62-0.82) for 5-6 servings/weekand HR: 0.66 (95% CI 0.55-0.80)
for > 1/day).

Both these prospective studies showing associations between high consumption of whole
grain RTEC and decreased risk of diabetes were not industry funded.

Effects of RTEC consumption on risk factors for type 2 diabetes. Two RCTs examined
to what extent postprandial insulinemia is changed in response to RTEC with different content
of DF and different GI [64;74] (Table 3). 136 g whole grain wheat RTEC enriched with corn
bran (GI: 49, 50 g available carbohydrates, 63.5 g DF) compared to 60 g low DF RTEC (GI: 125,
50 g available carbohydrates, 2 g DF) consumed with water reduced postprandial the 2h-AUC
of insulin by 50% in healthy volunteers [64]. Half the portion of those RTEC was administered
with milk in the other trial in which 2h-AUC of insulin was only decreased (by 14%) in volun-
teers with high fasting insulin but not in those with normal insulin values [74]. Both those
industrial funded RCTs found positive effects of fiber-rich RTEC on postprandial insulinemia.

Two RCTs investigated whether addition of soluble fiber to RTEC with the same carbohy-
drate content results in decreased postprandial glucose and insulin responses [59;70] (Table 3).
In overweight volunteers, corn based RTEC with 4-6 g oat 3-glucan did not reduce blood glu-
cose but only decreased the 2h-AUC insulin by 14-17% compared to RTEC without B-glucan
[59]. In healthy volunteers, however, addition of 4.5 g soluble fiber from guar gum to wheat
RTEC decreased both the 2 h- AUC glucose and insulin by 47% and 34% respectively com-
pared to control [70]. The industry funded RCT [59] found mixed results of consumption of
RTEC rich in soluble fiber on postprandial glucose and insulin, whereas the RCT without
industry-related funding [70] found reduction of both parameters.

One RCT (food-industry funded) investigated the effect of modified processing of wheat
flakes (sourdough pre-fermentation, suppressing steam cooking) and reduced sucrose content
on GI and insulinemic index (reference food was white wheat bread) [60] (Table 3). The GI of
modified whole wheat flakes and standard whole wheat flakes was not different. However, the
90 min and 180 min insulinemic index of the modified flakes was decreased by 20 and 12%
respectively.
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Another RCT (food-industry funded) investigated whether the low GI of a DF-rich RTEC is
caused by a slower rate of appearance of starch-derived glucose (Rag),, reflecting starch diges-
tion) or a higher glucose uptake from the blood by tissues (Rdgjc) [67] (Table 3). The Rag,. of
the high GI RTEC and low GI RTEC was not different. However, the Rdg, at 30-60 min was
31% higher after the low GI RTEC which was associated with a 125% higher 0-30 min insulin
response. It was hypothesized that the higher protein content of the low GI RTEC (11 g) con-
tributed to the higher insulin response and thereby increased Rdg,. which could explain the
low GI despite the same rate of starch digestion.

Effect of RTEC consumption on the composition of the colonic microbiota and on
bowel function. One RCT (without industry-related funding) investigated the effect of 4-wk
consumption of inulin-rich (9 g inulin/day) compared to inulin-free RTEC on the composition
of the microbiota using selective growth media [69] (Table 3). It was found that the amount of
bifidobacteria was higher after the inulin-rich RTEC compared to control, but only after cor-
rection for total anaerobes.

Two RCTs (food-industry funded) investigated the effect of 3-wk consumption of one por-
tion whole grain RTEC/day on the composition of the microbiota with fluorescence in situ
hybridization [10;58] (Table 3). One trial compared whole wheat RTEC (48 g,5.7 g DF) to a
wheat- bran based RTEC (48 g, 13 g DF) [10], whereas the other compared whole grain maize
RTEC (48 g, 7 g DF) to refined maize RTEC (48 g, 0.4 g DF) [58]. In both trials, only whole
grain RTEC consumption increased the amount of Bifidobacterium spp. compared to baseline.
The increase in Bifidobacterium spp compared to control, however, was only significantly dif-
ferent in the wheat RTEC trial [10]. In this trial, also the numbers of Lactobacillus/Enterococcus
were higher after the intervention with whole wheat RTEC compared to that with the wheat
bran based RTEC.

The same three trials, which assessed the effect of DF-rich RTEC on the composition of the
microbiota [10;58;69] (Table 3), monitored also bowel function as secondary outcome. A daily
increase of DF in form of 9 g inulin or 7 g maize fiber did not change bowel habits [58;69]. During
the intervention with wheat-bran based RTEC stool frequency was increased compared to that
with whole wheat RTEC, and frequency of soft stools and flatulence increased [10]. Consumption
of whole wheat RTEC resulted in more formed stool [10]. Consumption of DF-rich RTEC did
not have an effect on bowel habits in one industrial funded RCT [58] and one without industry-
related funding [69]. Another industrial funded RCT [10] reported improved bowel habits.

Association between RTEC consumption and cognitive decline. One prospective study
(food-industry funded) investigated the association between frequency of RTEC consumption
and cognitive decline in elderly subjects over 11 years [53] (Table 2). Daily consumers of RTEC
had a pattern of cognitive decline similar to infrequent consumers.

Effect of RTEC consumption on acute cognitive performance. One RCT in children
[75] and one in adolescents [63] investigated the effect of RTEC with low and high GI on acute
cognitive performance (Table 3). The low GI RTEC (GI 30 [63] and 42 [75]) provided a lower
amount of energy and carbohydrates, but higher amounts of protein than the high GIRTEC
(both GI 77). In children, after the low GI RTEC secondary memory performance was better
and decline in accuracy of attention was attenuated. Speed of attention and memory as well as
working memory was not affected by GI [75]. In adolescents verbal episodic memory tasks
were performed under divided attention which measured immediate, short-delay and long-
delay memory [63]. No differences were found comparing the raw data scored after high and
low GI RTEC consumption. However, when calculating remembering/ forgetting indices for
each participant, it was shown that high GI RTEC improved long-delayed memory. Both RCTs
were without industry-related funding and showed either positive [75] or negative effects [63]
of consumption of low GI RTEC on specific cognitive tasks.
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Discussion
Nutritional benefits

Frequent consumption (> 5 servings/week) of RTEC compared to low or no RTEC consump-
tion consistently has been associated with a healthier dietary pattern in children and adults in
most studies demonstrating a higher consumption of carbohydrates, DF and a reduction of
total fat intake and cholesterol (only for children). Thus, current dietary recommendations are
more likely to be met by RTEC consumers.

As many RTEC are fortified with micronutrients, it is not surprising that intake of those
micronutrients is increased in RTEC consumers. However, increased micronutrient consump-
tion is only relevant in case that micronutrient intake is below the nutritional recommenda-
tions. For this reason, we assessed the impact of RTEC consumption on micronutrient
inadequacy. Our results show that the reduction of prevalence of inadequacy associated with
frequent RTEC consumption is greatest for vitamin A, calcium, folate, vitamin B 6, magnesium
and zinc. These results are mainly derived from surveys conducted in the US, Canada and
Australia.

These data demonstrate that RTEC, due to fortification, DF content and by stimulating
milk intake, can play an important role in reducing the prevalence of micronutrient
inadequacy.

Of concern is the total sugar intake which was positively associated in children and adults
with frequent RTEC consumption in most studies. Higher consumption of total sugar, which is
the sum of free sugars, intrinsic sugars and milk sugars, can be partly explained by higher lactose
intake due to an increase in milk consumption. However, it can also partly be due to the sugar
content of RTEC (defined as “free” sugar) and dietary reccommendations are to decrease ‘free
sugar intake to less than 10% of the total daily energy consumption [79;80]. The current intake
in some European countries and the US exceeds 10 energy% especially in children [81-83].

Analysis of different RTEC of leading brands in the US market showed that the mean sugar
content of 142 types of RTEC was 28.1 g/100 g in 2006 but decreased to 24.8 g/100 g (mean of
151 types) in 2011 [84]. Even though this is a move in the right direction 24.8 g/100 g is still
high. According to the color-coded Traffic Light System for classifying nutrients in solid foods
of the Department of Health UK products containing >22.5 g/100 g would be colored red,
indicating that this is not a healthy choice [85]. From this study it cannot be derived whether
reductions were predominantly made in RTEC marketed to children or those not marketed to
children (generic). This is of interest because it was shown that RTEC for children contained
more sugar than generic RTEC (36 g/100 vs 23 g/100 g respectively in the US [86]; 28.2 g/100 g
vs 18.1 g/100 g respectively in Germany [87]). Interestingly, in a RCT it was shown that chil-
dren consuming either low-sugar or high sugar cereals did not differ in how much they liked
the cereal [79]. Even though children added sugar to the low-sugar cereal they consumed half
the amount of the sugar children in the high-sugar cereal group consumed. They were also
more likely to put fresh fruit on their cereal as compared to the children in the high-sugar
cereal group. This indicates that low-sugar RTEC are accepted by children and that the benefit
of enhanced micronutrient intake due to RTEC consumption does not necessarily need to be
accompanied by high sugar intake.

Health benefits

Risk factors for CVD. Prospective studies that examined associations of low and high
consumption of RTEC with health outcomes mostly differentiated between whole grain and
refined grain RTEC. No studies were found that investigated associations of whole grain RTEC
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with cardiovascular disease directly. However, the associations with hypertension [52] and
heart failure [56] were assessed and a decreased risk of 20 and 28% respectively was found. The
inverse association of whole grain RTEC consumption with hypertension is consistent with
that of a number of studies investigating associations with whole grain intake in general
(women 0.89 [88], men 0.81 [89], young adults 0.83 HR [90]) whereas the magnitude of effect
on heart failure was not comparable with that of a study examining the association with whole
grain intake in general (0.93 HR [91]). Beneficial effects of whole grain products are related
mainly to the bran fraction of the grain and its high content of micronutrients, like magnesium
and zinc, and bioactive components, like phytic and ferulic acid, many having antioxidant
properties [92;93]. Magnesium is one of the micronutrients linked to the prevention of hyper-
tension [93;94] and oxidative stress is involved in the pathophysiology of cardiovascular dis-
ease and heart failure [95;96]. Furthermore, it is postulated that synergetic effects can occur as
different components of whole grain act together to beneficial influence processes involved in
development of disease [92].

In addition, hypocholesterolaemic properties of whole grain have been postulated that are
mainly ascribed to viscous soluble fiber [97]. Reductions in total cholesterol and LDL were
seen due to psyllium-enriched RTEC [71;72] but not with wheat bran RTEC in hypercholester-
olemic men [71]. In normocholesterolemic persons RTEC based on whole grain maize [58],
whole grain wheat and wheat bran [10] did not affect blood lipids. This is in agreement with
the findings of a recent meta-analysis summarizing results of lipid-lowering effects of whole-
grain interventions in apparently healthy [98]. Whole grain products based on wheat did not
consistently exert lipid lowering effects in contrary to products based on barley and oat [48].
Psyllium fiber, like fiber in oat and barley, are soluble whereas wheat or corn fiber are mainly
insoluble, which can explain these results.

Elevated plasma concentrations of homocysteine are suggested to be an additional risk fac-
tor for the development of cardiovascular disease [99], although not consistently [100]. Higher
plasma folate concentrations are implicated with lower homocysteine [101] as well as a reduced
risk of developing CVD [102]. Three studies consistently demonstrated that consumption of
RTEC fortified with folate could increase plasma folate concentration and lower plasma homo-
cysteine [66;68;77]. The effects were most pronounced in persons with low plasma folate and
high homocysteine concentrations.

In summary, studies investigating whether RTEC consumption can reduce the risk of devel-
opment of CVD addressed different risk factors. Prospective studies suggest that consumption
of whole grain RTEC may reduce the risk of hypertension and heart failure, which so far has
not been assessed in RCTs. RCTs demonstrated that RTEC with soluble fiber from psyllium
have lipid lowering potency and folate-enriched RTEC can reduce plasma homocysteine con-
centrations. These prospective studies did not have industrial funding, whereas the effect of
psyllium and folate-enriched RTEC were only investigated in RCTs which were industrial
funded.

Weight gain/BMI, satiety and food intake. Lower weight gain (0.59 and 0.46 kg during 8
and 13 y respectively) and a lower risk of becoming obese (22 and 12%) was associated with fre-
quent RTEC consumption in men without being different between refined and whole grain
RTEC [8]. The magnitude of effect was similar in two prospective studies that examined the
association between whole grain food and refined grain food intake [103;104]. Consumption of
whole grain food resulted in 0.49 kg less weight gain during 8 y in men [103] and 0.39 kg less
weight gain during 12 y in women [104]. In contrary to the RTEC study [8] refined grain intake
was associated with an increase in weight in women (0.43 kg during 12 y) [104]. However, dif-
ferences in weight gain found in these studies are quite small and its health impact is difficult
to judge.
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In 8-10 y old children frequency of RTEC consumption was associated with slightly lower
BMI in boys in two prospective studies [51;54] but in girls only in one study (low-income
minority children) [51]. These studies did not differentiate between types of RTEC. Similar
associations between BMI and consumption of breakfast cereals in general (9-10 y girls [105])
or whole grain foods (13-15 y old boys and girls [106]) were found, with no sex-related differ-
ences. Explanations for these beneficial effects postulated are the more healthy eating pattern
of RTEC consumers with increased intakes of whole grain, DF and reduced fat or increased
satiety [51;54] and higher insulin sensitivity in case of whole grain consumers [106]. Results of
two RCTs [11;62] investigating the effect of high vs low RTEC consumption on body weight do
not substantiate results from prospective studies. However, in both trials RTEC with a low con-
tent of DF were administered and one was of relative short duration.

Other RCTs explored the effect of DF-rich RTEC on postprandial satiety and food intake.
From these trials it seems that postprandial satiety and/or appetite is not affected by higher DF
content of RTEC, as only three from seven studies reported a decrease [12;59;73]. However,
consumption of wheat bran RTEC decreased energy intake at a subsequent meal in normal
weight subjects [12;61;73].

In summary, consumption of RTEC (all types) is associated with modest reduction in
weight gain or BMI in adults and children in prospective studies, which so far is not substanti-
ated with RCTs. There are indications that RTEC enriched with wheat bran can decrease
energy intake at a subsequent meal in normal weight persons, with RCTs without industry-
related funding showing similar results as industrial funded RCTs. However, long term RCTs
are needed to demonstrate that this results in decreased weight gain. Furthermore, it seems of
great interest to not only assess body weight but also fat mass as the results of a recent meta-
analyses demonstrated that whole grain interventions can decrease fat mass, despite no effect
on body weight [107].

Type 2 diabetes and risk factors. Consumption of whole grain RTEC 2-6 times weekly
was associated with a decreased the risk of the development of type 2 diabetes by 24% and 29%
and > 7 servings/week by 40 and 43% [55;50]. These finding are consistent with that of studies
investigating associations with total whole grain intake (0.79 HR [108], 0.67 [109], 0.72 [110]).
Increased intake of bran-derived micronutrients like magnesium and zinc as well as bioactive
components may contribute to beneficial effects [92;93]. Magnesium for example, plays an
important role in insulin sensitivity [94;111;112] and recently the property of zinc to influence
synthesis, secretion and the action of insulin has become clear [113]. In addition, chronic low-
grade inflammation and oxidative stress are factors involved in the development of type 2 dia-
betes, which can be alleviated by certain micronutrients as well as by bioactive compounds,—
possibly through synergistic action [92].

Reduction of postprandial glucose and/or insulin concentrations are considered beneficial
as repeated high glucose concentrations and related high insulin concentrations can lead to
decreased insulin sensitivity and B-cell function in susceptible persons [114;115]. Reductions of
postprandial glucose and insulin concentrations have been demonstrated for viscous soluble
fiber [116]. The property of RTEC enriched with soluble fiber to decrease postprandial glucose
and insulin was shown for guar gum (4.5 g) in healthy [70], whereas in overweight persons
only the insulin response was reduced after RTEC with oat b-glucan [59].

Evidence from prospective studies, which were all without food-industry related funding,
indicates a reduced risk of development of type 2 diabetes due to consumption of whole grain
RTEC. However, RCTs investigating the effect of whole grain versus refined grain RTEC on
risk factors related to the development of type 2 diabetes are needed to draw a definite conclu-
sion. Addition of soluble fiber seems a promising strategy to reduce not only postprandial glu-
cose but also insulin concentrations (independent from funding sources) and deserves further
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evaluation. Lower postprandial insulin response is considered beneficial because this would be
less demanding for the pancreatic B-cells [115] and could play a role in preventing insulin resis-
tance [117]. In addition, more recently, diets with a low insulin load were reported to be associ-
ated with lower body fat during puberty [118] and with lower energy intake in obese
adolescents with features of insulin resistance and/or prediabetes [119].

Strengths and Limitations

This review provides a comprehensive overview of nutritional and health effects that are related
to the consumption of RTEC and has identified specific favorable characteristics. One of the
review’s strength is the careful selection of studies, excluding studies with cooked cereals or
those in which cereals were not defined. In addition, RCTs were not considered in which
RTEC were administered at several occasions during the day or breakfasts included other prod-
ucts than RTEC, milk and fruit. This enables us to draw conclusion on the properties of RTEC
only. Data about nutritional benefits were derived from large, national representative surveys
conducted in a number of different countries in many age-groups, which aids generalizability
of results. There are some limitations of this review and the body of evidence. Evidence for
nutritional and health benefits is partly derived from observational studies in which dietary
data are self-reported. These studies are more prone to bias and confounding than RCTs, there-
fore results have to be interpreted with caution. For assessing health benefits, however, only
prospective studies and no cross-sectional studies, which lack temporal relationship, have been
used. As prospective studies were mainly conducted in the US generalizability of these results
is uncertain. A large number of studies (45) were (partly) funded by food-industry, which can
introduce reporting bias. As we examined and discussed the results also in view of funding
sources, we can conclude that reporting bias seems less likely what concerns the prospective
studies and most RCTs.

Conclusion

Frequent consumption of RTEC (> 5 servings/week) as compared to no or low RTEC con-
sumption is associated with a healthier dietary pattern, concerning intake of carbohydrates,
DF, fat and micronutrients, however total sugar intake is higher. The impact of frequent RTEC
consumption on inadequacy of micronutrient intake is highest for vitamin A, calcium, folate,
vitamin B 6, magnesium and zinc.

Evidence from prospective studies suggests that whole grain RTEC may have beneficial
effects on hypertension and type 2 diabetes. These protective effects seem biological plausible,
however, to prove a causal relationship RCTs are needed that assess the effect of whole grain
versus refined grain RTEC on hypertension and risk factors for type 2 diabetes.

Consumption of RTEC with soluble fiber from psyllium helps to reduce LDL and total cho-
lesterol in hypercholesterolemic men. RTEC fortified with folate have the potency to reduce
plasma homocysteine especially in persons with low folate and high homocysteine plasma con-
centrations. Addition of soluble fiber to RTEC could aid in reducing postprandial glycaemia
and insulinemia but more studies are needed to draw a final conclusion. The effect of RTEC on
body weight, intestinal health and cognitive function needs further evaluation.
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