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Given common consumer perceptions that processed foods are less healthy, one could argue that “processing for health” is an 
oxymoron—a combination of contradictory or incongruous words. However, we contend that various facets of processing can be 
modified to produce healthier cereal grain products in response to consumer demands for health-promoting foods. This issue of 
Cereal Foods World presents a collection of articles that explore a wide spectrum of processing levers that can be used to create 
healthier cereal grain products.

Historically, processing has been used to address economic factors, such as yield and end-product quality, as well as food safety. 
These priorities have resulted in some unintended, negative consequences from a health standpoint (e.g., acrylamide, phenols, high 
sodium levels). Today, we see food processing contributing solutions to improve the nutritional profiles of foods and achieve “clean 
label” and sustainability pledges.

In their perspective article, “Breeding for Healthier Wheat,” Gilissen and van den Broeck look upstream at raw ingredients and 
examine how global health trends can be met by breeding grains with higher levels of dietary fiber and lower levels of gluten.

Nikinmaa and colleagues link sustainability and health in their technical review, “From Underutilized Side-Streams to Hybrid 
Food Ingredients for Health.” Their review addresses how waste products can be turned into health-promoting ingredients, which 
optimizes processing and improves health.

A collection of brief articles on issues and trends illustrates a range of perspectives and applications on processing for health. Don 
and his colleagues in engineering from GEA Food Solutions offer a perspective on how machinery can be used to improve the nutri-
tional profiles of snack and convenience foods. Van Haesendonck and colleagues discuss the application of a patented solution to 
replace chlorinated flours in high-ratio cakes without compromising product quality. In her perspective article, Anne Fischer ex-
plains how fiber targets can be more easily met by formulating with industrially refined fibers, without losses in flavor, palatability, 
texture, or appeal.

How processing ingenuity is working to meet health demands comes into focus through two articles in this issue. In the article, 
“FODMAP Reduction in Yeast-Leavened Whole Wheat Bread,” Struyf and colleagues discuss the application of a patented, biochem-
ical process used to reduce sugars naturally. This process has the potential to help manufacturers formulate different breads to meet 
specific consumer health needs. Oudhuis and Buwalda provide a quick overview of how the starch (processing) industry has evolved 
from delivering a source of fast energy, to providing a texturizing ingredient, to a focus on modified starches that can deliver intesti-
nal health benefits and a lower glycemic index (GI).

Two point/counterpoint articles on GI provide additional perspectives on processed foods and health. GI and its companion mea-
sure glycemic load (GL) sit in the middle of the debate over how to distill carbohydrate science into meaningful consumer messages 
concerning carbohydrate quality. In their point article Viguiliouk and colleagues argue that GI/GL can be used to help consumers 
build healthy diets, while in her counterpoint article Julie Jones argues that there are significant problems associated with the use of 
GI/GL as the (sole) basis for selecting foods to build healthy diets.

Consumers are driving changes in the healthfulness of the foods they buy. Although the food industry continues to address their 
needs, most consumers do not understand the technology and science behind food production and erroneously believe that “pro-
cessed equals bad.” As cereal scientists, we need to make the concept of food processing simple: since humans discovered fire, we’ve 
been processing foods. There has been a learning curve concerning the interaction between processing and health outcomes. Con-
trary to popular perceptions, food processing enables the mass production of a healthy, sustainable, and safe food supply.

https://doi.org/10.1094/ CFW-63-4-0131

Processing for Health: It’s Not 
an Oxymoron

Kristof Brijs and Clyde Don
Guest Editors
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The cereal grains included in the Neolithic food package 
were the wheat species einkorn (Triticum monococcum), emmer 
(T. dicoccoides), and durum (T. durum) and barley (Hordeum 
vulgare). Einkorn is an ancient diploid wheat characterized by 
its AA genome, whereas emmer and durum are ancient tetra-
ploid wheat species that have an AABB genome. Species known 
today as bread wheat and spelt were not present in the Neolithic 
food package. These wheat species are thought to have originated 
during early agricultural activities in the Fertile Crescent, where 
many wild Triticum species grew, including T. tauschii, which 
has a DD genome. Genetic analysis has confirmed that bread 
wheat (T. aestivum var. aestivum) and spelt (T. aestivum var. 
spelta) originated from natural hybridization between culti-
vated emmer and wild T. tauschii as a side effect of early agri-
cultural activity some 8,000–9,000 years ago. Spelt was moved 
north of the Alps into Europe via later farmer migrations; bread 
wheat was spread into the Mediterranean area, where in Roman 
times it became a crop renowned for the production of fine vis-
coelastic doughs and flavorful white breads consumed by em-
perors and prosperous individuals. Roman bread bakers com-
manded great respect (24). From this time on, the focus of 
wheat agriculture was increasingly directed to bread wheat. 
While ancient einkorn, emmer, and spelt dominated the 
middle, western, and northern regions of Europe as the main 
cereal crops for many centuries, the rise of bread wheat cultiva-
tion and consumption during more recent centuries, especially 
after the 1950s, appeared unstoppable. Selection and breeding 
for better adaptation to climates in higher latitudes and envi-
ronmental biotic and abiotic stresses provided bread wheat 
with an economic advantage over ancient wheat species. Today, 
more than 90% of wheat cultivation worldwide is bread wheat 
grown on 220 million ha that produce 700–750 million tons 
annually (11).

Role of Wheat in Health
The consumption of healthy foods may help substantially 

reduce health care costs and may increase life expectancy and 
well-being. “Let food be thy medicine and medicine be thy food” 
is a statement made by Hippocrates, the “father of medicine,” 
2,400 years ago. Today, the graduation ceremonies of many 
medical education programs include taking the Hippocratic 
Oath—the moral and ethical message of which has exhibited 
remarkable resiliency through the ages and remains valid (19). 
Whole grain wheat fits within this sage advice. Whole grain 
foods contain all parts of the grain: bran, starchy endosperm, 
and germ. Several large cohort studies have clearly shown that 
consumption of whole grain products (including whole grain 
wheat) reduces the risk of several chronic diseases. A significant 
inverse relationship has been found between whole grain intake 
and mortality, in general, and more specifically cardiovascular 
diseases and several forms of cancer (26,39). Government 
agencies in many countries, therefore, strongly advise their 
consumers to eat whole grain products, including whole grain 
breads (17)—the more the better (7).

Wheat in a Historical Context
Consumption of cereal grains by humans did not begin sud-

denly with the inception of agriculture after the last ice age (16). 
When moving from African forests into savanna areas some 
6 million years ago, the diets of the first humanoids changed, 
with increased consumption of small, hard grass (cereal) seeds. 
Analysis of tooth enamel revealed that cereal grains were con-
sumed by ancient Homo species living 1.5 million years ago, 
and this consumption has continued into the modern age. 
Some 12,000 years ago, the global climate rapidly changed, 
transitioning to a climate with higher temperatures and in-
creased humidity. This change promoted the growth of plants 
and animals around the world, resulting in better living condi-
tions for humans. Although most people continued to live a 
nomadic life, maintaining their hunting, gathering, and fishing 
habits, some people living in areas where food sources were more 
readily available became sedentary and began to establish per-
manent settlements situated at strategic sites in the landscape.

One of these areas was the Fertile Crescent in the Near East, 
where people built the first stone-based huts. The Fertile Cres-
cent was the biotope of numerous ungulates that local humans 
hunted, including gazelles, wild goats, wild sheep, mouflon, wild 
swine, aurochs, red deer, and wild donkeys. These mammals 
thrived on a rich supply of vegetation that consisted, among 
others, of a wide variety of grass species. Humans living in this 
region developed a new focus on plant and animal food sources. 
Instead of gathering the seeds of cereals and pulses, they brought 
the plants to their houses and made these cereals and pulses the 
“founder crops” in their innovative activity—agriculture. At the 
same time, they domesticated sheep, goats, and aurochs and 
began the practice of herding animals. Thus, the first farmers 
appeared on the stage. They were no longer equivalent partici-
pants in the local ecosystem as both hunters and prey; they in-
stead gradually placed themselves apart from their natural envi-
ronment. Because of the success of this new sedentary “mixed 
farming” lifestyle centered on nearby cultivated and domesti-
cated food sources, the human population in the Fertile Cres-
cent rapidly increased and overpopulated the area. Migration 
was a consequence of this overpopulation, and the first farmers 
from the Near East crossed over into Europe between 8,500 and 
7,500 years ago. This also marked the beginning of the Neolithic 
period. Migrating farmers took with them a complete Neolithic 
“food package” of plants and animals that gradually adapted to 
their new environments. Within 2,000 years, the descendants 
of the first farmers reached the northern and northwestern parts 
of Europe, becoming new neighbors who had a lifestyle that 
differed from that of the original European hunter/gatherer 
populations (8,22).

1 Corresponding author. Wageningen University & Research – Business Unit Bioscience, PO Box 

16, 6700 AA Wageningen, The Netherlands. Tel: +31 317 480983; E-mail: luud.gilissen@wur.nl

2 Tel: +31 317 480974; E-mail: hetty.busink@wur.nl
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Despite its well-recognized nutritional and health benefits, 
wheat may also cause a variety of diseases associated with al-
lergic responses, sensitivity, and intolerance. Allergic responses 
may be acute or chronic. Wheat allergy, which is in general 
caused by bread wheat (through consumption or inhalation of 
flour dust), is rare, with a prevalence of 0.25%. Symptoms in-
clude atopic eczema (dermatitis) and vomiting in children and 
wheat-dependent, exercise-induced anaphylaxis and occupa-
tional baker’s asthma in adults (40). Several wheat proteins 
have been identified as allergenic, including lipid transfer pro-
tein (LTP), amylase trypsin inhibitor (ATI), and omega-5 glia-
din. Baker’s asthma, which has a relatively high negative eco-
nomic impact, may best be prevented by adaptation of the 
working environment through the adjustment of air flows and 
further protection from inhalation of flour dust. Wheat food 
allergy prevention includes avoidance of wheat-containing 
foods that may cause allergic reactions (15).

During the last decade, avoidance of wheat consumption has 
increased to 10% or more of the Western population. This avoid-
ance is greater among younger females (25–55 years of age) who 
have attained higher levels of education and live in urban areas 
(4,5,37). Avoidance of wheat is mainly based on self-diagnoses 
of symptoms that suggest a form of gluten sensitivity. Wheat as 
the only cause of such sensitivity is doubtful; however, a rela-
tionship with irritable bowel syndrome (IBS) is possible. Cer-
tain proteins and carbohydrates are suspects, but they are not 
limited to wheat and occur in several plant foods. According to 
medical experts, the prevalence of gluten sensitivity is estimated 
at about 1% of the population (5). With the goal of preventing 
gluten sensitivity, the potential causal factors are now being in-
vestigated in an international intervention study—the Well on 
Wheat project (www.wellonwheat.org).

More than 2,000 years ago (and ignorant of the direct cause), 
Arathaeus of Cappadocea described a food-related abdominal 
disease that has since been recognized as coeliac disease. Coeliac 
disease is a chronic inflammation of the small intestine in geneti-
cally predisposed humans. It is caused by gluten proteins from 
wheat, rye, and barley. Coeliac disease can give rise to malnutri-
tion and may present with a variety of symptoms, ranging from 
bowel disorders to skin, bone, nerve, and muscle problems. The 
prevalence is estimated at about 1% of the world population and 
is increasing in different geographic areas, perhaps due to changes 
in gluten consumption and infant feeding habits (6). The only 
remedy for coeliac disease is strict, lifelong adherence to a glu-
ten-free diet. Adhering to such a diet is challenging for indi-
viduals due to the presence of wheat, wheat ingredients, and 
gluten in many food products (1,18).

Gluten is the collective term for representatives of various 
protein families that function as seed storage proteins and can 
be subdivided into glutenins and gliadins. There are a number 
of well-defined small fragments (termed epitopes), mainly from 
the gliadins and some from the glutenins (30,38), that can acti-
vate specific immune cells (T cells) in the small intestine. These 
activated cells initiate the breakdown of the villi that are neces-
sary for efficient uptake of food compounds. Thus, continuous 
consumption of wheat products leads to inefficient food uptake 
and chronic symptoms. Strict adherence to consumption of 
gluten-free foods generally results in complete recovery of the 
small intestine and improvement in coeliac disease (18).

Currently, coeliac disease is one of the best understood food 
intolerances, from both the human side (immunology and T-cell 
specificity) and the plant side (wheat genome complexity and 

epitope diversity). Using this detailed knowledge, strategies di-
rected toward production of wheat varieties that are (more) safe 
for consumption by indviduals with coeliac disease can be de-
veloped (15,20,23,25,29). Such breeding-related strategies may 
include selection, reconstitution, mutation, and genetic modifi-
cation, as well as combinations of these strategies.

Strategies for Production of Coeliac-Safe Wheat
Selection of Wheat Accessions and Varieties with Low 

Coeliac Disease Immunogenicity. Gene banks around the 
world maintain many thousands of wheat accessions that repre-
sent ancient (diploid, tetraploid, and hexaploid) wheat species, 
their land races and varieties, as well as modern wheat accessions 
obtained from more recent breeding. With regard to coeliac dis-
ease, many accessions have been analyzed at the genetic and 
genomic, protein (gluten and epitopes), and immune reactivity 
levels. Analyses have revealed that the vast majority of these 
wheat accessions do not have even slightly reduced coeliac dis-
ease immunogenic properties. A few diploid (einkorn) and tet-
raploid (durum) wheat landraces and varieties were identified 
(using epitope-specific monoclonal antibodies [MAbs] for de-
tection) as having reduced coeliac disease immunogenic prop-
erties. Such wheat lines require more in-depth genetic and 
protein analyses and testing in food intervention studies to 
determine their safety for individuals with coeliac disease.

A recently developed technology that applies “quantitative 
proteomics” (counting the number of coeliac disease immuno-
genic epitopes) in wheat variety analysis might be useful for quan-
titatively determining the coeliac disease immunogenicity of 
wheat varieties. Interestingly, individual coeliac disease patients 
express specific sensitivity profiles toward different epitopes. 
Epitope sensitivity profiling of individual patients is not yet 
common, but good examples have been recorded (3,33). With 
such a profile, a match can be searched for between the absence 
of specific epitopes in wheat and a patient’s specific sensitivity 
profile (35), enabling a personalized management approach.

Production of Reconstituted Hexaploid Wheat with Low 
Coeliac Disease Immunogenicity. Bread wheat (T. aestivum) is 
a relatively new species that was unintentionally created during 
the first stages of agricultural production (discussed earlier): 
T. aestivum contains the combined AABB genome of existing 
cultivated ancient wheat species and the DD genome of an inci-
dental wild neighbor, T. tauschii. The presence of this DD genome 
in bread wheat provides additional baking quality, improving 
gluten proteins in the grain, but it also increases coeliac disease 
immunogenicity (38). Although the diversity of the DD genome 
as it occurs in bread wheat is very small, indicating hybridization 
with the AABB genome must have been a rare, single event, in 
nature the DD genome of wild T. tauschii demonstrates a very 
wide diversity (21). Current studies are directed toward selec-
tion of representatives from among the widely varying T. tauschii 
DD genome that have both high baking quality potential and 
reduced coeliac disease immunogenicity. The goal is to hybridze 
suitable line(s) with a selected low coeliac disease-immunogenic 
tetraploid wheat (discussed earlier) to constitute a new hexaploid 
wheat line with low coeliac disease immunogenicity, good bak-
ing quality, and competitive agronomic characteristics.

Mutation Breeding. Mutations are changes in DNA. These 
may occur naturally and are a driving factor in evolution. Muta-
tions also can be induced chemically (e.g., ethyl methane sulfo-
nate) and physically (e.g., ionizing gamma irradiation). Applica-
tion of mutagenesis in wheat breeding might be used to create 

http://www.wellonwheat.org
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changes in the epitopes of gluten proteins, especially in gliadins, 
in such a way that their coeliac disease immunogenicity would 
be eliminated. Mutations can be easily detected using genome 
sequencing. However, because the number of gliadin genes in 
wheat is very high (up to 150 in hexaploid bread wheat) and the 
DNA composition of these genes is highly similar, identifying 
desired mutations is challenging, and requires analysis of very 
long DNA molecules (20).

Some advances have been made using gamma irradiation-
induced deletions in gluten genes from barley. Using gamma 
irradiation, an ultra-low–gluten barley variety was produced 
that fulfilled the criterion of having a gluten content below 5 ppm, 
allowing a “gluten-free” classification (31). A gamma-irradiated 
population of mutant lines has been produced from the bread 
wheat variety Paragon, which is currently being screened for 
changes in their gluten protein patterns (20).

The main disadvantage of chemical and physical mutagenesis 
is the unpredictability of the mutations that occur in the DNA, 
making the application untargeted. Hundreds of induced mu-
tant lines must be analyzed to find desired mutation(s) in a very 
few lines, as well as several unwanted mutations. This requires 
further back-crossings to maintain the desired mutations and 
eliminate unwanted mutations, which is laborious.

A biological approach to inducing large genome mutations, 
such as deletions of parts of or complete chromosomes, involves 
crossings to cause incomplete chromosome pairing during mei-
osis and chromosome disruption during separation after recom-
bination during pollen formation or later during fertilization. 
This has been applied to progenies and back-crossing popula-
tions of the bread wheat cultivar Chinese Spring crossed with a 
species of Aegilops (a genus that is related to Triticum) (9). In-
terestingly the back-crossings resulted in deletion lines that lack 
a part of chromosome 6 of the D genome where many gliadin 
genes are located. These deletion lines showed a decreased pres-
ence of several relevant coeliac disease-immunogenic epitopes. 
These deletions also led to stiffer and less elastic dough, which 
is an improvement in the limited baking quality of Chinese 
Spring. For other lines that had a part of chromosome 1 of the 
D genome deleted, only some epitopes appeared to be absent, 
while dough characteristics remained intact (36). Crossings be-
tween both types of deletion lines resulted in a plant line with 
both chromosome parts deleted and with epitope content fur-
ther reduced. This line might be useful in attempts to further 
lower coeliac disease-immunogenic epitopes through wheat 
breeding (34) but would also provide an indirect approach, 
compared with recently developed targeted approaches, to 
eliminate gluten genes and silence or attack epitopes directly.

Advanced Targeted Approaches. Advanced technology for 
targeted silencing of genes uses the natural biological process of 
RNA interference (RNAi). RNAi plays a role in plant protection 
against double-stranded RNA (ds-RNA) viruses through the 
cleavage of all ds-RNAs contained in the nucleus, which inhib-
its further replication. Genetic modification of a plant with a 
ds-RNA construct of a particular gene from that plant also will 
break down endogenous single-stranded RNA of that gene, 
silencing it. This technology has been successfully applied to 
silence a major allergen in apple (14) and to reduce gliadin epi-
tope expression in bread wheat by 10- to 100-fold (2,13). No 
effects on dough strength or glutenin and starch properties 
were observed, and standard breads were produced from this 
genetically modified wheat (12). There are, however, several 
requirements for modification of such plants: 1) integration of 

the ds-RNAi construct into the plant genome should be stable; 
2) agronomic and food-technology properties of the transformed 
plant should be comparable to its original counterpart; and 
3) national and international regulations concerning genetic 
modifications (GM) should be followed.

Other recent technology enables very specific targeting of a 
particular gene or even of a well-defined gene DNA sequence. 
The CRISPR-Cas9 (clustered regularly interspaced short palin-
dromic repeats and CRISPR-associated protein 9) method (28) 
is highlighted. The CRISPR-Cas9 system protects bacterial cells 
against viral infections. After its discovery and recognition as a 
potential tool in genome editing, it has been developed to in-
duce mutations and deletions in both animal and plant cells 
resulting in improved phenotypes (27). The advantage of this 
system is that after its introduction into plant cells, for example, 
no foreign DNA is added to the genome of the resulting mutated 
organism. As a result, in the United States this technology is con-
sidered a non-GM mutation breeding technology (32). Whether 
this approach to gene editing is considered non-GM in Europe 
is still under debate. The introduction of the CRISPR-Cas9 
construct in a plant cell follows a GM “process,” according to 
EC Directive 2001/18 (10), even though the construct is re-
moved by segregation from the offspring, which makes the 
“product” of the application of the technology equivalent to 
conventional mutagenesis through chemical treatment or ir-
radiation. In this case, the voice of consumers, and more specifi-
cally coeliac disease patients, as prominent stakeholders should 
be heard.

CRISPR-Cas9 technology is currently being applied in wheat 
to eliminate the coeliac disease immunogenicity of specific, tar-
geted epitopes, as well as to delete specific gluten genes. The re-
sulting mutated plants and their seeds can be analyzed using 
conventional electrophoresis of the gluten proteins, but cur-
rently a new procedure is being followed: gluten gene enrich-
ment and sequencing. This procedure is used to first enrich glu-
ten gene genomic DNA from mutated lines of interest before 
further sequencing is performed as a first screening. Gene en-
richment is followed by the application of advanced proteomics 
methods (such as LC-QTOF-MS/MS [liquid-chromatography–
quadrupole time-of-flight–tandem mass spectrometry]) to quan-
tify epitope levels and determine the occurrence of amino acid 
changes in targeted epitopes. Application of the CRISPR-Cas9 
technology system specifically targeted to wheat gluten epitopes 
is considered to be the ultimate approach to development of 
wheat varieties that are completely safe for coeliac disease pa-
tients, without loss of any agronomic and food-technology 
characteristics (Jouanin et al., unpublished).

A wheat line that is safe for coeliac disease patients and that 
has good agronomic and baking qualities could be introduced 
in the market as a specialty product. Because the plants and 
their grains are phenotypically identical to the original variety, 
special care should be given to produce and process such a line 
in a guaranteed separated production chain to avoid any con-
tamination with coeliac disease-immunogenic (i.e., traditional) 
wheat varieties. This will require extremely high quality control. 
When this scenario becomes common practice, a further adap-
tation will be needed to current regulations regarding the 20 ppm 
gluten threshold established for gluten-free products.

Perspective
Wheat consumption, and the consumption of grains in gen-

eral, is much older than agriculture and has been linked with 
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humanity since Paleolithic times. Wheat cultivation, selection, 
and processing started with agriculture and should be consid-
ered a gradually developing human phenomenon that inten- 
sified when the first human populations began building per- 
manent settlements.

Wheat as a whole grain component of the daily diet can be 
considered healthy, as has been confirmed in large-scale studies. 
Allergies to wheat, and other cereal grains (15), are rare. Sensi-
tivity to wheat may be part of a much broader phenomenon 
and likely related to IBS, with limited causality to wheat alone. 
Coeliac disease is a well-defined medical condition caused by 
the consumption of gluten from wheat, rye, and barley by ge-
netically predisposed individuals. The gluten proteins from 
these grains contain specific fragments (epitopes) that are re-
sistant to human digestion and can interact with specific cells 
(T cells) in the human immune system, causing degeneration 
and inflammation of the small intestinal mucosa. These epitopes 
have been clearly identified with regard to their amino acid 
sequences (30). This detailed knowledge of coeliac disease- 
associated epitopes enables targeted searches for wheat varieties 
with low or no gluten epitopes.

No bread wheat varieties have been identified as having low 
coeliac disease immunogenicity. A very small number of durum 
and einkorn lines have been identified using coeliac disease-
specific MAbs as having smaller quanitites of certain coeliac 
disease epitopes. These lines need to be investigated in coeliac 
disease food intervention studies for their potential as lines that 
can be classified as “low in gluten” before further investigations 
can be conducted in wheat breeding programs and food pro-
duction chains. Because classification as “low coeliac disease 
immunogenic” is considered the highest level for these lines, 
“coeliac disease safe” will not become a realistic target through 
the application of conventional breeding techniques. On the 
other hand, these low coeliac disease-immunogenic lines may 
be of interest with regard to their epitope profiles, because indi-
vidual patients may have sensitivities to only specific epitopes, 
which might be absent in specific wheat lines. Thus, such 
wheat lines might be considered “coeliac disease safe” for 
specific patients.

The route for production of new hexaploid wheat varieties 
will inevitably be complex. First a T. tauschii D-genome repre-
sentative that is coeliac disease safe must be identified followed 
by hybridization with a low coeliac disease-immunogenic tetra-
ploid (durum or emmer) variety (which remains to be identi-
fied and confirmed in a coeliac disease food challenge). Further 
selection based on the agronomic and food-processing qualities 
of the resulting hybrid line would then be required before new 
varieties could be implemented in any food production chain.

The results from RNAi techniques, which have led to wheat 
lines with greatly reduced amounts of gluten and high baking 
quality, are of more interest and have better prognoses. How-
ever, such plants are considered GM, resulting in high costs for 
regulatory approval in countries that accept GM and rejection 
by countries (or regions) that prohibit GM foods.

The greatest potential is offered by a wheat line that has been 
made coeliac disease safe through application of CRISPR-Cas9 
techniques and from which the mutation-inducing principle has 
been deleted, which could then be deemed non-GM if the end 
product, independent of the process, is considered. CRISPR-
Cas9 is a very new technology with many potential innovative 
applications at the DNA, as well as the RNA, level expected (28). 
Here, attention should be given to the societal context of the ap-

plication of these technologies regarding the goal of reducing 
the burden of coeliac disease for patients, with the involvement 
of consumers and patients as the most relevant stakeholders in 
discussions on acceptance.

Next-generation breeding strategies, as well as food process-
ing strategies, can be applied to develop wheat- and gluten-
containing products with low or no coeliac disease immu-
nogenicity.
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ABSTRACT
Growing global populations and limited resources require more 

sustainable use of food crops. Lifestyle-related health problems, such 
as obesity and type 2 diabetes, are also an increasing problem in many 
parts of the world. Major agricultural side-streams, such as cereal bran, 
oil-press residues and pomace, are currently used predominantly for 
feed and fuel. However, they have the potential to be sustainable sources 
of healthy proteins, fibers, and bioactive compounds for human con-
sumption if challenges related to flavor and texture are overcome. Novel 
processing methods are needed to create healthy and palatable ingredi-
ents from agricultural side-streams. From economic and sustainability 
perspectives, these methods must be energy and water efficient. Dry-
milling and dry-fractionation are energy-lean methods that can be used 
to produce value-added hybrid ingredients from side-streams. These 
ingredients may be processed further using bioprocessing, thermome-
chanical processing, or other methods to improve their applicability in 
food products.

One of the striking global challenges that will increasingly 
affect the food ecosystem is population growth. According to a 
modest estimate, the global population will approach 9.5 billion 
in 2050 and 12.3 billion by 2100 (16). At the same time, there is 
a global decline in available agricultural land due to urbaniza-
tion and unsustainable farming practices. Presently, an esti-
mated 36% of arable land is used for agriculture (6), but this 
figure includes forested areas and urban environments, which 
means that any increase in urban environments will invariably 
lead to decreases in land available for agriculture. At the same 
time, there are growing concerns about lifestyle-related health 
problems (e.g., obesity and type 2 diabetes) in industrialized 
countries.

The Importance of Side-Streams as Future 
Sources of Food Ingredients

Agricultural food side-streams offer a large source of fiber, 
protein, and bioactive compounds. This article covers the pros-
pects for utilizing major agricultural side-streams in food ingre-
dients. For cereals, the focus is on bran and brewer’s spent grain, 
while other side-streams examined are oilseed press cakes and 
fruit pomaces. The common feature of these underutilized pro-
cess streams is that their efficient utilization could provide vari-
ous nutritional, sustainability, and economic benefits.

Cereal bran is a major source of side-streams (Table I). The 
global annual production of wheat bran is ~90 million tonnes 
(40), which contains ~13.5 million tonnes of protein. However, 
most of the wheat bran produced is used for feed or is inciner-
ated. Wheat bran also contains other healthy components, 
such as dietary fiber (~50 g/100 g) and phytochemicals (up to 

360 µg of total phenolic acids/g and 0.7 µmol total carotenoids/g) 
(11,53). Rice is another example of a major cereal from which 
large amounts of underutilized side-streams are formed during 
processing. Of the ~740 million tonnes of paddy rice produced 
annually, ~30% is side-stream products. Rice bran makes up 8% 
(60 million tonnes) of these side-streams (4). If a daily intake 
requirement of 50 g of protein is assumed, the amount of pro-
tein obtained from wheat and rice brans combined would sat-
isfy the protein needs of well over 1 billion people.

Barley is the fourth largest cereal crop by volume, after wheat, 
rice, and maize (14). The major barley processing side-stream 
is brewer’s spent grain from beer production (Table I), with 
~30 million tonnes produced annually (29). Brewer’s spent 
grain, in addition to bran and remnants of endosperm mate-
rial, contains the barley husk, which has high quantities of pro-
tein (23%), arabinoxylans, cellulose, and lignins, as well as a 
relatively high lipid content (29).

Press cakes obtained from oilseed pressing are another major 
source of agricultural side-streams. The largest oilseed crops are 
soybean, sunflower seed, and rapeseed (34). In 2014 total rape-
seed production was 75 million tonnes, from which 26 million 
tonnes of oil was extracted. Roughly 49 million tonnes of side-
streams containing ~18 million tonnes of protein were produced 
(Table I). The press cakes of all three oilseeds mentioned are 
high in fiber and protein. Sunflower seed press cake contains 
31–40% protein, with fiber making up most of the remainder 
(50); rapeseed press cake and soybean meal contain 36 and 
45% protein, respectively (13,35).

Fruit pomaces obtained from fruit juice processing are good 
sources of dietary fiber. In 2010 the global production of apple 
pomace was estimated to be 3.6 million tonnes (36). In addition 
to dietary fiber, fruit pomaces are rich in polyphenols, such as 
flavonoids and tannins (3,17). A wide range of health benefits, 
including antitumor, antipathogen, and gut health-promoting 
effects have been attributed to these compounds (12,32). In ad-
dition, some berry pomaces are also good sources of protein 
(e.g., strawberry pomace contains 17% protein) (17).

Depending on the material in question, there are a variety of 
challenges related to the use of side-streams as food sources. 
Microbial growth during cultivation and storage is generally 
concentrated in the outer layers of the plant material (e.g., bran, 
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Fig. 1. Micrographs of wheat bran (A), brewer’s spent grain (B), and rapeseed press cake (C) stained with Calcofluor and acid fuchsin to show protein 
(red) and fibers (blue or brown/green); starch remained unstained. Protein in wheat bran is located mainly inside aleurone cells, whereas protein in 
brewer’s spent grain is located in both aleurone and endosperm cells.
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husk, fruit skin, etc.), which are often present in side-streams. 
This means that microbes such as mycotoxins may be concen-
trated in side-streams. Thus, proper handling of side-streams 
and rigorous testing are needed to ensure that the materials are 
safe for consumption. Additionally, side-streams such as rice 
bran may contain high amounts of lipids and lipolytic enzymes, 
which lead to the formation of rancid oxidation products. Con-
sequently, stabilization by heat treatment or fat extraction, for 
example, is required prior to utilization in food products. A 
common feature among all of the plant side-streams discussed 
here is that they are high in dietary fiber, which may present 
structural, textural, and sensory challenges for food applications 
despite their health benefits. In many cases, including brewer’s 
spent grain, wheat bran, and rapeseed press cake, protein is 
tightly entrapped within the cell matrix, which makes its sepa-
ration from the cell matrix challenging (Fig. 1). Astringent or 
bitter compounds are also frequently present in these side-
streams, which complicates their utilization as food ingredi-
ents (e.g., rapeseed sinapine). Despite these challenges, with 
suitable processing these underutilized agricultural side-
streams can be converted into health-promoting protein, 
dietary fiber, or hybrid ingredients for use in food products, 
which will not only increase global food system sustainability, 
but also create new business ecosystems.

Protein Ingredients
Replacing animal proteins with their plant-based counter-

parts would be beneficial from both a nutritional and sustain-
ability standpoint. High intake of red meat, in particular, is as-
sociated with increased risks of certain cancers (5). Production 
of animal proteins also requires more energy input, generates 
higher levels of greenhouse gas emissions, and requires greater 
freshwater consumption than production of plant proteins (45). 
Increased food system sustainability could be achieved through 
reduced meat consumption and more efficient use of plant pro-
tein-rich side-streams.

Proteins can be isolated from side-streams using several dif-
ferent traditional aqueous extraction methods (e.g., alkaline, 
acid, alcohol, salt ), depending on the characteristics and loca- 
tion(s) of proteins within the raw material matrix, or concen-
trated using dry-fractionation methods (Fig. 2). Both aqueous 
extraction and dry-fractionation methods have advantages and 
disadvantages. Dry-fractionation requires less energy input, and 
most of the proteins remain in their native forms. However, be-
cause the method is based on particle size and density, other 
components will always be present, limiting the extent of con-
centration. It is possible to isolate proteins using certain aque-
ous processing steps; however, wet-fractionation is energy in-
tensive and requires expensive drying and filtration operations. 

Often these processes can also induce changes in protein struc-
ture and, in turn, functional properties (47).

To improve extraction yields from wet extraction, enzyme-
aided processes have been developed. Alkaline or salt extraction 
yields for rapeseed press cake have been improved by utilizing 
cell wall-hydrolyzing enzymes, for example. Pectinase treatment 
has been shown to improve the extraction of rapeseed protein 
from press cake by 29–42% (43). In addition, recovery of bioac-
tive peptides from rapeseed press cake has been demonstrated 
using protease hydrolysis (41).

To enable the use of proteins from underutilized side-
streams, several technological (e.g., restricted solubility and 
foaming properties), nutritional (e.g., antinutritional factors), 
and sensory (e.g., bitterness, astringency) challenges must be 
overcome. High phytate content, a phosphorus storage molecule 
found in plants, is a complicating factor that affects both the sol-
ubility and bioavailability of proteins (9). Phytate contents of 
58 mg/g for rice bran, 25–58 mg/g for wheat bran, and 43 mg/g 
for sunflower seed press cake have been reported (15,27). In 
addition to affecting protein solubility, phytate also limits the 
bioavailability of proteins and chelates minerals, which can lead 
to iron deficiency. Phytate can be reduced by phytase enzymes 
or fermentation, but the benefits need to be weighed against the 
fact that phytate has also been shown to have potential antican-
cer properties (48). Protein functional properties and solubility 
can be improved by partial hydrolysis with proteases, such as 
deamidation with glutaminase (21). In addition, functional 
properties of plant proteins (e.g., gelling and foaming) can also 
be improved by treatment with cross-linking enzymes such as 
transglutaminases or tyrosinase (7,31). For example, the col-
loidal stability of rapeseed proteins have been improved by 
transglutaminase treatment (35).

Fiber Ingredients
Cereal brans and berry press cakes are good sources of dietary 

fiber. Dietary fiber has been associated with a wide range of pos-
itive health effects, such as improved cardiovascular health and 
reduced risk of certain cancers, obesity, and type 2 diabetes (28). 
Despite their positive health effects, fiber intakes are below rec-
ommended levels in many areas of the world (8,25), in part due 
to the use of refined flours from which the bran has been re-
moved.

As proteins, dietary fibers can also be concentrated using meth-
ods such as sieving or air classification. With air classification 
dietary fiber generally is concentrated into the coarse fraction, 
while residual starch and other endosperm materials are recov-
ered in the fine fraction. Another more novel method is electro-
static separation, in which the material is finely ground and then 
separated based on differences in electrical charge (positive, neg-
ative, neutral) (19). Currently fiber ingredients are most often 
produced using wet processes, such as acid extraction with al- 
cohol precipitation (pectin); gelatinization and retrogradation, 
possibly coupled with enzymatic treatment (resistant starch); 
and sodium hydroxide or peroxide treatment (oat fiber) (10).

Enrichment of foods through the addition of dietary fiber 
from side-streams (e.g., bran) is tempting because it would sig-
nificantly improve their nutritional value. Unfortunately, high 
(insoluble) dietary fiber content is associated with reduced pal-
atability, including reduced softness and volume in breads or 
reduced expansion in extrudates, leading to coarse mouthfeel, 
as well as hard and dense structures (18). This is due to the ef-
fects of dietary fiber on water dynamics, viscosity, and elastic-

Fig. 2. Side-stream utilization routes.



140 / JULY–AUGUST 2018, VOL. 63, NO. 4

ity and its physical disruption of bubble formation in extruded 
foods (42,52). There are various strategies that can be employed 
to reduce the negative effects of incorporating dietary fiber in 
foods. Acidification during fermentation activates endogenous 
enzymes, and the microbes themselves may produce hydrolytic 
enzymes that can solubilize bran and improve its function in 
the food matrix (23). Use of hydrolytic enzymes is based on the 
same principle; for example, xylanase treatment has shown po-
tential for improving the structure of foods that are high in di-
etary fiber. In extrusion, bioprocessed rye brans enzymatically 
treated or fermented with Weissella confusa provide improved 
expansion and texture (30,46). Of the oilseeds, soybean fiber 
has been examined for dietary fiber enrichment of extrudates 
(22), but use of rapeseed or sunflower seed fiber in foods ap-
pears to be rare.

Physical disruption of dietary fiber ingredients may also have 
a positive effect in certain applications; for example, fine milling 
of wheat bran has been shown to improve the texture of crackers 
and biscuits that are high in dietary fiber (49,51), as well as ex-
trudates (2). The effect of steam explosion on the applicability 
of wheat bran alone and in combination with enzyme treatment 
has been studied in bread baking. A positive effect on both bread 
volume and texture was obtained only for bran samples treated 
with enzymes after steam explosion (1).

In high-moisture systems, wet grinding and microfluidization 
have been identified as methods that can improve the dispersion 
stability of bran suspensions (44). Microfluidization has also been 
used as a pretreatment for bran in cake-baking applications, re-
sulting in firmer and wetter cakes (26).

It should be noted that the coarse, dietary fiber-rich cereal 
grain fraction from dry-fractionation generally also has a high 
protein content, because most of the aleurone layer, which has 
a high protein content, is still present (Fig. 1). The next section 
focuses on combinations of different components (i.e., “hybrid 
ingredients”).

Hybrid Ingredients
Efficient use of food resources and avoiding food waste are 

becoming increasingly important. Isolation of components is 
not always practical, however, due to energy-intensive extrac-
tion processes, which may also cause unwanted modifications 
in the functionality of the component of interest (e.g., denatur-
ation of proteins). Foods are composite, multimaterial matrices 
in which the main structural polymers are carbohydrates, pro-
teins, and dietary fiber. Each of these components provides 
synergistic technological, nutritional, and sensory functional-
ities. Therefore, an agile, processed, sustainable food ingredient 
would preferably be a hybrid that can deliver multiscale func-
tionalities, such as protein–dietary fiber (e.g., case bran) or 
protein–carbohydrate (e.g., case protein concentrates). A com-
plex mixture of nutrients can also have synergistic effects in 
human health: for example, a high dietary fiber ingredient may 
also be a source of protein and bioactive compounds. At the 
same time, hybrid ingredients would also enable use of more 
of the raw side-stream materials and minimize production of 
waste streams.

Agricultural side-streams such as cereal brans could be con-
sidered hybrid ingredients if their applicability can be improved. 
For example, rye bran contains ~19% protein and 40–45% di-
etary fiber and is high in bioactive compounds. (33). This means 
it can be utilized for both protein and fiber fortification. As an 
example, a recent study used bioprocessing of bran as a pre-

treatment prior to extrusion. This enabled incorporation of 
40% bran in the extrudate, which led to the development of a 
product high in dietary fiber that is also a source of protein 
(30). Furthermore, in cases where the mostly insoluble com-
ponents of bran can be removed (e.g., by air classification) the 
soluble fractions of fiber and protein in bran can be increased, 
with subsequent improvement in the technological, functional, 
and nutritional properties of bran.

In addition to protein- and fiber-rich ingredients, side-streams 
show potential as hybrid ingredients that contain both dietary 
fiber and bioactive components. The press cakes from fruit and 
berry processing are especially good candidates to deliver dietary 
fiber and bioactive compounds in a hybrid ingredient. For ex-
ample, fine-milled and microwave-assisted air-dried bilberry 
press cakes (10 and 25%) have been added to whole grain rye 
flour in extrusion (20). The bilberry press cake addition en-
hanced phenolic content and resulted in palatable healthy 
snacks, particularly at the 10% addition level. Similarly, ap-
plication opportunities for fruit pomace have been found for 
fiber and phenolic enrichment of a wide variety of bakery and 
snack products, ranging from cakes to crackers and extrudates, 
in which the bioactive compounds also retain their structure 
(39). In addition, studies have been performed to investigate 
ways in which the availability of bioactive compounds in differ-
ent materials, such as berry press cakes and rye bran, can be 
increased. Fermentation of berry press cake with lactic acid 
bacteria modified the bioactivity of cloudberry press cake (38), 
whereas bioprocessing with enzymes increased the antimicro-
bial and antioxidant activity of bilberry press cake (37). In the 
former, the anti-inflammatory effects of the press cakes in-
creased, and in the latter case, anthocyanins were released 
through the enzymatic action: both effects were due to the 
release of different phenolic compounds from the matrix. 
Puupponen-Pimiä et al. (37) also showed that it is possible to 
use dry-fractionation to obtain fractions from press cake with 
different bioactivities, such as increased anti-inflammatory ef-
fects in the coarse fraction and increased antimicrobial effects 
in the fine fraction. For rye bran, increased bioavailability of 
ferulic acid, which has a demonstrated antioxidant effect, was 
achieved by bioprocessing with a ferulic acid esterase enzyme 
and yeast compared with native rye bran. Bioprocessing in-
creased the free ferulic acid in rye bran from 4 to 20% (24).

Conclusions
Most underutilized agricultural side-streams are good sources 

of dietary fiber, proteins, and/or bioactive compounds that could 
be upgraded as health-promoting food ingredients. Efficient 
valorization of natural resources requires development of agile 
process technologies that can be used to deliver multifunctional 
properties to a food matrix through hybrid ingredients. Dry-
milling and subsequent dry-fractionation technologies are 
water- and energy-lean technologies that can be used to pro-
duce multicomponent hybrid ingredients (e.g., protein–fiber, 
protein–starch, fiber–starch, fiber–bioactives). In addition, some 
researchers are focusing on improving the applicability of hybrid 
ingredients through bioprocessing (microbial and enzymatic pro-
cesses), thermal and/or high pressure processing, and particle 
engineering (homogenization, microfluidization). For example, 
defatted oat or barley protein concentrate, which contains na-
tive starch as a major component, can be utilized in food appli-
cations where the gelatinization of starch can be exploited for 
structure formation or stabilization. Similarly, rice or wheat 
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bran protein concentrates with high amounts of insoluble di-
etary fiber can be incorporated into high-protein, high-fiber 
foods as a single ingredient.
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It is hard to imagine a world without snack and convenience 
foods. These foods have been key sales drivers in the food in-
dustry for decades and will probably be on our menus for many 
years to come (7). Furthermore, future trends indicate that eat-
ing on the go, replacing meals with snacks, and minimizing 
meal preparation times still top the list of consumer purchas-
ing decisions. Although consumers in the United States, Europe, 
and elsewhere have become more aware of healthy versus un-
healthy food choices, we cannot seem to resist purchasing 
snack and indulgence foods (8). Unfortunately, convenience 
and snacking are often associated with foods that are over- 
processed, high in fat, and high in salt and that contain sugars 
and artificial ingredients and flavors. In short, they do not fit 
in a healthy lifestyle.

The vast realm of convenience and snack foods includes 
meat-based battered and breaded foods such as fried chicken, 
chicken nuggets, pork schnitzel, fish fingers, etc. On the positive 
side, the meat-base plays an integral role in meeting our protein 
nutritional needs, because meat and fish are good sources of 
proteins containing essential amino acids (3). The coatings, 
batters, and breadings used with these meat-based foods are 
largely made with wheat or other cereal flour (e.g., rice, corn) 
to give the products an appealing, crispy texture (Fig. 1). It is 
no wonder then that market forecasters such as Mintel (7,8) 
predict continued global growth for convenience and snack 
foods. When this dietary trend cannot be changed, food 
science and technology are challenged to improve the nutri-
tional profiles of these food products to promote the health of 
consumers.

Food chemists tend to focus on the ingredient level. For ex-
ample, it is known that adding fiber or using coating materials 
that do not absorb as much frying oil may move a product into 
a category that is perceived as healthier, but why not start at the 
beginning: the production process? A birds-eye view of a chicken 
nugget line is shown in Figure 2. In this example, the process 
steps are meat grinding/mixing → blender → former → batter-
ing and tempura/breading → frying → freezing → packaging.

In a chicken nugget line several food-processing operations 
take place that are also applicable to products such as fish fin-
gers or pork schnitzels: meat paste forming, battering and bread-
ing, and deep-fat frying are the key operational steps. Machin-
ery developers are constantly faced with equipment and food 
quality challenges. Current top-of-mind processing issues for 
health and sustainability include

•	 Lean-meat and low-salt recipe processing
•	 Optimizing batter/breading/tempura adhesion, structure, 

and texture
•	 Maintaining oil quality or preventing oil deterioration 

(e.g., cleaning, oxidation, burned particles)
•	 Preventing black or burned spots on baked or fried 

products
•	 Managing fat content during processing
•	 Minimizing rejected product and returns

Grinding, Mixing, Blending, and Forming Meat Products
Mechanical grinding, mixing, and blending turn raw meat 

into a malleable meat paste. In the case of high-quality nuggets 
fresh chicken breast is used as the meat base. In microbiology, 
salt is known for its food preservation properties. Additives like 
salt and phosphates also physically improve meat paste proper-
ties. It is common knowledge that 2.0–3.0% salt addition helps 
in solubilizing myofibrillar proteins. Today, the European Union 
and United States are demanding salt be reduced in food for-
mulations by 30–40%, with low or no phosphate or additives. 
Processors, therefore, must find other ways to control the func-
tional properties of their meat pastes and patties.

Although salt is viewed as indispensable for meat processing, 
the fact is that the extraction of muscle proteins during process-

1 CDC FoodPhysica Laboratory, Malden, The Netherlands.

2 GEA Food Solutions BV, Bakel, The Netherlands.
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Fig. 1. A, Crispy schnitzel with corn-flake breading; and B, popcorn 
chicken with crispy coating. (Photo courtesy of GEA Food Solutions)
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ing involves an interplay between salt concentration and me-
chanical energy input (11). Theno et al. (12,13) suggest that 
mechanical treatment, massaging, grinding, mixing, and/or 
tumbling may play a more dominant role than salt concentra-
tion in extracting myosin from meat. Furthermore, especially 
for poultry, it is possible to prepare meat pastes that exhibit 
similar Bingham rheological behavior when using 1.25% versus 
2.50% salt; Barbut and Mittal (1) also note that poultry meat 
paste containing 1.25% NaCl had the highest heat-induced gel 
rigidity modulus (1). As a plausible explanation for some of the 
counterintuitive findings, Barbut and Mittal (1) state, that they 
were probably due to protein (myosin) extraction during the 
vigorous chopping process. Hence, functional myofibrillar pro-
teins can be physicomechanically liberated at lower salt levels. 
Processors, therefore, can rely on their mixing machinery to 
help extract and solubilize myofibrillar proteins at lower salt 
levels to create a cohesive malleable meat paste or patty. Co- 
hesion is important for enabling shaping or molding of the 
meat mass into typical nugget shapes on the former (e.g., ball, 
bell, bowtie, boot). Attaining a suitable rheology at which the 
meat paste does not flow at low stress and heat-set gelling of the 
meat paste is optimal is not only a matter of salt concentration. 
An appropriately engineered meat grinding and mixing process 
enables the production of chicken nugget cores that are leaner 

and lower in salt, while still delivering a desirable meaty texture 
(Fig. 3).

Batters and Breadings
The next process step is enrobing the meat, first with a “light 

batter” that contains wheat flour or starch as a main constituent. 
In this step, adhesion is a major quality issue—the batter must 
stick to the meat surface—as are coating thickness, viscosity, and 
stability. Many ingredient suppliers have their own ingredient-
based solutions, such as hydrocolloids, emulsifiers, and/or pre-
gelled starches. However, it is important not to underestimate 
what the machinery can do to optimize these technical require-
ments. Batter mixing speed and flow rate, operation of the cur-
tain “nip,” and/or the dipping processing can also help in adjust-
ing coating thickness and stability (Fig. 4).

The light batter is followed by application of a thicker tempura 
(or breading) layer, which completes the enrobing process. Be-
cause many aspects of texture and structure depend on the 
tempura, this is the stage at which product developers prefer 
to manipulate structural features, such as appearance, color, 
coarseness, and crispiness. The structural features of the tem-
pura will interact with the mechanics and formulation, and 
their interplay must be taken into account. Keeping things 

Fig. 2. Birds-eye view of processing lines for meat-based convenience foods such as chicken nuggets and other snack foods. (Photo courtesy of GEA 
Food Solutions)

Fig. 3. Crispy chicken filet. (Photo courtesy of GEA Food Solutions) Fig. 4. Application of batter on fish sticks. (Photo courtesy of GEA Food 
Solutions)
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simple is an engineer’s adage: viscosity, structure, and thickness 
are controllable and do not require complicated adjustments to 
the tempura formulation. By keeping the process as simple as 
possible the producer can save money and avoid having to add 
components that may be under discussion or suspicion, now or 
in the future, as is exemplified by the continuing discussions in 
the popular media on the safety of well-studied food additives 
(5) with an E number in the EU region (9).

Deep-Fat Frying
Deep-fat frying is still the operation of choice for transform-

ing the raw chicken nugget into a finished or semifinished prod-
uct that is ready for packaging. Seasonings can be added after 
frying or by the final user or consumer at will. There are several 
reasons deep-fat frying is still very popular: one of the major 
benefits is the overall crispy texture and uniform color that can 
be achieved using deep-fat frying (Fig. 5). Oils and fats are gen-
erally considered to be unhealthy, but as scientific research re-
veals more information about animal fat and plant-based oils 
and fats, it appears that when consumed in moderation some 
oils and fats provide nutritional benefits, including fat-soluble 
vitamins, polyunsaturated oils, and fatty acids.

Controlling oil uptake during frying is challenging because 
the structure, porosity, and surface properties of the product 
play major roles in its oil absorption capacity. Changing the 
existing shape and structure of familiar snack and convenience 
foods is difficult, but over time much has been learned about 
the factors that affect the oil content of fried foods. Oil tempera-
ture and frying time are important factors in oil absorption—
the longer a product is fried, the deeper the oil may penetrate 
(10). Comparing 160°C and 180°C for frying a 14 mm potato 
fry, the initial oil uptake was lower for the higher frying tem-
perature (14). Faster steam and surface-coating formation may 
reduce initial oil uptake, suggesting a higher initial frying tem-
perature provides a head-start for reducing oil uptake compared 
with lower temperatures (≤160°C). However, further oil absorp-
tion during prolonged frying (4 min) is slower at 160°C (10). Ini-
tial moisture content is also a factor, because moisture evaporates, 
leaving voids that the oil will likely fill, which increases oil up-
take. An optimized initial moisture content, therefore, may also 
be important. Although higher moisture produces more voids 
and results in more oil absorption, low moisture may lead to 
less steam that can force oil out during frying. As a result, the 
formation of the surface coating will enable faster frying with 
an optimal moisture-content tempura in initially hot frying oil. 
Finally, there is Blumenthal and Stier’s theory (2) on the forma-
tion of oil degradation products that are surface active, which 

suggests they act as soaps/emulsifiers that help oil to transfer 
into the product. After frying, upon product cooling internal 
pressure drops, resulting in suction of oil into the product. Us-
ing modeling, Wu et al. (15) estimate that in potato crisp fry-
ing 78% of the absorbed oil enters the product post-frying. Not 
everything in this complex set of factors that affect oil uptake 
can be fully controlled for an individual nugget or in a process-
line, but temperature, time, oil degradation, maintenance of oil 
quality, moisture in the tempura, and post-frying conditions are 
technologically manageable factors. Even if these factors can 
only be partially improved, a 30% reduction in oil-uptake 
should be feasible.

During deep-frying operations, oil is oxidized further, fis-
sioned, browned, hydrolyzed, and polymerized (4), producing 
compounds that contribute to health problems. Therefore, fry-
ing equipment is finely tuned to maintain oil quality at the high-
est specifications. Monitoring of temperature and oil quality 
and filtering and refreshing the oil keeps harmful reaction 
products out of snack or convenience foods. Debris and par-
ticles are separated by “cold well and sifting” technology (6). 
In general deep-fat fryers have a heated upper section, in which 
the food is actually fried in oil, and an elongated, unheated cold 
well portion that depends from the frying section and is designed 
to receive and retain particles that inevitably fall from the food 
product. The relatively cooler temperature of the cooking fluid 
in the cold well prevents severe burning of fallen food particles 
that need to be filtered out, prolonging optimal oil quality. Avoid-
ing hot spots and creating a uniform temperature distribution in 
the frying section assures an evenly fried product with a mini-
mal amount of product rejected or returned due to black spots 
or overfrying.

Conclusions
As consumers continue to aspire to better health and healthier 

eating patterns, snack products that can close the gap between 
nutrition and indulgence will have a global role to play. When 
attempting to improve such products, do not forget to look for 
input from a mechanical engineer as well. Food machinery de-
sign and operation may take a major “gulp of unhealthiness” 
out of your snack product, without requiring a food chemist to 
open a Pandora’s box of ingredients.
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Cakes baked for celebrations often consist of alternating lay-
ers of cake and cream that are covered and decorated with icing 
and/or cream. The cake layers must have a very fine and homog-
enous structure, as well as a firm, resilient, and moist texture to 
provide the mouthfeel typically associated with these cakes and 
to provide stability for the superimposed layers. To create a lay-
er cake, a high-ratio cake formula is used. In a high-ratio cake 
formulation the amount of sugar, liquid, or both exceeds the 
amount of flour used. (If the amounts of sugar and liquid are 
lower than that of flour, the resulting product is commonly re-
ferred to as a low-ratio cake.)

The production of a high-ratio cake with acceptable volume, 
fine and homogenous crumb structure, and firm, resilient (i.e., 
no structural collapse during or after baking), and moist crumb 
typically requires use of chlorinated or bleached flour (i.e., flour 
treated with chlorine gas [Cl2]) and a suitable emulsifier in the 
formula. The use of chlorinated cake flour allows lower propor-
tions of flour and higher proportions of sugar and/or liquid to 
be used in the cake formulation.

Cl2 is commercially applied at a rate of 300 to 1,500 mg/kg of 
flour (6). It reacts with the water contained in the flour (flour 
typically has a moisture content of about 14.0%) as follows:

Cl2 + 3H2O → 2H3O+ + OCl– + Cl–

The hypochlorite ion (OCl–) that is formed is a strong oxidiz-
ing agent, acting on flour carotenoid pigments that are part of 
the lipid fraction and rapidly decreasing their levels. This oxida-
tion activity bleaches the flour (8). The hydrogen ions that are 
formed lower the flour pH (3), and the decrease in pH is moni-
tored to obtain the desired level of chlorination (7).

During the 1980s and 1990s the use of Cl2 to treat flour was 
debated because of safety issues associated with its use in the 
flour milling industry, as well as with the presence of Cl2 in 
foods. As a result of these concerns, the use of chlorinated 
wheat flour in cake and bakery applications was banned by 
the European Food Safety Authority (EFSA) in 1998 and since 
then has been banned in China, Indonesia, Korea, Japan, Brazil, 
and Argentina.

Today consumers are seeking cakes made with more natural 
ingredients and fewer additives—ingredients that are more eas-
ily understood and not associated with health risks. Recent 
proprietary research on consumer insights shows 80% of con-
sumers are unfamiliar with surfactants and their role in baking, 

leading to consumer misunderstanding of their functionality. 
The research also showed that consumers associate chlorinated 
flour with potential health and environmental effects, such as 
inflammation, toxicity, and carcinogenic properties. To meet 
consumer demands retailers are increasingly taking the initia-
tive to eliminate chlorinated flour and some emulsifiers from 
their accepted ingredients lists.

In order to replace chlorinated flour with an alternative that 
will perform equally well, many researchers have attempted to 
determine the effects of Cl2 treatment on individual flour com-
ponents. No consensus has been reached, however, concerning 
which modification is most important for the observed changes 
in flour functionality. It has been shown that OCl– reacts with 
starch (1), gluten (2), lipids (4), and arabinoxylan (5). The exact 
portion reacting with each flour component has been difficult 
to determine, and it is still not clear how the altered starch, glu-
ten, and lipid properties in chlorinated flour result in improved 
high-ratio cake quality. As a consequence, further research on 
the changes in flour induced by chlorination is needed.

Removing both chlorinated flour and emulsifiers (specifi-
cally polyglycerol ester [PGE] and propylene glycol monoester 
[PGME]) from the formulation of high-ratio cakes while main-
taining specific high-ratio cake characteristics (i.e., a very fine, 
white crumb structure and specific texture properties) is not a 
straightforward process. In a joint research effort KU Leuven 
(Laboratory of Food Chemistry and Biochemistry) and Puratos 
have extensively studied the functionality of chlorinated flour 
in high-ratio cakes. A brief summary of the outcome is outlined 
below.

Removing and Replacing Ingredients—The Science 
Behind It All

The research showed that Cl2 modifies the structure of the 
main soft wheat flour components (protein, starch and lipids), 
altering their functionality in high-ratio cakes. Cl2 treatment 
increased the surface hydrophobicity of the starch granules 
and reduced the gluten network-forming capacity and apparent 
free fatty acids content of the flour—the latter presumably by 
forming chlorinated derivatives. The treatment also increased 
the water-holding capacity of the flour. This agreed with results 
reported in the literature. In addition, the altered component 
functionalities resulted in improved gas cell stabilization and 
earlier batter viscosity readings, matrix solidification, and 
crumb setting during baking. The latter was attributed to im-
proved starch swelling and amylose leaching caused by changes 
in starch, protein, and lipid properties, as well as to changes in 
the protein polymerization mechanism that resulted in increased 
protein network strength. After heating, starch and protein net-
works in gels prepared from chlorinated flour were more struc-
tured than in gels prepared from untreated flour when observed 
using proton nuclear magnetic resonance.

In-depth Understanding of Ingredient Functionality 
in Cake as a Basis for Clean Label Products: 

Bleached Flour Replacement
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These findings helped Puratos develop a solution for replac-
ing chlorinated flour, which consists of a combination of in-
gredients that synergistically provide fast hydration, viscosity 
buildup, and stabilization of oil droplets and gas cells during the 
batter stage and baking. This solution can be applied in a clean 
label, high-ratio cake formula that maintains the characteristic 
appearance and eating properties of standard layer cakes avail-
able in the U.S. market without using chlorinated flour, PGME, 
or PGE (Fig. 1). This solution received a 2018 innovation award 
from the American Society of Baking (ASB), a professional or-
ganization dedicated to advancing baking and baking science 
technology.
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Fig. 1. White layer cake prepared from three high-ratio cake formulas. Top: cake made with bleached flour and polyglycerol ester (PGE); middle: 
cake made with PGE and no bleached flour; bottom: cake made with no bleached flour and no PGE and reformulated with solution.
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What are the reasons behind the growing numbers of over-
weight and obese people in many countries? According to 
World Health Organization (WHO) statistics, in 2016 more 
than 1.9 billion adults worldwide were overweight, and 650 mil-
lion were obese. Moreover, at least 2.8 million people die each 
year of diseases related to being overweight or obese (9). As 
a consequence, in the European Union today ~7% of national 
budgets is dedicated to the treatment of diseases that are as-
sociated with overweight and obesity, such as certain forms 
of cancer, metabolic disorders, diabetes, and cardiovascular 
diseases (10).

How has obesity become such an epidemic? Gaining weight 
results from an imbalance between energy intake and energy 
expenditure—too many calories are consumed while not 
enough energy is expended in physical exercise. Exercising 
more is generally in the hands of individuals themselves; how-
ever, the amount of calories consumed could potentially be re-
duced if processed foodstuffs produced by the food industry 
contained fewer calories from fat and sugar. So, what properties 
do such newly formulated food products have to have to win 
over consumers? The answer is simple: they need to have the 
same sensory properties (e.g., look, taste, and feel) as the food 
products with which consumers are familiar (Fig. 1).

One way foodstuffs can be reformulated to make them health-
ier is by adding fiber (Fig. 2). Fiber concentrates are a by-product 
of large-scale industrial processing. Various raw materials, rang-
ing from brans to other by-products from food and agriculture 
production, can be processed into insoluble fiber concentrates; 
according to estimates, total production is around 250,000 tons/
year worldwide. Fibers can reduce the energy density of food-
stuffs when used as substitutes for more energy-dense macro-
nutrients such as fat. In the 1970s, Burkitt and Trowel identi-
fied the reason for the spread of certain diseases and health 
problems in industrialized countries: the replacement of tradi-
tional nutrition (products rich in fibers) with a diet containing 
more processed foodstuffs that are higher in sugar, protein, 
and fat (1).

One example of this change is the greater use of refined flour 
instead of whole grain flour in food products. Whole grain prod-
ucts contain significant amounts of fiber, as well as minerals and 
vitamins. For 100 g of whole grain wheat bread the energy con-
tent is 204 kcal, while for 100 g of white toasting bread the en-
ergy value is 262 kcal (4). Furthermore, one slice (55 g) of whole 
grain bread contains 4.4 g of dietary fiber, while the same amount 
of white bread (formulated with refined flour) provides only 
1.6 g of dietary fiber (4).

In response to increasing overweight and obesity rates, as well 
as their associated diseases, as a consequence of these changes 
in our diets and based on our knowledge of the benefits of con-
suming whole grains and fibers, it would be reasonable to as-
sume that consumers would (re)turn to eating more whole 
grains and fewer foods formulated with refined flour. Unfor- 
tunately, trends reveal that year-to-year consumption of less-
healthy refined grain products is not decreasing, but is instead 
increasing. Consumers often favor breads that have a light color, 
soft and fluffy crumb, and light flavor over darker, more dense, 
and more bitter tasting whole grain products (Fig. 3). This con-
sumer preference is mirrored in daily dietary fiber intake levels, 
which are well below nutritional reference values. In Germany, 
the recommended daily fiber intake is 30 g/day, but average in-
take has stagnated below 20 g, leaving a fiber gap of a bit more 
than 10 g/day (2). The United States has an even lower intake, 
with an average of only 16 g of fiber/day (6), well below the DRI 
(Dietary Reference Intake) of 25 g for women and 38 g for men 
(3). Clearly there is still a long way to go to bridge the gap be-
tween current fiber intakes and official recommendations. Re-
fined grain products, like white sandwich or baguette breads, 
have become the dominant foodstuffs of our daily diets. The 
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challenging question is, how can we increase fiber intake, while 
meeting consumer expectations in terms of sensory properties, 
since consumers show a strong preference for refined grain prod-
ucts? Producing a healthier alternative that is not actually con-
sumed will not provide any benefits; acceptance by consumers 
of healthier alternatives is key!

Healthier alternatives are already available that enable devel-
opment of foods that combine the sensory characteristics of 
traditional products with beneficial nutritional adjustments. 
For instance, it is technologically feasible to create a low-fat, 
high-fiber sausage that does not differ in appearance or taste 
when compared with traditional sausages. Various examples 
from different food categories, such as low-fat mayonnaise, 
high-fiber white bread rolls, and reduced-fat burgers, already 
exist or are technologically possible and ready to be marketed. 
If this is the case, why are the offerings of such products still so 
limited? Intensive efforts to promote increased consumption of 
vegetable, fruit, and wholemeal products have not reduced or 
eliminated the existing fiber gap. To meet the nutritional needs 
of consumers while understanding and respecting their habits 
and preferences, a “combined strategy” is required. Many con-
sumers simply expect to continue consuming familiar food prod-
ucts and have no plans to make major change in their diets. If 
their favorite foods are made available in healthier, lower calo-
rie, higher fiber forms, then these new offerings will provide a 
real alternative to traditional foods, but only if there is no com-
promise required with regard to taste or appearance.

Despite their benefits, there is still criticism and discussion 
concerning whether the nutritional benefits of fiber concen-
trates are lower compared with whole grains. The fact is fiber 
concentrates do present clear and recognized benefits. Although 
they may not contain all of the nutrients found in whole grains, 
for instance they have lower mineral and vitamin contents, evi-
dence-based human intervention studies have demonstrated 
their positive effects. Extracted insoluble wheat and oat fibers 
have been shown to have a positive influence on blood glucose 
response (7,8) and laxation (5). It is also argued that if people 
paid more attention to their dietary choices (e.g., eating more 
vegetables, wholemeal products, nuts, fruits, etc.), fiber supple-
ments in other foods would not be necessary.

The reality is that we like to view ourselves as responsible and 
health-conscious consumers; however, this simply does not re-Fig. 2. Oat fiber from oat hull.

Fig. 3. White bread versus whole wheat bread.
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flect the existing market trends and consumption habits. In Ger-
many, even with a long-standing tradition of consuming whole-
meal breads, the daily fiber intake is less than 18 g for women 
and less than 19 g for men—well below the German Society for 
Nutrition’s recommendation of 30 g/day for healthy adults (2) 
or 40 g/day for diabetics. It appears there is a need for tasty, ap-
pealing, high-fiber products that people can enjoy rather than 
low-fiber or grain and bran products that are not sufficiently 
palatable. Recommended fiber intake goals can be met more 
easily by more people with the use of fiber concentrates. This 
option does not offer a carte blanche for consumers to not im-
prove their eating habits, but rather should encourage them to 
be more selective and sensible in their choice of foods. They 
should be aware of what they eat, remembering to include 
vegetables, fruits, and whole grains, as well as to choose fiber-
enriched products when needed.

The potential for the development of products that taste good 
and contain fewer calories and less fat is enormous, with great 
potential for improving our nutrition. When looking at the eat-
ing habits of the general population, offering more of these types 
of products on supermarket shelves would certainly make sense. 
The advantage of fiber concentrates, as opposed to brans, which 
have been promoted heavily in the past without achieving any 
real breakthrough, is their versatility—they can be used in a 
very wide range of foodstuffs without any negative impact on 
taste and texture. In some applications, they can even improve 
texture. Fiber concentrates also have significantly higher dietary 
fiber contents, a longer shelf-life, and do not have the downside 
of sources such as wheat bran that may contain higher levels of 
mycotoxins or other contaminants. In addition, fiber concen-
trates offer clear technological benefits for use in bakery appli-
cations. Products that are rich in fiber and light in color, with no 
negative effect on taste and appearance, can be easily created. A 
white baguette that is enriched with fiber and has the same ap-
pearance and sensory properties as the traditional standard is 
possible. To claim that a food is a “source of fiber,” 3 g of fiber/ 
100 g of end product is required; for a declaration that a food is 
“high in fiber,” the requirement is 6 g of dietary fiber/100 g of 
end product.

The proven nutritional benefits of all existing forms of fiber 
should help to increase daily intake through their use in a 
broader range of processed foodstuffs. This requires further 
encouragement and adoption of recommendations by institu-
tions, leaders, influencers, and the media. Campaigns like “Five 
A Day,” which is endorsed by the German Society for Nutrition 
(DGE), are a step in the right direction. As a world leader in the 
production of insoluble fiber concentrates, J. Rettenmaier & 
Söhne works in close collaboration with project partners in the 
German Federal Ministry of Education and Research (BMBF) 
Clusters on Nutrition. This partnership continuously adds to 
the number of fiber-based solutions and innovations that are 
available, with the aim of helping the food industry produce 
healthier products that meet customer expectations.
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Fermentable oligo-, di-, and monosaccharides and polyols 
(FODMAPs) are small, osmotically active molecules that are 
poorly absorbed in the small intestine and rapidly fermented 
by bacteria in the large intestine (2). Fructose, lactose, fructo-
oligosaccharides (such as fructan present in wheat), galacto-
oligosaccharides, and polyols all belong to the FODMAP family 
(2,16). There is evidence that the intake of FODMAPs induces 
abdominal symptoms such as pain, bloating, nausea, and dis-
turbed bowel habits in people suffering from irritable bowel 
syndrome (IBS) (3,12,13,22). IBS is a chronic functional gas-
trointestinal disorder, with a prevalence of up to 12% in the 
European population and between 7 and 15% in the global 
population (4,7,23). In several studies, a diet low in FODMAPs 
alleviated symptoms in ~70% of IBS patients (5,9,11,12,17,18, 
23). Based on research findings, patients suffering from IBS are 
advised to follow a diet that is low in FODMAPs, which entails 
avoiding consumption of wheat and wheat-based products such 
as bread. Indeed, wheat-based products contain relatively high 
amounts of fructan and are a major source of FODMAPs in 
Western diets (6,8,26). Avoiding consumption of wheat-based 
products can have a negative effect on health and well-being, 
however, because these products are also a major source of 
energy, as well as dietary fiber, vitamins, and minerals.

The wheat grain fructan content ranges from 0.7 to 2.9%, and 
wheat bran contains higher levels than does the corresponding 
flour (6). During fermentation of bread dough, fructan is par-
tially hydrolyzed to glucose and fructose by invertase, which is 
secreted by Saccharomyces cerevisiae baker’s yeast and retained 
in the yeast cell wall (10). Despite degradation of fructan during 
breadmaking, ranging from 50 to 80%, fructan levels in wheat 
(and rye) breads are nearly always higher than the cutoff value 
(0.2 g/serving) that is considered to pose a risk for inducing 
symptoms in IBS patients (19,25,27,28).

Because wheat-based foods are nutritious dietary staples 
and avoiding their consumption may result in nutritional defi-
ciencies, adaptations of the breadmaking process that enable 
complete degradation of fructan are desirable. Processes that 
incorporate whole wheat (wholemeal) to create breads that are 
poor in FODMAPs but rich in dietary fiber are preferable. Dif-
ferent strategies to reduce fructan, and hence FODMAP, levels 
in whole wheat products are summarized below. These strate-
gies could lead to the development of low-FODMAP breads 
and provide IBS patients with the opportunity to consume 
bread as part of their diets and gain the nutritional benefits 
it offers.

Yeast-Based Technologies
In contrast to S. cerevisiae strains, Kluyveromyces marxianus 

yeast strains can degrade wheat grain fructans by more than 95% 
after a 2 hr fermentation period (Fig. 1) (20). The mechanism 
behind this very fast and efficient degradation is the secretion 
of inulinase. Similar to invertase, inulinase degrades fructo-
oligosaccharides, but the enzymes differ in their specificity to-
ward high molecular weight inulin-type fructan. The S/I ratio 
(relative activities toward sucrose and inulin) is higher for in-
vertase than for inulinase due to the low specificity of invertase 
toward fructose polymers with a high degree of polymerization 
(DP), such as inulin (14). Additionally, inulinase is produced by 
K. marxianus in both a cell wall-associated form and a secreted 
form, whereas invertase produced by S. cerevisiae is always re-
tained in the cell wall and is not secreted into the bread dough 
(14,15). The retention of invertase in the cell wall could limit its 
accessibility to the substrate (fructan). The combination of the 
higher specificity of inulinase toward fructan with a higher DP 
and the secretion of inulinase into the dough could explain why 
K. marxianus is able to more efficiently degrade wheat grain 
fructans than is S. cerevisiae.

Because K. marxianus strains are not able to consume malt-
ose (1,24), which is the major fermentable sugar source in lean 
dough, alternative sugars or sugar-releasing enzymes should be 
included in the bread formulation to ensure sufficient produc-
tion of CO2 and optimal loaf volume (21). In a study by Struyf 
et al. (21) both sucrose and amyloglucosidase addition resulted 
in breads that were optimally leavened by K. marxianus and had 
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Fig. 1. Evolution of fructan levels in whole wheat (wholemeal) dough 
during breadmaking with two different yeasts. The diamonds represent 
fructan levels in dough fermented with Saccharomyces cerevisiae. The 
triangles represent fructan levels in dough fermented with Kluyvero-
myces marxianus. Fructan level is represented as a percentage of 
weight based on dry matter. The first time point (t = 0) shows the 
fructan level in wholemeal. (Adapted from Struyf et al. [21])
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a low FODMAP content resulting from degradation of up to 
95% of the fructan. The use of mixed cultures of S. cerevisiae 
and K. marxianus is also a proven strategy for ensuring maxi-
mum CO2 production rates and enhanced degradation of fruc-
tan without the need for addition of sugars or enzymes (20).

Enzyme-Based Technologies
Enzymes offer another option for reducing FODMAPs in 

bread. Instead of using alternative yeast species, an inulinase 
solution can be added to enhance degradation of wheat grain 
fructans during fermentation. In a study by Struyf et al. (20) the 
addition of an enzyme mixture containing both exo- and endo-
inulinase produced by Aspergillus niger resulted in rapid degra-
dation of fructan, with >95% degradation after 2 hr of fermen-
tation. The resulting glucose and fructose are consumed by the 
baker’s yeast (S. cerevisiae), resulting in optimal leavening. The 
rate and extent of fructan degradation depends on the enzyme 
mixture dosage. Relatively high dosages are necessary to reach a 
degradation efficiency higher than 95% (Fig. 2).

Changing Process Parameters
Adaptation of specific steps in the breadmaking process can 

also be used to increase fructan degradation. For example, lon-
ger fermentation times can be utilized to allow the invertase 
secreted by S. cerevisiae more time to degrade the fructan. Pro-
longing dough proofing times (>4 hr) allows a degradation of 

up to 90% of the fructan, diminishing FODMAP levels in the 
bread (Fig. 3) (28).

Similar to the results of a longer proofing time, increasing 
yeast dosage results in lower fructan levels, which can be ex-
plained by the higher invertase activity correlated with a high-
er yeast dosage (Fig. 3). Excessive amounts of yeast are not 
desirable in breadmaking processes, however, because high 
amounts of yeast are associated with excessive CO2 production, 
leading to dough collapse and negative changes in flavor char-
acteristics.

Selection of a wheat variety with low fructan levels offers 
another option for minimizing fructan levels in the end prod-
uct. Studies have revealed that fructan levels vary substantially 
among different wheat varieties. Huynh et al. (8) studied differ-
ent wheat varieties and found significant genotypic variations, 
with fructan contents ranging from 0.7 to 2.9% of grain dry 
weight. There was no evidence of strong interactions between 
genotype and environment: the fructan contents of field-grown 
grains were positively correlated with those of glasshouse-grown 
samples of the same cultivar.

Summary
Patients suffering from IBS should follow a very strict diet 

that is low in FODMAPs. To accomplish this they must avoid 
consumption of most cereal products. Removal of cereal prod-
ucts from the diet has negative health effects, however, because 
cereal grains are a major source of energy, dietary fiber, vitamins, 
and minerals in the diet. To enable IBS patients to consume nu-
tritious whole wheat breads without negative health effects, the 
FODMAP levels in these breads must be reduced. Different strat-
egies can be applied for this purpose, including the use of an al-
ternative yeast species for fermentation (K. marxianus) or the 
addition of enzymes such as inulinase. When addition of alter-
native ingredients is not desirable, adaptations to the breadmak-
ing process, such as a prolonged proofing time, may be utilized 
to reduce FODMAP levels.
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Over recent decades the role of food starch has expanded 
from that of an energy source to a texturizing ingredient. The 
texture of a food depends on the properties of the starches pres-
ent, as well as changes in these properties during processing. To 
positively influence both aspects of food starches, many starch 
derivatives have been developed using chemical and enzymatic 
treatments. Today, a wide variety of starches can be found in 
markets and on food labels, ranging from highly degraded 
starch polymers (i.e., maltodextrins) to highly crosslinked 
starches that form large networks.

Beneficial Starches
Maltodextrins with a wide range of dextrose equivalents 

(DEs) can be produced by controlled hydrolysis using acids 
and/or a-amylase. In practice, acid treatments alone can pro-
duce large amounts of free glucose, whereas less-hydrolyzed, 
low-DE treatments produce large linear maltodextrins that have 
a strong tendency to reassociate with each other (retrograde). 
As a result, some maltodextrins are produced from starch using 
hydrolytic enzyme treatments, in particular a-amylases. Hydro-
lytic enzyme treatments are more controllable, and specific hy-
drolysis can be easily performed in water and under very mild 
conditions (3). Enzyme-hydrolyzed products are used in fillings 
and as sweeteners in beverages (e.g., soft drinks). However, both 
consumers and the food and beverage industries are looking for 
innovative product solutions and ingredient options because 
these hydrolyzed products simply do not possess sufficient end-
product functionality.

The obesity epidemic (20) and its associated diseases, such 
as type 2 diabetes, have highlighted the consequences of di-
etary patterns that include high levels of fat and sugar. More 
than 30% of Americans are obese, which increased health care 
costs in 2010 by $3,500/year/person, for a staggering total of 
$316 billion (5). In addition, there is increasing interest in “clean 
label” foods (e.g., foods containing ingredients that do not have 
E numbers [6]), and ingredients such as low-DE maltodextrins 
do not have E numbers that must be included on food labels. 
The combination of questions concerning health outcomes and 
the perception of health benefits provided has forced the food 
ingredient industry to develop new types of starches with better 
nutritional properties.

Fat Replacement. In the field of carbohydrate-based fat re-
placement (1) early attempts to create texturizing, fat-replace-
ment starches through enzymatic modification were based on 

the use of a-amylase as the predominant hydrolytic enzyme. 
Over the last 10 years additional specific and nonhydrolytic 
starch-active enzymes have been developed that have more 
specific activities. These include branching enzymes and 4-a-
glucanotransferase. These enzymes hydrolyze starch polymers 
differently than do a-amylases; instead, a-glucanotransferases 
remodel parts of the amylose and amylopectin polymers by 
cleaving and reforming a-1,4- and a-1,6-glycosidic bonds (18). 
As described by Van der Maarel et al. (19) and Kaper et al. (11) 
the enzyme amylomaltase converts the amylose and amylopectin 
of normal starches into an amylopectin with elongated chains 
(Fig. 1). Amylomaltase (e.g., Etenia, Avebe) produces starch that 
forms strong thermoreversible gels in water. In this respect the 
resulting system resembles other hydrocolloids. The mode of 
action of amylomaltase in products such as low-fat yogurts is 
unique (2,10). Upon setting of the yogurt, the amylomaltase 
action results in small gel particles in the protein flocs that re-
semble droplets of fat and create textures similar to those of 
full-fat equivalents (2,4). In Europe amylomaltase carries no 
E number and is considered label friendly.

Glucose Control and Dietary Fibers. As discussed by Ken- 
dall et al. (12), interest in blood glucose control and the effects 
of fiber on the gut microbiome and health is a recent and con-
tinuing trend that has drawn a lot of attention. Consumers, es-
pecially in the United States, are demanding food products that 
provide improved control of blood sugar levels, provide bal-
anced delivery of energy, and aid in weight management (i.e., 
products [ingredients] with a low glycemic index or slow gly-
cemic response). Initially, the development of new ingredients 
resulted in slowly digestible carbohydrates (e.g., isomaltulose) 
and dietary fibers (e.g., resistant starches, inulin, and polydex-
trose) (15).

Other transferase enzymes can be employed to create slowly 
digestible (low-DE) starches for food applications. Once gelati-
nized, unmodified starches are rapidly degraded by the diges-
tive system but can be converted into slowly digestible starches 
by the actions of branching enzymes. Van der Maarel et al. (17) 
showed that the branching enzyme of the bacterium Deinococcus 
radiodurans (16) converts amylopectin into a branched malto-
dextrin with a side-chain distribution dominated by side chains 
shorter than those produced by other branching enzymes. In 
vitro digestion analysis revealed that the resulting starch had a 
slower glucose release when incubated with a pancreatic amy-
lase preparation. Further improvement in the results can be 
achieved by combining branching and maltogenic a-amylase 
treatments, as described by Hansen et al. (8). The result is a 
starch with a decrease in the longest glucose chains and an in-
crease in shorter chains, as well as a more compact structure 
that is less accessible by pancreatic amylases. Using a some-
what different approach Kajiura et al. (9) created a “cyclic cluster 
dextrin” (CCD) or highly branched cyclic dextrin. Character-
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ized as having a slow glycemic response, it is claimed to provide 
improved sports performance by, for example, producing faster 
gastric emptying. Recently, an isomalto-oligosaccharide (Vita- 
fiber, BioNeutra) has been introduced for this purpose.

Soluble Fiber. Another important field for further develop-
ment of healthy starches is in the area of soluble food fibers. 
The first successful food fiber obtained from starch and en-
zymes was an indigestible dextrin (FiberSol) developed by 
Matsutani Chemical Industries Co., Ltd. in the late 1980s (14). 
In this case, a yellow dextrin is treated with a-amylase, and the 
remaining high molecular weight fraction acts as a food fiber. 
In the past decade new methods and fibers have been devel-
oped. For example, a water-soluble dietary fiber (Fibryxa, Hay-
ashibara Co., Ltd.) has been introduced that is made using a 
special a-4-6 transferase. Enzyme action yields a mix of iso-
malto-maltose oligosaccharides. Isomalto-oligosaccharides 
can be produced using maltose and transglycosylating en-
zymes, and products based on this process have been intro-
duced. In all of these cases, the resulting materials behave as 
soluble food fibers. Recent trends in improvement of the health 
benefits of ingredients have resulted in the development of iso-
malto/malto-polysaccharides. As described by Leemhuis et al. 
(13) these are actually dextrans. The fraction rich in a-1-6 link-
ages easily passes through the small intestine and remains un-
digested in the large intestine. Fermentation of the product is 
relatively slow in the large intestine and stimulates the growth 
of beneficial microbiota, such as Lactobacillus and Bifidobacte-
rium (7). In vitro experiments showed that high amounts of 
short-chain fatty acids, in particular acetic acid and succinic 
acid, were produced.

Conclusions
In recent decades, the role of starch in foods has expanded 

from that of an energy source to a food texturizer, and, most 
recently, to a health-promoting ingredient. There are several 
new routes through which health-promoting starches can be 
developed. One method utilizes specific enzymes with spe-
cific modes of action to create starches that are slowly digest-
ible or nondigestible and that still have texturizing properties. 
In the coming years, many innovations in ingredients will be 
developed to meet consumer demands, using faster changing 
technologies than ever before. Utilizing new enzymes to 
modify starches, innovative starches with health benefits 
will be introduced, such as carriers for medicines and smart 
starch–protein combinations with improved nutritional 
values!

References
1. Alexander, R. J. Carbohydrates used as fat replacers. Page 343 in: 

Developments in Carbohydrate Chemistry. R. J. Alexander and H. F. 
Zobel, eds. AACC International, St. Paul, MN, 1992.

2. Alting, A. C., van der Velde, F., Kanning, M. W., Burgering, M., 
Mulleners, L., Sein, A., and Buwalda, P. Improved creaminess of 
low-fat yoghurt: The impact of amylomaltase-treated starch do-
mains. Food Hydrocoll. 23:980, 2009.

3. Buchholz, K., and Seibel, J. Industrial carbohydrate biotransforma-
tions. Carbohydr. Res. 343:1966, 2008.

4. Buwalda, P., and Sein A. Cream substitute. Patent WO 2008071744 
A2, 2008.

5. Cawley, J., Meyerhoefer, C., Biener, A., Hammer, M., and Wintfield, 
N. Savings in medical expenditures associated with reductions in 
body mass index among US adults with obesity, by diabetes status. 
Pharmacoeconomics 33:707, 2015.

6. Chiarini, G. E-numbers vs. clean label—The food battle of the 21st 
century. Published online at www.world-gourmet-society.com/en/
blog/culinary-guru-corner/76-e-numbers-vs-clean-label-the-food-
battle-of-the-21st-century. World Gourmet Society, www.world-
gourmet-society.com, 2013.

7. Gu, F., Borewicz, K., Richter, B., Zaal, P. H., Smidt, H., Buwalda, 
P. L., and Schols, H. A. In vitro fermentation behavior of isomalto/
malto‐polysaccharides using human fecal inoculum indicates pre-
biotic potential. Mol. Food Nutr. Res. DOI: https://doi.org/10.1002/
mnfr.201800232. 2018.

8. Hansen, M. R., Blennow, A., Pedersen, S., Nørgaard, L., and 
Engelsen, S. B. Gel texture and chain structure of amylomaltase 
modified starches compared to gelatin. Food Hydrocoll. 22:1551, 
2008.

9. Kajiura, H., Takata, H., Kuriki, T., and Kitamura, S. Structure 
and solution properties of enzymatically synthesized glycogen. 
Carbohydr. Res. 345:817, 2010.

10. Kanning, M. W., van de Velde, F., Alting, A. C., Mulleners, L., Sein, 
A., van den Akker-Bleumink, B., and Buwalda P. Improved creami-
ness in stirred yoghurt through amylomaltase-treated starch do-
mains. Int. Dairy J. 27:86, 2012.

11. Kaper, T., van der Maarel, M. L. E. C., Euverink, G. J. W., and 
Dijkhuizen, L. Exploring and exploiting starch-modifying amylo-
maltases from thermophiles. Biochem. Soc. Trans. 32:279, 2004.

12. Kendall, C. W. C., Esfahani, A., and Jenkins, D. J. A. The link be-
tween dietary fibre and human health. Food Hydrocoll. 24:42, 
2010.

13. Leemhuis, H., Dobruchowska, J. M., Ebbelaar, M., Faber, F., 
Buwalda, P. L., van der Maarel, M. L. E. C., Kamerling, J. P., and 
Dijkhuizen, L. Isomalto/malto-polysaccharide, a novel soluble di-
etary fibre made via enzymatic conversion of starch. J. Agric. Food 
Chem. 133:1333, 2014.

14. Ohkuma, K., Hanno, Y., Inada, K., Matsuda, I., and Katta, Y. Indi-
gestible dextrin. U.S. patent 5,364,652, 1994.

Fig. 1. The conversion of amylose and amylopectin by amylomaltase (e.g., Etenia, Avebe).



CEREAL FOODS WORLD / 157

15. Ohr, L. M. Managing blood sugar. Food Technol. 69:71, 2015.
16. Palomo, M., Kralj, S., van der Maarel, M. J. E. C., and Dijkhuizen, L. 

The unique branching patterns of Deinococcus glycogen branching 
enzymes are determined by their N-terminal domains. Appl. Environ. 
Microbiol. 75:1355, 2009.

17. Van der Maarel, M. L. E. C., Binnema, D. J., Semeijn, C., and 
Buwalda, P. L. Novel slowly digestible storage carbohydrate. Pat-
ent WO 2008082298 A2, 2008.

18. Van der Maarel, M. L. E. C., and Leemhuis, M. Starch modification 
with microbial a-glucanotransferase enzymes. Carbohydr. Polym. 
93:119, 2013.

19. Van der Maarel, M. L. E. C., van der Veen, B., Uitdehaag, J. C., and 
Dijkhuizen, L. Properties and applications of starch converting 
enzymes of the a-amylase family. J. Biotechnol. 84:137, 2002.

20. World Health Organization. Controlling the global obesity epidem- 
ic. Published online at www.who.int/nutrition/topics/obesity/en. 
WHO, Geneva, 2003.

Lizette Oudhuis obtained her Ph.D. degree 
in the field of polymer chemistry at the Gron-
ingen University and started working in this 
field at Avebe in 1996. From 2006 till 2012 
Lizette was a senior scientist at TNO (Dutch 
organization for applied scientific research) 
with a focus on carbohydrates and food. Her 
main interest is structure–function relation-
ships and the study of food as a complex 
polymer system. At the moment her focus 
is on nutrition, especially on the digest-
ibility of starches and proteins in relation to 

health. Lizette is working as team lead nutrition in the Avebe R&D 
Department and two days a week as a professor of food physics at 
the University of Applied Science Van Hall Larenstein (Leeuwarden, 
The Netherlands). Most recently she is working in close collabora-
tion with SMEs (micro-, small-, and medium-size enterprises) and 
students and through lectures to explore new technologies, such 
as 3D food printing, for opportunities to create innovative healthy 
food concepts that can support long-life healthiness from childhood 
through old age.

Piet Buwalda’s passion is understanding 
how nature works. Starch is just a small part 
of it, but it is very important for food prod-
ucts and other applications. What intrigues 
him the most is the relationship between 
the properties and backbone of the carbo-
hydrate. The new enzymatic method enables 
starch to enter new fields of application. Piet 
obtained his Ph.D. degree at the Groningen 
University and started working in this field 
in 1989. Currently he is the starch technol-
ogy officer at Avebe (a large potato starch 

producer), and he is also working one day a week as an associate 
professor at the Wageningen University, working on carbohydrate 
conversions.

AACCI’s Methods of Analysis stand at the forefront 
of the grain industry. More than 350 methods, 
spreadsheets and collaborative trial reports 
have been produced by the 23 AACCI technical 
committees and are continuously updated online. 
This, coupled with interactive guidelines, videos, 
and other enhancements ensures the highest, 
most consistent standards for your products.   

Most recent updates include…

■	 A new method that contributes to uniform 
flour production in experimental milling using 
the Chopin CD1 laboratory mill

■	 A new method to measure β-glucan viscosity 
using the Rapid Visco Analyzer (RVA)

■	 A new visual supplement and procedural 
guide for determining total (gasometric) 
carbon dioxide in baking powder

■	 A new spreadsheet for calculating statistical 
figures in NIR Analysis

■	 High-speed mixing rheology of wheat flour 
using the doughLAB

■	 A new method to quantify total carotenoid 
content in cereal grains and flours

■	 Two new methods to determine gluten 
content to Codex Alimentarius standard

On the Leading Edge 
in Grain Science

AACC International’s Official 
Approved Methods of Analysis

http://methods.aaccnet.org/


158 / JULY–AUGUST 2018, VOL. 63, NO. 4

ABSTRACT
The glycemic index (GI) is a measure of carbohydrate quality that 

is supported by many international health organizations for the man- 
agement of chronic diseases and is included on food labels in several 
different countries to help consumers make healthier food choices. 
Despite its endorsement by various health and governmental or- 
ganizations, the GI concept remains controversial. The aim of this 
article is to address the most recent criticisms of the GI related to its 
accuracy, precision, and role in cardiometabolic disease prevention 
and management. Many of the criticisms appear to stem from a mis- 
understanding of the GI and do not undermine the best evidence 
from prospective cohort studies and randomized controlled trials, 
which show important clinical and public health benefits of reducing 
the GI of the diet.

The glycemic index (GI) was developed more than 30 years 
ago as a way to classify carbohydrate-containing foods based 
on their potential to raise blood glucose (1) and is considered a 
measure of carbohydrate quality (2). Since its introduction, GI 
values have been reported for more than 2,000 individual foods 
(3), and many international health organizations have come to 
support the use of GI in the management of diabetes and car-
diovascular disease (CVD), including Diabetes Canada (4), the 
Canadian Cardiovascular Society (CCS) (5), the American 
Diabetes Association (ADA) (6), Diabetes Australia (7,8), 
Diabetes UK (9), the European Association for the Study of 
Diabetes (EASD) (10), and the European Society of Cardiology 
(ESC)/European Atherosclerosis Society (EAS) (11) (Table I). 
To help consumers make healthier food choices, the GI has 
also been successfully included on food labels in different 
countries, including Australia, New Zealand, the United King-
dom, and South Africa (12,13), and a proposal to introduce a 
GI symbol program for food labels in Canada has recently been 
made (14,15).

Glycemic Index Criticisms and Rebuttals
Despite its endorsement by various health and governmental 

organizations (4,5,7–10,13), the GI concept has remained con-
troversial since its inception. Over the past few decades several 
criticisms regarding the methodology and applicability of GI in 
human health and disease have been debated (Table II). The 
most recent criticisms have focused on the accuracy and preci-
sion of the GI, which has brought into question the value of GI 
in nutrition labeling and dietary recommendations (16–19). In 
particular, GI has been criticized for having high intra- and 
interindividual variation in values, raising concerns about the 
potential to misclassify foods as being low (≤55 on the glucose 
scale), medium (56–69), or high (≥70) GI (18,20–22). Most of 
these concerns, however, are related to glycemic response and 
not GI, which are not the same thing (19,23). People have a 
glycemic response to consumption of foods, which is a prop-
erty of an individual that substantially varies within and be-
tween individuals; foods have a GI value, which is a property of 
a food that is assessed in individuals (i.e., humans are the “as-
say”) and is reliable with the use of standardized methodology—
namely the International Organization for Standardization 
(ISO 26642:2010) methodology (19,24).

These criticisms appear to stem, in part, from conflation of 
the variation in GI estimates within and between individuals 
with the GI within and between foods, the measurement of 
which is based on at least 2 tests of the reference food (glucose 
or white bread) in at least 10 individuals (19,23,24). A recent 
example of this common misinterpretation is seen in a study 
by Matthan et al. (18) in which the authors conclude there is 
“substantial variability in individual responses to GI value de-
terminations, demonstrating that it is unlikely to be a good ap-
proach to guiding food choices.” Using the standard deviation 
(SD) data from this study (SD = 15.3, n = 63) (18) or the SD 
data from the most recent interlaboratory study (SD = 9, n = 10) 
(25) for the measurement of GI, the highest margin of error for 
classification (10.9 based on a t distribution) would be much 
smaller than the difference between the high-GI and low-GI 
categories (i.e., 70–55 = 15 on the glucose scale). The result 
would be a <1% chance of misclassification of a low-GI food 
as a high-GI food. In fact, the measurement error of GI as ex-
pressed by its coefficient of variation (CV) of 17% (25) would 
meet the allowable variation for macronutrients or fiber (based 
on a ±20% tolerance limit, in which the amount measured is 
permitted to vary by up to 20% of the amount declared on the 
food label) set out in the food labeling requirements of both the 
U.S. Food and Drug Administration (FDA) (26) and the Cana-
dian Food Inspection Agency (CFIA) (17,19,27).

Many of the criticisms, therefore, appear to stem from a 
misunderstanding of GI. It is important to continue to address 
these misunderstandings in order for progress to be made in 
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this area and to help consumers make better dietary choices for 
their health.

Glycemic Index and Health Outcomes
Another main source of debate has been over whether the GI 

concept has meaningful advantages in the prevention and man-
agement of cardiometabolic diseases. Individual “negative” stud-
ies have often been invoked as evidence that the GI concept does 
not improve outcomes. A recent example is the OmniCarb ran-
domized clinical trial (28), in which a low-GI dietary pattern 
failed to show improvements in insulin sensitivity, lipid levels, 
or systolic blood pressure. The accompanying editorial took the 
study as providing sufficient evidence to conclude that the GI 
concept may not be relevant for heart health (29). It has been 
correctly pointed out that this randomized controlled trial may 
have failed to show the expected improvements due to its short 
duration (<5 weeks), focus on relatively healthy insulin-sensi-
tive individuals, and higher drop-out rate in the high-GI com-
parator arm (30). It is also only one among many studies of GI 
and cardiometabolic outcomes—the majority of which have lon-
ger follow-up durations and include individuals with a range of 
cardiometabolic phenotypes.

Systematic reviews and meta-analyses of the highest quality 
evidence from prospective cohort studies and randomized con-
trolled trials have reached the opposite conclusion. Evidence 
from the most recent pooled analyses of >20 prospective cohort 
studies, involving >600,000 participants with 4–25 years of fol-
low-up, show high-GI dietary patterns are associated with sig-
nificant increases in incident type 2 diabetes (31), CVD (32), 
and coronary heart disease (CHD), especially in women (33,34), 
and a nonsignificant increase in incident stroke (35) (Fig. 1). 

This observational evidence aligns with the evidence from ran-
domized controlled trials (Fig. 2). The most recent systematic 
pooled analyses of >50 randomized controlled trials, involving 
>4,000 participants with 4–68 weeks of follow-up, show that 
low-GI diets reduce glycated blood proteins (HbA1c and fruc-
tosamine) in people with diabetes (36) by the equivalent of ~0.5% 
in HbA1c, an absolute reduction that is at the lower limit of ef- 
ficacy of most antihyperglycemic agents and exceeds the FDA 
threshold of 0.3% for the development of new antihyperglycemic 
agents. These reductions are in addition to protective effects on 
blood lipids (total cholesterol and the primary lipid target for 
cardiovascular disease prevention, LDL-C) (37) and weight 
maintenance (38) in people with and without diabetes and on 
blood pressure in people without diabetes (39), all without any 
adverse effects on other cardiometabolic risk factors. Thus, the 
totality of the highest level of evidence used to support clinical 
practice guidelines and public health policy shows that reducing 
GI may have meaningful benefits for the prevention and man-
agement of diabetes and CVD—a conclusion shared by interna-
tional diabetes and heart association guidelines (4–6,9,27,28).

Other Lines of Evidence
The large body of evidence supporting a causal role of low-GI 

interventions in cardiometabolic disease prevention is strength-
ened further by an important biological analogy. The a-gluco-
sidase inhibitor acarbose, an oral prandial agent that effectively 
converts the diet to a low-GI dietary pattern, provides compel-
ling evidence of the ability of an intervention that lowers GI to 
improve hard clinical outcomes (2). Individual randomized con-
trolled trials (40,41) and systematic reviews and meta-analyses 
of randomized controlled trials (42,43) have shown that acarbose 
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reduces incident type 2 diabetes, hypertension, CVD, myocar-
dial infarction, and stroke in people at risk for type 2 diabetes 
(40,41,43) and myocardial infarction and CVD in people with 
type 2 diabetes (42); these reductions correspond with improve-
ments in glycemic control and blood pressure that are similar to 
those seen in low-GI interventions (36–43) and have estimates 
that overlap with those observed for the association of low-GI 
dietary patterns with the same clinical outcomes (i.e., the 95% 
CIs contain the reciprocal of the estimates for the associations 
of high-GI dietary patterns with type 2 diabetes, CHD, and 
stroke) (31–35).

Research Priorities
There remains a need for more research to address the exist-

ing uncertainties regarding GI. The available studies have iden-
tified several limitations, including the incorrect use of meth-
odology to measure GI and a failure to achieve large enough 

differences in GI (>15 on the glucose scale) between interven-
tion and control arms in randomized trials. To help address 
these limitations, it is suggested that policy makers, grant com-
mittees, and journal editors enforce the use of standardized GI 
methodology in the design, conduct, and reporting of future 
intervention studies (5). Future trials should also consider the 
use of metabolically controlled (full or partial) designs, with the 
provision of key low-GI study foods to ensure sufficient differ-
ences in GI are achieved. Several longer term randomized trials 
conducted in individuals with diabetes have already taken this 
approach and have achieved large differences in GI that corre-
sponded to significant improvements in cardiometabolic risk 
factors (44–46).

Conclusions
Overall, many of the criticisms of GI appear to stem from 

misunderstanding of its meaning and utility. GI is a property 
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of food, the purpose of which is not to indicate what an indi-
vidual’s glycemic response will be on any one eating occasion, 
but rather to indicate which carbohydrate-containing foods 
will produce, on average, relatively lower or higher responses 
(19). As such, many of the criticisms do not call into question 
the validity of GI or undermine the evidence from prospective 
cohort studies and randomized controlled trials that when taken 
together show important clinical and public health benefits of 
reducing the GI of the diet. The GI remains an important marker 
of carbohydrate quality that can be considered complementary 
to other markers of carbohydrate quality, such as dietary fiber, 
and food-based approaches, such as whole grains, dietary pulses, 
and fruit.
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Fig. 1. Summary of findings from most recent systematic review and meta-analyses (SRMAs) of prospective cohort studies assessing the relationship 
between glycemic index (GI) and cardiometabolic disease outcomes. CHD = chronic heart disease; CVD = cardiovascular disease; N = number of 
participants; RR = relative risk; T2DM = type 2 diabetes mellitus.

Fig. 2. Summary of findings from most recent systematic review and meta-analyses (SRMAs) of randomized controlled trials assessing the effect 
of low-glycemic index (GI) diets on cardiometabolic risk factors. To allow summary estimates for each end point to be displayed on the same axis, 
mean differences (MDs) were transformed to standardized mean differences (SMDs) and pseudo-95% CIs, which were derived directly from the 
original MD and 95% CI. Achieved GI = average GI of intervention or control arm across all trials included in the meta-analysis; BW = body weight; 
DBP = diastolic blood pressure; FG = fasting glucose; FI = fasting insulin; MD = mean difference; Mixed = participants with different metabolic pheno-
types; N = number of participants; SBP = systolic blood pressure; SMD = standardized mean difference; TC = total cholesterol; TG = triglycerides; 
WC = waist circumference. (Figure adapted from several figures in Ha et al. [71])
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ABSTRACT
Glycemic index (GI) and glycemic load (GL) were proposed in the 

1980s as ways to measure carbohydrate quality. Despite extensive re-
search, findings published in the literature are inconsistent with respect 
to most health outcomes. In addition, GI values published in tables 
and on food packaging may not characterize the glycemic response of 
a food as eaten, especially when it is eaten as part of a meal. Further, 
these values do not consider variability introduced by any number of 
factors, such as variety, ripeness, degree and mode of cooking or pro-
cessing, presence of other foods or ingredients, temperature of food 
when eaten, amount eaten, etc. The use of GI as a touchstone in food 
selection, diet planning, and other applications is concerning due to 
its wide variability and limited precision and accuracy. With standard 
deviations that are equal to class boundaries for medium-GI foods, 
designation of foods as high, medium, or low GI is prone to error. This 
discussion identifies some of the limitations surrounding the measure 
and its use and outlines the weak evidence for many health outcomes. 
Further, the assignment of GI values to food intake data collected in 
dietary surveys by food frequency and other vehicles is questioned. It 
is unclear whether GI and GL can help consumers determine carbo-
hydrate quality and guide them to make food choices that may reduce 
their risk of associated chronic diseases. Although a group of noted 
scientists has met and published a consensus on carbohydrate quality, 
their findings are not aligned with those of other recognized health-
promotion organizations, such as the American Diabetes Association 
or the Academy of Nutrition and Dietetics Evidence Analysis Library. 
Thus, their conclusion that GI and GL are measures of carbohydrate 
quality is not substantiated by the state of the research at this point in 
time, making the publication of a consensus on the subject premature.

In the 1980s, David Jenkins and colleagues developed the gly-
cemic index (GI), a measure that compares the blood glucose 
response to various carbohydrates with the blood glucose re-
sponse to a standard amount of glucose, for use as a tool in dia-
betes research (1). Their work not only sparked development of 
the companion measure, glycemic load (GL), which considers 
the quantity of carbohydrate as well, but also fostered extensive 
research. However, a recently published consensus statement that 
posits that these measures be used to determine carbohydrate 
quality and aide in food selection has stirred controversy (2).

This article delineates the reasons for concern about the pub-
lished consensus statement and provides evidence-based argu-
ments describing the potential for alternate conclusions. Issues 
discussed range from the inherent variability in GI caused by 

food-specific factors, such as species, variety, and cooking 
method, to the effects of accompanying foods, total diet, and 
the physiological parameters of the individual consumer. The 
wide variability in GI values raises concerns about their use in 
tables (3,4) or on food packaging to delineate carbohydrate 
quality, especially as touchstones for selection of foods in the 
diet (5). Further, inconsistencies in observed health outcomes 
among both intervention and epidemiological studies raise ad-
ditional concerns (6–8).

Inherent Variability of the Measure
Interlaboratory (ring) tests, using strictly proscribed proto-

cols, show significant variability among testing centers and sub-
jects and within subjects, suggesting GI measures lack the stan-
dards of accuracy and precision required for labeling and other 
purposes (2,3,9,10). The wide variability of the measure is attrib-
uted to many factors, starting with the calculation, rather than 
direct measurement, of available carbohydrate (9,11,12). (In Food 
Energy—Methods of Analysis and Conversion Factors [11] the 
Food and Agriculture Organization of the United Nations [FAO] 
states, “Obtaining values by difference should be discouraged be- 
cause these values include the cumulative errors from the ana-
lytical measures of each of the other non-carbohydrate com-
pounds; these errors are not included in direct analyses.”)

Glucose or white bread is used as the control in establishing 
a GI value. The coefficient of variation (CV) for white bread is 
high, averaging ~30% and ranging from 13.9 to 45.3% in vari-
ous studies (13–15). In one study of 63 adults, the CV for the 
GI of white bread compared with a glucose control was 62 ± 15. 
The mean intra- and interindividual CV was 20 and 25%, re-
spectively (14). Increasing sample size, replication of reference 
and test foods, and length of time for blood sampling did not 
improve the CV. The authors (14) note that such variation 
makes food selection using GI unlikely to be helpful. This is 
true because foods are categorized as medium GI if values fall 
between 56 and 69. Because standard deviation (SD) equals the 
width of the class boundaries for medium-GI foods, the desig-
nation of a food as low (GI < 55 on the glucose scale), medium 
(GI 55–69), or high (GI ≥ 70) is fraught with error.

Numerous differences in physiology, hormones, and diges-
tion among individuals, as well lifestyle factors such as exercise, 
increase variability (9,10,15). Differences in metabolism, blood 
glucose clearance, hemoglobin A1c (HbA1c), and insulin sensi-
tivity, and even the degree of mastication, can affect glycemic 
response (16,17). Further, GI values published in tables or on 
food packaging fail to reflect radically different glycemic re-
sponses to a single high-GI food eaten all at once (in a large 
bolus) versus sipping or nibbling of the same food over several 
hours (10,18). An individual’s overall diet, foods eaten during 
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previous days and meals, and glucose tolerance can also affect 
glycemic response (19,20).

Wide Variability of GI Values due to Food Factors
Factors inherent in a food and its preparation or other com-

ponents in a food have a tremendous impact on glycemic re-
sponse (21). For a particular food, GI values differ widely de-
pending on variety, species, cultivar, ripeness, particle size, food 
form, mode of preparation and storage, and temperature of the 
food when eaten; type and amount of sugars, starches, and fi-
bers; and the presence of fat, protein, acid, or phytonutrients 
(8,13,22–32). Because most foods are eaten with other foods, 
the glycemic response to a food tested singly does not accu-
rately predict the glucose response when the food is customar-
ily eaten as part of mixed snacks and meals (13,33,34). One study 
showed that published GI values overestimated glycemic response 
by as much as 50% when the food was consumed as part of a meal 
(26). The GI of previous meals consumed also affects the glyce-
mic response to subsequent meals (35). This “second meal” ef-
fect, when used wisely, shows benefits for diabetics, but also 
documents it as a potential source of variation (36).

Because food amounts consumed may be quite different from 
those used for the GI test, GL was introduced as an additional 
measure. The GL is calculated by multiplying the GI of the food 
by the number of grams of total carbohydrate in the food. Be-
cause GI values can have high SDs, multiplication of the grams 
of available carbohydrate to calculate GL has the potential to am-
plify any inherent error, diminishing the accuracy of GL as a 
measure.

Assigning GI or GL values to food intake data from surveys 
or food frequency studies and using them to link health out-
comes can also be problematic. The probability that the values 
assigned reflect glycemic response is limited because survey 
instruments rarely collect data on the many factors that impact 
GI variability. This could explain the inconsistent findings 
among studies that associate GI and GL with various health 
outcomes.

Some argue that, for many nutrients, as with the GI, the amount 
of nutrient delivered when a food is eaten may be quite different 
from that published in tables or on food packaging (37). How-
ever, unlike the GI or GL, other published nutrient values are 
rarely used as touchstones to determine whether a specific food 
should be selected or excluded when constructing a normal diet.

Inconsistent Findings Fail to Show Wide Consensus
Meta-analyses and systematic reviews show inconsistent 

health outcomes for most measures. Neither dietary GI nor GL 
was independently associated with the risk of gastric, pancre-
atic, or colorectal cancers (38–41). GI was not associated with 
endometrial cancer risk but had a moderate association with 
GL (odds ratio [OR] = 1.21) (42). There was an extremely 
weak association for GI and GL with breast cancer (relative 
risk [RR] = 1.01 and 1.04, respectively) (43).

For body mass index (BMI), there was no association for GI 
in either adults or adolescents (41,43–45). With respect to weight 
loss, findings from the Diogenes cohort and a historical review 
suggest that a modest reduction in GI (4.7 GI units) coupled 
with a modest increase in protein could aide in maintenance of 
weight loss (46,47). (The Diet, Obesity and Genes [Diogenes] 
dietary intervention study includes 97,942 subjects from 7 co-
horts involved in the European Prospective Investigation into 
Cancer and Nutrition [EPIC] study participating in the Diogenes 

project. For this cohort weight measurements were taken at 
baseline and follow-up, which were used to predict future obe-
sity prevalence using various regression models.) In contrast, 
the Norwegian Institute of Public Health deems the efficacy of 
low GI diets for weight loss in adolescents to be “inconclusive” 
(48). The Academy of Nutrition and Dietetics Evidence Analy-
sis Library (AND EAL) and position papers on overweight 
have found that evidence from randomized control trials is 
nonsupportive of GI (without calorie restriction) used for 
weight loss or maintenance (49,50). Diets with a greater like- 
lihood of compliance, or rich in dietary fiber and multiple 
functional foods, not GI alone, appear to play positive roles in 
weight and health (51,52). Further, satiety and short-term en-
ergy intake do not seem to be impacted by GI in most studies 
(13,53–56).

Low-GI diets may have weak positive effects on type 2 dia-
betes, but caution is urged because of high heterogeneity and 
the nature of the studies (57). One study notes that GL and car-
bohydrate intake were positively associated with the risk of hy-
perglycemia in diabetic patients, but that recommendations 
regarding low-GI diets should also control carbohydrate and 
energy intakes (58).

In terms of blood lipids, a low-GI diet may help lower total 
and LDL cholesterol. However, there was confounding with both 
dietary fiber and diets rich in functional foods, in that choles-
terol reduction was greatest when these occurred in tandem (41, 
53,59). Low-GI and -GL diets showed a potentially beneficial 
effect in obese adolescents in terms of triglycerides but had no 
impact on other measures (44). Fleming and Godwin (60) note 
the limited generalizability of findings due to heterogeneity among 
studies of diets and definitions of low and high GI. The Ameri-
can Heart Association notes mixed findings and recommends 
further study (61).

With regard to diabetes, a large-scale randomized trial in 
Canada showed little impact of low GI on measures indicative 
of diabetes, except for a marker of inflammation (62). The U.S. 
Dietary Guidelines Advisory Committee states that a moderate 
body of inconsistent evidence supports a relationship between 
high GI and type 2 diabetes. However, they also note that strong 
and convincing evidence shows little association between GL 
and type 2 diabetes (41). The American Diabetes Association 
position statement notes, “Studies show the total amount of carb 
is a stronger predictor of blood glucose response than GI,” but 
GI might be used as an adjunct to carbohydrate counting (63). 
The American Heart Association states that GI is an oversim-
plification and a “limited tool for managing diabetes” (64). The 
AND EAL affirms GI has little impact on HbA1c and does not 
recommend GI as a tool for management or therapy for dia- 
betes (65).

The AND EAL and authoritative bodies in France, Germany, 
Scandinavia, and the United Kingdom have published scientific 
reviews noting inconclusive findings and stating that evidence 
does not support use of GI and GL in health promotion and 
disease prevention (66). Nevertheless, some countries allow 
GI labeling on food products. In contrast, the European Food 
Safety Authority (EFSA) has rejected a low GI claim, noting that 
although it may have some favorable effect on metabolic risk its 
role in weight management and prevention of diet-related dis-
eases is inconclusive (67).

Health Canada’s assessment of GI for labeling purposes af-
firms that the GI measure has poor accuracy and precision for 
labeling purposes and does not reflect glycemic response, which 
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varies with the amount of food eaten and by replacement of some 
available carbohydrates with unavailable carbohydrates (10). 
They note that an unintended focus on GI for food selection 
could lead to food choices that are inconsistent with national 
guidelines. Hence, Health Canada’s current opinion is that the 
inclusion of the GI value on the label of eligible food products 
would be misleading and would not add value to nutrition la-
beling and dietary guidelines for assisting consumers with mak-
ing healthier food choices.

Confusion about the Measure
There are several sources of confusion among the general pub-

lic. Consumers and many of those providing popular dietary 
guidance do not

1) Understand available carbohydrate, and, therefore, are un-
aware that GI values may not be applied to 50 g of food or 
to the portion they are eating.

2) Realize the amount of food needed to reach 50 g of avail-
able carbohydrate may be large if the food is high in fiber 
and water.

3) Understand that the GI of foods such as inulin-based 
pasta cannot be accurately determined because there is 
so little available carbohydrate that the quantity needed is 
beyond what an individual can eat in a single setting.

4) Recognize that comparisons stating that candy bars have 
lower GIs than whole wheat bread misuse the GI con-
cept.

Confusion Leads to Misguided Food Choices
Using single attributes, such as GI or GL, to select or evaluate 

foods can have unintended consequences (10). First, GI and GL 
do not represent the overall nutrient content (vitamins, miner-
als, fiber, etc.) of a food. Second, the GI of a food can be lowered 
by replacing a high-GI sugar (e.g., glucose) with a lower GI sug-
ar (e.g., fructose or sucrose) or by adding fat or protein. In addi-
tion, such changes may reduce the nutritional quality of a food 
and increase risk for cardiovascular disease (CVD), metabolic 
syndrome, and obesity—ironically, the same diseases that a low-
GI diet is purported to address.

Conclusions
GI has several limitations. The GI of a food, even when deter-

mined under controlled laboratory settings and by experienced 
researchers, can have a large SD, calling into question the preci-
sion and accuracy of the measure. Table values for GI may not 
accurately reflect what is eaten in terms of variety, cooking meth-
ods, amounts, and processing. The use of GI and GL might do 
little to improve food choices and nutrient quality because they 
could lead consumers to choose bacon rinds over watermelon 
or a candy bar over carrots.

Further, GI and GL are of limited value in predicting a num-
ber of health outcomes. Specifically, evidence for use of GI to 
prevent or manage CVD and diabetes is nonsupportive or in-
conclusive (66). Because different diets may have the same GI 
score, conclusions about the health effects of these diets are in-
consistent from study to study. This variability has led many au-
thoritative organizations to question the validity and value of 
the GI in guiding consumer food choices. Thus, a consensus 
statement (2) seems both premature and contradictory to the 
results of reviews performed by authoritative bodies, as well as 
other analyses (68,69).
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Spotlight on Stuart Craig

Q: What is your current position and 
 what type of work do you do?

A: I lead the North America Regulatory 
 & Scientific Affairs team for DuPont 
 Nutrition & Health, ensuring the 
 safety, physiological benefits, and 
 regulatory status of our food ingre- 
 dients. I’m also a member of the 
 Technical Fellows Program, where 
 my curiosity about the role of nu- 
 trients in maintaining health focuses 
 on the gut microbiome (dietary fiber 
 and prebiotics), methyl metabolism 

 (betaine), and personalized nutrition.

Q: When and how did you first decide you wanted to work 
in cereal grain science?

A: I pursued my passion for nutritional biochemistry first as an 
undergraduate student and then worked on cereal grains (sor-
ghum and wheat) as a Ph.D. student under the guidance of 
Roger Stark at Heriot-Watt University in Edinburgh.

Q: How have you been involved with AACCI? How has your 
involvement with AACCI enriched your career?

A: I joined the Department of Grain Science & Industry at Kan- 
sas State University in 1984 and attended the AACC meeting 
(and Starch Roundtable) in Orlando that year. I recall experi- 
encing a warm welcome and sense of camaraderie from all 
levels of the organization—from fellow researchers, experi- 
enced professionals, and engaged staff. Over the years, I was 
encouraged by AACC leaders to volunteer, which led me to 
give a presentation, chair a technical session, organize a sym- 
posium, chair the Carbohydrate Division, chair several com- 
mittees, become an AACC Director, and ultimately serve as 
AACCI president in 2006. This was important over the years 
in helping me gain experience and confidence that I could 
apply in my career and personal life.

Q: In what ways do you see health and nutrition affecting 
how cereal-based foods are processed? How are health 
issues affecting cereal science and the cereal grain in-
dustry overall?

A: A significant body of research has already demonstrated the 
health and nutrition benefits of nutrients from cereals, par- 
ticularly from the bran and germ. Recent work highlights the 
heterogenous response of people to both refined and whole 
grains, leading to the potential to “personalize” diets based 
on these individual differences in genetics, epigenetics, and 
gut microbiome. This creates both a challenge and an oppor- 
tunity as consumers continue to look for personalized solu- 
tions to their dietary needs.

Q: This issue of Cereal Foods World focuses on “processing 
for health.” Do you have any perspectives on this topic?

A: In the past, “quality” of grains focused more on agronomic 
and processing aspects, such as yield, disease resistance, and 
milling quality (physicochemical, functional, and rheologi- 
cal). We now have better ways to measure the health effects 
of grains and their fractions that can lead to improved physi- 
ological responses.

Q: What’s next for you?

A: I’m part of a new Microbiome Venture team at DuPont and 
am really enjoying contributing to the effort to bring differ- 
entiated products to the market (particularly for digestive 
health). It’s strange to realize that I will retire within the next 
7 years! As I pause to reflect, I’m able to do more mentoring 
of younger colleagues on their career paths, provide input on 
innovation culture, and offer strategic insights to find novel 
technical solutions. Finally, my wife (Mhairi) and I started a 
new company (Double Spiral Chocolate) with a view to shar- 
ing a creative activity together in retirement. At the moment, 
however, it means we both have two jobs!

AACC International members each have their own story, and we want to highlight all of their amazing accomplishments. 
"Spotlights" is a series of individual and institutional member interviews capturing the unique stories of our many volunteers and 
their journeys with AACCI.

Stuart Craig
DuPont Nutrition & Health
Member for 33 years
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Spotlight on Stuart Craig Spotlight on Deirdre Ortiz

Q: What is your current position and 
 what type of work do you do?

A: I am a Fellow at the Kellogg Com- 
 pany. Fellows at Kellogg lead large, 
 global technical programs that have 
 significant business and technical 
 impact. One of the programs I lead 
 is the Global Grain+ Program that 
 looks at our core raw materials 
 (grains and potatoes) from seed to 
 farm to fork. It has allowed me to 
 learn more about grains (and pota- 
 toes) from a breeding, growing, 

 agronomy, sustainability, chemistry, 
 processing, and business perspective.

Q: When and how did you first decide you wanted to work 
in cereal grain science?

A: When I was in my mid-20s, my sister graduated with a food 
science degree and started working in the food industry. I 
was looking for a change in direction, and she encouraged 
me to consider food science as an option. I was living in Kan-
sas and loved to bake, so I looked into grain science. I wrote 
Dr. Carl Hoseney a letter, and he invited me to drive to Man-
hattan, KS, to visit, and eventually, I decided to go to grad 
school at Kansas State University to pursue a degree in grain 
science.

Q: How have you been involved with AACCI? How has your 
involvement with AACCI enriched your career?

A: I started out presenting my research while in graduate 
school. While I was in graduate school, there was a group of 
students from a couple of universities who helped start the 
AACCI Student Division and the AACCI Student Silent Auc-
tion that raised funds for the AACCI Foundation. Since that 
time I have served on a variety of committees, as the chair of 
the Annual Meeting Technical Program Planning Commit-
tee, on the Board of Directors, and now as the chair of the 
AACCI Foundation Board of Directors.

Q: In what ways do you see health and nutrition affecting 
how cereal-based foods are processed? How are health 
issues affecting cereal science and the cereal grain in-
dustry overall?

A: Cereals are a core source of nutrition and calories for many 
of the people around the world. Something like 50% of the 
world’s calories come from grains, and these foods are more 
digestible and palatable if they are processed either in some-
one’s home or in a food processing facility. Processing helps 
make foods safer by removing unsafe materials, like myco-
toxins, from the food stream or cooking to kill pathogens. 
Processing also makes cereals more digestible. In addition, 
cereals are a main source of fiber, which plays a significant 
role in human health. There are a variety of health issues that 
are impacting the cereal world—obesity, hunger, celiac dis-
ease, and others. These opportunities force us as cereal scien-
tists to think differently about the grains we are using and 
how we use them. There are opportunities through the entire 
food processing world to improve the overall health of hu-
manity while still providing the food choices that consumers 
desire. This is a balancing act that we are still perfecting.

Q: This issue of Cereal Foods World focuses on “processing 
for health.” Do you have any perspectives on this topic?

A: Food isn’t healthy or nutritious unless it is consumed. Grains 
are not very consumable without processing of some sort. 
Processing is a critical way we can improve human health 
globally. We need to become more transparent concerning 
how processing helps grains provide more benefits for hu-
man health.

Q: What’s next for you?

A: Good question! “Do justly, love mercy and walk humbly” is 
my motto. I hope to continue to do those things no matter 
where life takes me. And, I hope that life takes me on the 
road less traveled to some place interesting!

AACC International members each have their own story, and we want to highlight all of their amazing accomplishments. 
"Spotlights" is a series of individual and institutional member interviews capturing the unique stories of our many volunteers and 
their journeys with AACCI.

Deirdre Ortiz
Kellogg Co.
Member for 28 years



London is the place to be this October for the best and brightest 
in the grain-based foods industry. This year, attendees will have 
a unique opportunity to connect with leaders from academia, 
government and industry in a highly-targeted themed format 
over three days.

• Meet Industry Leaders and Experts
• Generate New Ideas
• Learn Practical Solutions
• Discover Cutting-edge Research
• Make Valuable Connections

In addition to the new format this year, there are Pre-Meeting 
Courses and Post-Meeting Tours you won’t want to miss!

• Pre-Meeting Chemical Leavening Short Course
• Pre-Meeting Enzymes in Cereal Grains and Cereal-Based 

Foods Short Course
• Pre-Meeting Methods in Action – Practical Baking Quality 

Workshop
• Post-Meeting Rothamsted Research Tour

Themes
AACC International’s annual meeting will be taking place in 
London for the first time and the schedule is shaping up to be as 
equally precedent-setting. Over the course of three science-
filled days, speakers for Cereals & Grains 18 will be providing 
insight, observations and discussion on all things pertaining to 
cereal grain science from field to fork.

The program for Cereals & Grains 18 will be based upon the 
following grain related themes:

Sustainability from Gene to Field: 
• Keynote Achim Dobermann, Rothamsted Research: Lead-

ing from an illustrious past into a demanding future
• Technologies for Grain Production – the latest develop-

ments in precision agriculture
• Exploiting Ancient, Traditional and Exotic Wheats
• The value of Data Science for Cereal Science, Bakery and 

Patisserie
• Wheat Breeding for Quality 
• Rice, Pulses
• The challenges and future of managing the grain industry 

from international perspectives

Safe Ingredients and Quality Products:   
• Keynote Ian Roberts, Bühler Group: Digitization to 
 revolutionize the grain value chain of the future
• Challenges of Managing Food Safety 
• Current innovations and challenges in extrusion of 
 grains and legumes
• EU Starch Roundtable
• Shelf Life Challenges in the New Retail Model
• Fermentation Science: Bread to Beer
• Bioprocessing: designer tool for food structure and texture
• Linking Consumer perceptions with analytical data to 
 address consumer needs
• Mycotoxins
• Innovation in cereal research and analytical methods
• Carbohydrate Quality with Glycemic Index point/counter 

point discussion

Formulating for Health and Wellness:  
• Keynote Walter De Man, Mars Food: MARS Food Health 

and Well-Being Strategy
• Processing for Health: how to steer processing for im-

proved health benefits of cereal products
• Reduced Sugar, Sodium & Fat
• Game Changers II: Demystifying Grains and Nutrition
• Health aspects of grain-based products
• Moving the Whole Grain Definition Forward: Perspectives 

from the Stakeholders (AACCI-ICC Joint Panel)
• Sourdough & Rye: New insights, new innovations
• Innovation in quality testing and manufacturing of 
 wheat-based products – an Asian perspective
• Fostering Innovation – General Session Panel led by 
 Thorsten Koenig, EIT

Within these themes, three different types of sessions offer three 
different experiences:
Featured Sessions: These provide a broad overview of topics 

ranging from managing food safety to the definition of whole 
grain.

Focus Sessions: A closer look at topics like global health and 
ancient wheats.

Deep Dive Sessions: In-depth examinations of fermentation 
science, innovation in cereal research, and more. 

October 21 – 23 
Hilton London Metropole 
London, United Kingdom

Experience Drives Innovation in London
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REGISTER TODAY!

Pre- and Post-meeting Events
Register early for pre- and post-meeting events – space 
is limited!
  
Chemical Leavening Short Course 
(Course is limited to 20 participants)
Friday, October 19 & Saturday, October 20 | 8:30 – 17:00
Hilton London Metropole

This two-day course is designed to provide a comprehen-
sive overview of leavening agents and systems and their 
interactions with other ingredients. It will cover the 
formulation of chemically leavened baked goods including 
specialty products targeted toward health. Participants 
will gain skills that can be used immediately to improve 
existing products and create new ones.

Enzymes in Cereal Grains and Cereal-Based Foods 
Short Course
(Course is limited to 20 participants)
Saturday, October 20 | 9:00 – 17:00
Hilton London Metropole

This one-day course is designed to cover the current 
usage of enzymes in the baking industry. It will inform 
the audience about the newest applications and provide 
an open dialogue about the current concerns with the use 
of enzymes in baking applications.

Methods in Action – Practical Baking Quality 
Workshop 
(Course is limited to 50 participants)
Saturday, October 20 | 10:00 – 16:00
London Southbank University

Major global manufacturers will come together to present 
AACCI Approved Methods in this practical, hands-on 
workshop/seminar. The workshop will follow the 
methods through the Grain Chain relevant to research 
and professional organizations.

Rothamsted Research Tour 
(Space is limited to 56) 
Wednesday, October 24 | 10:00 – 14:00

Start your day with a visit to Rothamsted Research, the 
oldest continually operating agricultural research station 
in the world. Take time to visit this cultural icon, then 
head over to St. Albans in the afternoon.

Take advantage of these great opportunities and get 
more value from your London visit!

Keynote Speakers

Opening Keynote Speaker

Leading from an Illustrious Past into a Demanding Future

Achim Dobermann
Director & Chief Executive
Rothamsted Research 

Agricultural scientists have made a huge difference in feeding a 
growing world population and they will need to do even more in 
the future. New global trends are likely to have a profound 
impact on agriculture and thus als future research and 
innovation. Recent and future generations of humans will be 
looking for more diverse, more nutritious, locally sourced and 
sustainably grown food, while it is now also within our reach to 
wipe out the remaining pockets of poverty and malnutrition. 
 
Exploiting these opportunities will require leaner and faster 
science and innovation approaches that can take full advantage 
of advances in many disciplines. This requires a substantial 
culture change at institutional levels, at the level of individual 
scientists, and in science funding and policy. The desire to 
demonstrate ‘return for investment‘ by funders often results in 
incremental, safe science rather than high-risk steps. Scientists 
themselves need to work in a more problem-solving and 
entrepreneurial manner. New models for public-private 
partnership and a more open innovation environment will be 
required as opposed to secretive behaviour and excessive 
intellectual property protection that may stifle wider progress.

Monday Keynote Speaker

Digitalization to Revolutionize: The Grain Value Chain 
of the Future

Ian Roberts
Chief Technology Officer
Bühler Group

As a strong driver of the Digitalization initiative at Bühler 
Group, Ian Roberts, Chief Technology Officer, will bring a 
discussion on the future technologies and opportunities in the 
production of safe ingredients and quality grain products. In 
his Monday morning keynote address, participants will hear 
directly from Roberts about how digitalization is revolutionizing 
the grain value chain for efficiency, transparency and 
sustainability. Roberts promises to bring new perspectives 
and approaches to technology solutions.

continued
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Closing Keynote Speaker 

Nutrition as a Driver of Health & Wellbeing

Walter De Man 
Nutrition and Scientific & 
Regulatory Affairs
Mars Food

As the main driver and developer of the innovative Health & 
Wealth being strategy of the MARS Food segment, Walter 
De Man, Global Nutrition and S&RA Director for MARS Food 
and Drinks will discuss some background on the principles that 
MARS used to develop their Health and Wellbeing Ambition 
2017 Progress Report. In his discussion, De Man will provide an 
overview of where MARS Food is today in terms of successes 
but also in terms of where they struggled. You’ll hear from an 
expert how lessons and practices apply to the science you’ve 
learned throughout the conference to take back with you for 
your real-world applications.

Closing Session Wrap-Up 

Jan Delcour 
Professor and Head of the 
Laboratory of Food Chemistry 
and Biochemistry
Chair of the Leuven Food Science 
and Nutrition Research Centre 
(LFoRCe)
KU Leuven 

You won’t want to miss Jan Delcour at the closing session 
where he will synopsize the conversations, presentations, 
and outcomes from Cereals & Grains 18. He’ll pull 
together the topics presented by our keynote speakers, a 
triple helix of major players in the industry, and illustrate 
how working together to create innovation and advance-
ments in grains is the best chance for success in the future 
and how this year’s meeting ties this theme together.
________

Delcour obtained his Ph.D. degree in applied biological 
sciences from KU Leuven, Belgium, where he is now full 
professor, head of the Laboratory of Food Chemistry and 
Biochemistry, and chair of the Leuven Food Science and 
Nutrition Research Centre (LFoRCe). He was a senior 
editor of Cereal Chemistry, cofounder of Fugeia Nutrition 
Sciences and W.K. Kellogg Chair in Cereal Science and 
Nutrition at KU Leuven. He has published more than 400 
peer-reviewed articles and is coeditor of Recent Advances 
in Enzymes in Grain Processing and, along with R. Carl 
Hoseney, author of Principles of Cereal Science and 
Technology, Third Edition. Jan is an AACC International 
past president, whose theme during his presidency was 
that government, academia, and industry all need to work 
together to achieve success. 
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Hotel information
Collaborate. Network. Engage. All Under One Roof.

Cereals & Grains 18 will be held at the Hilton London 
Metropole, just minutes away from London’s major attractions. 
It was carefully selected to be outside the Congestion Charge 
zone, while still being close to Heathrow Airport. When staying 
in London, you will be near major shopping attractions 
including: Oxford Street, Westfield London Shopping Centre, 
and Regent Street. The Palace of Westminster, Buckingham 
Palace, Hyde Park, are also just fifteen minutes away.

Special room rates from £184.80 ($245) per night have been 
arranged, and are inclusive of VAT and full buffet breakfast. 
The discounted meeting rate only lasts through September 17, 
or until the room block fills up, so be sure to visit the Cereals & 
Grains 18 Hotel page to reserve your room now!  

Cereals & Grains 18 Registration Rates
Approximate Conversion Rates (subject to change). Payments in USD only.

USD GBP
Early Registration (until August 20, 2018)

AACCI Member $1,115 £866.25 

AACCI Student Member $550 £412.50
Regular Registration (after August 20, 2018)

AACCI Member $1,370 £1,027.50
AACCI Student Member $550 £412.50

Nonmember & Single Day Registrations

Nonmember Attendee* (see special meeting 
plus membership offer below) $1,495 £1,121.25

Additional Exhibitor Registrations (one 
registration included with booth purchase) $975 £731.25

Single Day Registration (limited to one 
registration per person) $450 £337.50

Exhibit Only – Single Day (limited to one 
registration per person) $400 £300.00

* Membership means MORE. Connect and SAVE with
Meeting Registration Plus AACCI Membership 

Join AACCI with your Cereals & Grains 18 registration and 
receive substantial savings while instantly connecting to the 
most active global community of cereal grain scientists and 
practitioners. Select the “Meeting Plus Membership” registration 
rate and join today! All the benefits of membership are included.

Registration USD GBP

Early Reg + AACCI Membership $1,255 £941.25

Regular Reg + AACCI Membership $1,470 £1,102.50

Reg + AACCI Student Membership $590 £442.50

• Non-Industry guests wishing to attend receptions must purchase tickets 
in advance. Non-industry guests do not have access to the sessions.

Cereals & Grains 18 Exhibitors
Agri-Neo, Inc.
Baker Perkins Ltd
BASTAK Instruments
BENEO Inc.
Best Cooking Pulses, part of Avena Foods Ltd. 
Brabender GmbH & Co. KG
Budenheim
C.W. Brabender Instruments, Inc.
C-Cell
Campden BRI
Cereal Ingredients, Inc.
Cgrain AB
CHOPIN Technologies
DSM Food Specialties USA, Inc.
Edlong
Elsevier
FOSS Analytical
FrigorTec GmbH
GlycoSpot
Gold Coast Ingredients
Henriette (Flag Shop for The Low Carbohydrate Bread
 Society of Japan)
ICL Specialty Solutions
Klaus Ruttmann GmbH
Lallemand Bakery Solution
Northern Crops Institute
PacMoore Products, Inc.
Palsgaard, Inc.
Perten Instruments AB
Perten Instruments, Inc.
QualySense AG
Randox Food Diagnostics
REPCO
REVTECH Process Systems
Siemer Specialty Ingredients
Stable Micro Systems
U.S. Highbush Blueberry Council
Wenger Manufacturing, Inc.

As of July 9, 2018REGISTER TODAY! aaccnet.org
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The AACCI European Section (Cereals&Europe [C&E]) 
continued its journey from the charming Mediterranean city 
of Thessaloniki, Greece, to the European “Phoenix city,” War-
saw, Poland, located on the banks of the river Wisla. From 
April 18 to 20, 2018, the 17th European Young Cereal Scien-
tists and Technologists Workshop (17th EYCSTW) was hosted 
by Warsaw University of Life Sciences (WULS-SGGW). WULS-
SGGW is one of the oldest and largest universities in Poland. 
With more than 1,300 university teachers and instructors, the 
university consists of 13 faculties and 27,000 students. Follow-
ing tradition, the 2018 workshop drew 30 young scientists from 
various European countries, including the United Kingdom, 
Spain, Germany, Turkey, Belgium, Poland, Finland, and Italy.

On Tuesday, April 17, at the Pulawska Residence Entrance 
Hall, participants were equipped with their room keys, sponsor 
gifts, and workshop program by the local organizers, Sabina Karp, 
Ewelina Pieczykolan, and Małgorzata Sobieralska, who are stu-
dents in Dr. Marcin Kurek’s research group (WULS-SGGW). 
Attendees were welcomed at a “meet-and-greet” dinner orga-
nized to give them the chance to socialize and network in an 
informal setting.

The first day of the workshop, Wednesday, April 18, began with 
a great breakfast at the Pulawska Residence Dining Hall. After-

17th European Young Cereal Scientists and 
Technologists Workshop: The Journey Continues 

in Warsaw—The European “Phoenix City”
Fatma Boukid1

Food and Drug Department, University of Parma, Parma, Italy

ward, participants and the organizing committees gathered in 
the conference room where the workshop lectures were held. The 
opening session was kicked off by Dr. Peter Weegels (C&E chair), 
Dr. Marcin Kurek, and Prof. Agnieszka Wierzbicka (WULS-
SGGW) who officially welcomed this year’s attendees. Next, 
Fatma Boukid (C&E student board member) gave a motivating 
talk underlining the great opportunities provided by AACCI 
and C&E for cereal scientists.

The theme of the first session of the day was gluten-free. The 
session opened with a captivating keynote lecture by Dr. Weegels 
that gave new insights into the open innovation of small and me-
dium enterprises versus multinational companies. Following 
this lecture, participants took the floor to present their recent 
research findings concerning the quality and safety of gluten-
free products. The attendees were extremely curious, asking 
many questions and sharing details about their trials. After 
lunch, during the second session, “Cereal Crops Versus Qual-
ity,” participants delivered several interesting presentations. The 
focus of the session was the influence of cereal breeding pro-
grams on chemical composition, functional characterization, 
and foodstuff applications. During the evening, participants, 
together with the organizing committee, took a bus to enjoy a 
surprise dinner. The destination was the Siwy Dym Restaurant, 
which is located in a beautiful old building. A delicious buffet 
that included typical Polish foods and beverages was specially 1 Student board member of AACCI Cereals & Europe.

17th EYCSTW participants and organizing committee.
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Konstantinos Korompokis (Laboratory of Food Chemistry and Biochem-
istry, Leuven Food Science and Nutrition Research Centre, Belgium) is pre-
sented the 17th EYCSTW Gold Award for best oral presentation.

arranged for the occasion. Polish folk songs playing in the back-
ground gave a special and authentic ambiance to the dinner. 
Participants had a good time chatting, sharing stories, and tak-
ing selfies. The 17th EYCSTW is trending!

The second day, Thursday, April 19, began with an outstand-
ing keynote lecture on “Cereal beta-Glucan,” given by Dr. Kurek 
during which he discussed the current state and perspectives of 
his research project. The young cereal scientists then had the op-
portunity to present their results during the “Cereal Bioactive 
Components” session. After lunch, participants met in the lobby 
to head out to the Warka Brewery. The participants were wel-
comed by the Warka staff, and the tour began. The facilities were 
very modern, and the attendees were particularly curious about 
the processing steps, quality standards, and end-product quality. 
As soon the tour ended, the factory staff organized a beer tast-
ing. Tired participants returned to the hotel for a quick rest. For 
dinner, attendees enjoyed delicious polish foods, casual discus-
sions, and good company.

On the final day of the workshop, Friday, April 20, Dr. Agnieszka 
Nawrocka (Institute of Agrophysics Polish Academy of Sciences) 
delivered an interesting keynote lecture emphasizing the current 
application of spectroscopic techniques in studies of gluten pro-
tein structures. During the “Processing” session participants dis-
cussed wet/dry milling, fermentation, and malting and their as-
sociations with end-quality product. For the last session, “Pulses: 
The New ‘Superfood,’” Turkish participants delivered two inno-
vative presentations.

During the closing session, Drs. Weegels, Kurek, and Mahir 
Turhan presented two awards for best oral presentation. The 17th 
EYCSTW Gold Award was given to Konstantinos Korompokis 
(Leuven Food Science and Nutrition Research Centre, Belgium), 
and the 17th EYCSTW Silver Award was given to Gaetano 
Cardone (University of Milan, Italy).

The 17th EYCSTW was another successful event organized 
by C&E, with great contributions and hospitality provided by 
WULS-SGGW. The 2018 event was the perfect opportunity for 

Attendees enjoy Polish cuisine.

Gaetano Cardone (University of Milan, Italy) is presented the 17th EYCSTW 
Silver Award for best oral presentation.

young cereal scientists to break the ice, get out of their comfort 
zone, and share their knowledge and expertise. On behalf of my 
fellow student participants, I would like to express my sincere 
gratitude to C&E for establishing and preserving this tradition. 
My sincere thanks also go to the sponsors for their contribu-
tions: GoodMills Innovation, Megazyme, ABenzymes, and 
Novozymes.

As the 17th EYCSTW comes to an end, young cereals scien-
tists will keep up the good work, and next year our passion for 
cereals will bring us together for the 18th EYCSTW!



Thank You AACC International Corporate Members

ADM/Matsutani LLC
ADM Milling Co.
Agrifood Technology
Agri-Neo Inc.
Agtron
ANKOM Technology
Ardent Mills
Atyab Foodtech Trading & 

Services LLC
Baker Perkins
Bastak Food Machine Medical
Bay State Milling Company
Bell Flavors & Fragrances
BENEO 
BENEO Belgium
Bepex International LLC
Brabender GmbH & Co. KG
Briess Malt & Ingredients Co.
Budenheim USA Inc.
California Natural Products
Canadian Grain Commission
Canadian International Grains 

Institute
C-Cell C/o Calibre Control
Cereal Ingredients 
Cereal Science and Technology 

South Africa
CHOPIN Technologies
Dakota Specialty Milling, Inc.
Deibel Laboratories
Delavau
DSM Food Specialties USA, Inc.
DSM Nutritional Products

Emirates Grain Products Co. LLC
EnviroLogix Inc.
Enzyme Development Corp.
Foss Analytical
FOSS North America Inc.
General Mills
George Weston Foods
GlycoSpot
Gold Coast Ingredients, Inc.
Grain Craft
Grain Millers, Inc.
Grain Processing Corporation
Grains and Legumes Nutrition 

Council
Granotec Grupo
Great Plains Analytical Laboratory
Healthy Food Ingredients
Hunter, Walton & Co., Inc.
ICL Food Specialties
ILC Micro-Chem
InfraReady Products (1998) Ltd.
J. Rettenmaier USA LP
Kellogg Co.
Lallemand Baking Solutions
MANE, Inc.
McCormick & Co., Inc.
Miller Milling Company
Minot Milling
Monsanto Co.
National Manufacturing Co.
Neogen Corp.
Nisshin Seifun Group Inc.
Northern Crops Institute

NP Analytical Laboratories
OMIC USA Inc.
P&H Milling Group Limited
Palsgaard Incorporated
Perten Instruments
Perten Instruments AB
Polypro Intl. Inc.
Productos Ramo S.A.
QualySense AG
Radio Frequency Co., Inc.
R-Biopharm Inc.
Red Star Yeast Co. LLC
Richardson Milling
Romer Labs Inc.
Seaboard Overseas Trading Group
SEMO Milling, LLC
Sensus America, Inc.
Shur-Gain Nutreco Canada
Stable Micro Systems Ltd.
Suzanne’s Specialties 
Symrise Inc.
Takenouchi Barley Processing Inc.
Tastepoint By IFF
Texture Technologies Corp.
The Hershey Co.
The Mennel Milling Company
The Southern African Grain 

Laboratory NPC 
The XIM Group, LLC
United Flour Mill Co. Ltd.
US Energy Partners LLC
Wenger Manufacturing Inc.

Thank you to all our corporate members, who contribute their knowledge, expertise, and professional involvement to ensure the 
continued strength of the association and to promote excellence in cereal grain science worldwide.  We appreciate their support and 
encourage you to contact them directly for detailed information on their products. Visit the AACCI Corporate Member web page for 
comprehensive company and contact information.
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James E. Dexter
It is with profound regret that we an-

nounce the passing of James (Jim) Dex-
ter, on March 21, 2018, at the age of 71. 
Jim is survived by his wife of 44 years, 
Dianne, daughter Jody, and grandson 
Ethan (Huston). He is also survived by 
his sister Christine (Boser) and her 
husband, Bob, his brother-in-law Mur-
ray (Malcolmson) and Bob’s wife Linda, 
and his many nieces and nephews. He 
was predeceased by his son David.

Jim was a talented research scientist and was employed by the 
Grain Research Laboratory (GRL) division of the Canadian 
Grain Commission (CGC) for 34 years. He joined the CGC in 
1974 after completing his Ph.D. degree in cereal chemistry at 
the University of Manitoba. He retired in 2008.

Jim started his career at GRL working in durum wheat re-
search, developing methodologies to identify and measure char-
acteristics affecting pasta-making quality. His work contributed 
to the development of Canadian durum wheat varieties with su-
perior pasta-making quality, which increased market accep-
tance and led to increased production of Canadian durum 
wheat. Jim moved on to take the helm of the GRL Milling Re-
search Unit, where his work was instrumental in making the 

the University of Minnesota, serving in this capacity from 1972 
to 1987. Under his direction, the department became one of the 
best known and most highly regarded departments in the world 
of academic food science and nutrition.

In 1988, following retirement from the university, Elwood 
joined AACC International in Eagan, MN. He was the first 
AACCI scientific director and then manager of analytical ser-
vices, working for AACCI part-time until 2000. Elwood was the 
executive editor of he AACCI monthly journal Cereal Foods World 
(1987–1991), and developed the system of laboratory proficien-
cy testing AACCI continues to offer to grain-based and other 
food industry companies. He was also coeditor and a principal 
author of the only comprehensive book published on breakfast 
cereal technology, Breakfast Cereals and How They Are Made. In 
its second edition, it is used as a reference around the world.

During both his active and retirement careers, Elwood held 
office in several international and local scientific associations 
and was the recipient of numerous awards. He was named an 
AACCI Fellow (1990) and received the William F. Geddes 
Memorial Award (1996). In 2002 he received the AOAC In-
ternational Reference Material Achievement Award. He also 
served on several national IFT committees, was elected a Fellow 
of IFT, and received the Calvert L. Willey Award (1991).

After Irene’s death in 1977 following a long illness, Elwood 
married Florence Zar (Flossie) in 1979. They shared a love of 
the outdoors and camping, as well as community service.

Elwood was predeceased by his parents, brother Keith, sister 
Betty Ann, sister Phyllis (Leslie), first wife Irene (Sebille), and 
second wife Florence (Flossie). He is survived by sons John 
(Wendy) of Atlanta, GA, and Keith (Lilian) of Eagan, MN, and 
four grandchildren.

News

Obituaries
Elwood F. Caldwell

Professor Elwood Caldwell, passed 
away on May 22, 2018, at the age of 95. 
Elwood, a native of Canada, grew up in 
rural Gilbert Plains, MB. He graduated 
from the University of Manitoba in 1943 
after having served as a junior signals 
officer in the Canadian Army. He worked 
as a cereal chemist in flour mills in Kee-
watin, ON, and Medicine Hat, AB, while 
continuing in the Canadian Army re-
serve for the duration of WWII.

In 1947, he continued his education, interspersed with tech-
nical employment in the brewing, vegetable oil milling, and cookie 
and cracker baking industries, earning an M.A. degree in food 
chemistry and Ph.D. degree in nutrition at the University of To-
ronto. He married Irene Sebille in 1949, and in 1953 they moved 
to Chicago, where he joined The Quaker Oats Co. as a project 
leader. Over the next 19 years, he was promoted, becoming di-
rector of R&D. He and Irene moved to Barrington, IL, had two 
children (John and Keith), and became U.S. citizens.

While with Quaker, Elwood earned an MBA in financial 
management and a degree in computer science at the University 
of Chicago. Working in R&D, he was involved in the develop-
ment of new products, including Instant Oatmeal, Life Cereal, 
and Cap’n Crunch. He also discovered, published, and gained 
legal recognition of the role of phenolic antioxidants in preserv-
ing the shelf life of ready-to-eat cereals.

Elwood relocated to Minnesota in 1972 to become the first 
head of the new Department of Food Science and Nutrition at 

practice of debranning durum wheat before milling a common 
practice in the industry. Jim had the ability to see the bigger pic-
ture and to draw on his vast experience to address and clearly 
explain critical issues, detailing their impacts and potential 
ramifications on the global market to producers, exporters, pro-
cessors, and scientists. He was generous in sharing his insights, 
experiences, and especially encouragement with new scientists, 
often making suggestions that improved their research and con-
fidence. We all benefited from his open and frank manner. Fol-
lowing his retirement Jim kept in touch with many of his former 
colleagues and regularly met them for lunch at the King’s Head 
Tavern to catch up on what was going on in everyone’s lives.

Jim was an active member who served AACC International 
as president (2004) and chair of the Board of Directors (2005). 
He was named an AACCI Fellow (2007) and received the Wil-
liam F. Geddes Memorial Award (2011), as well as the Queen 
Elizabeth II Golden Jubilee Medal (2002). He also chaired the 
Canadian Standards Council Grains and Pulses Committee.

With his family, Jim spent summer days at Booster Lake, MB, 
and enjoyed vacations to Hawaii, Europe, and Disneyland. Jim 
and Dianne also attended many AACCI conferences.

Jim was diagnosed with cancer in 2012 and fought a coura-
geous battle for six years. Donations in Jim’s memory may be 
made to Jocelyn House Hospice, through the Jocelyn Hutton 
Foundation.
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Important AACCI Dates
September 2018
10. Student Baking Competition intent-to-enter deadline

17. Reservation deadline for Hilton London Metropole

October 2018
19–20. Cereals & Grains 18: Pre-meeting Chemical 
Leavening Short Course, London, U.K.

20. Cereals & Grains 18: Pre-meeting Enzymes in Cereal 
Grains and Cereal-Based Foods Short Course, London, U.K.

20. Cereals & Grains 18: Pre-meeting Methods in Action-
Practical Baking Quality Workshop, London, U.K.

21–23. Cereals & Grains 18 – AACCI Annual Meeting, 
London, U.K.

24. Rothamsted Research Post-meeting Tour, 
Harpenden, U.K.

For more information visit 
aaccnet.org
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New Members
Aldrich, C. G., research associate professor, pet food program 

coordinator, Kansas State University, Manhattan, KS, U.S.A.
Anyieni, A., Arden Mills, Denver, CO, U.S.A.
Aymard, P., principal scientist, Mondelez International, Saclay, 

France
Bender, D., University of Natural Resources and Life Sciences 

Vienna, Vienna, Austria
Boeswetter, A., Leibniz-LSB @ TUM, Freising, Germany
Cain, C., General Mills JFB Research Center, Minneapolis, 

MN, U.S.A.
Callcott, E., Charles Sturt University, Wagga Wagga, Australia
Chen, W., food scientist, Bellevue, WA, U.S.A.
Clark, K., General Mills JFB Research Center, Minneapolis, 

MN, U.S.A.
Collins, M., CEO, CEM Corporation, Matthews, NC, U.S.A.
Corrado, M., Quadram Institute, Norwich, U.K.
Deb, M., The M.S. University of Baroda, Vadodara, India
Dong, H., University of Alberta, Edmonton, AB, Canada
Hanrahan, V., St. Paul, MN, U.S.A.
Hansen, A. R., Kobenhavns Universitet, Frederiksberg C, 

Denmark
Houk, B. J., quality/regulatory tech, The Mennel Milling Co–

Bucyrus, Bucyrus, OH, U.S.A.
Jakobi, S., Freising, Germany
Jeganathan, B., graduate research assistant, University of Al-

berta, Edmonton, AB, Canada
Keeratiburana, T., student, Suranaree University of Technol-

ogy, Nakhon Ratchasima, Thailand
Kurek, M. A., assistant professor, Warsaw University of Life 

Sciences, Warsaw, Poland
Lan, X., Shanghai Jiaotong University, Shanghai, China
Leclerc, G., national manager, laboratories, and QA/FS regional 

manager, Bimbo Canada, Laval, QC, Canada
Lee, J. J. Y., ARC ITTC for Functional Grains, Sydney, Australia
Li, M., Beijing, China
Li, X., Wuxi, China
Li, X., graduate student, University of Minnesota, St. Paul, 

MN, U.S.A.
Lucas, I., Technical University of Munich, Institute of Brewing 

and Beverage Technology, Freising, Germany
Luu, M., University of Minnesota–Twin Cities, Minneapolis, 

MN, U.S.A.
Martin, C., graduate student, INRA Montpellier–UMR IATE, 

Montpellier, France
Okyere, A., University of Minnesota, St. Paul, MN, U.S.A.
Penson, S., technical director, ADM Milling (UK) Ltd., 

Corby, U.K.
Pete, M., St. Paul, MN, U.S.A.
Rao, S., Wagga Wagga, Australia
Riaz, Q. T. A., School of Biomedical Sciences and Graham 

Centre for Agricultural Innovation, Wagga Wagga, Australia
Sagnelli, D., Nottingham, U.K.
Saint-Jacques, H., quality manager, Ardent Mills, LLC, Colton, 

CA, U.S.A.
Saji, N., School of Biomedical Science, Wagga Wagga, Australia
Shayanfar, S., General Mills Inc., Minneapolis, MN, U.S.A.
Shin, H.-Y., Department of Food Science and Biotechnology, 

Kangwon National University, Chuncheon, South Korea
Sippel, C., General Mills JFB Research Center, Minneapolis, 

MN, U.S.A.

Stenz, B., BK Giulini GmbH, Ladenberg, Germany
Su, X., professor, Ningbo University, Ningbo City, China
Tadres, G. S., general manager, Egyptian Swiss Company for 

Milling, Cairo, Egypt
Tan, S., Charles Sturt University, Functional Grains Centre, 

Wagga Wagga, Australia
Tang, X., Jiangnan University, Wuxi, China
Torres Aguilar, P. C., Purdue University, West Lafayette, 

IN, U.S.A.
Tratt, J., University of Nottingham, Loughborough, U.K.
Verbauwhede, A., graduate student, KU Leuven, Heverlee, 

Belgium
Vuillot, P., process expert engineer, Tereos, Lillebonne, France
Wang, D., University at Buffalo, Buffalo, NY, U.S.A.
Whittinghill, J., Webster Groves, MO, U.S.A.
Williams, G. M., University of Wollongong, North Wollongong, 

Australia
Yoganandan, M., graduate research assistant, Kansas State 

University, Manhattan, KS, U.S.A.
Yuan, Y., GuangZhou, GuangDong, China
Zettel, V., University of Hohenheim, Stuttgart, Germany
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ACT NOW! Register for the
Cereal Science Event of the Year!

Learn, Collaborate, and Innovate with the best and brightest 
in the grain-based foods industry at Cereals & Grains 18!

Keynotes:

 Opening Keynote Speaker

Leading from an Illustrious Past into 
a Demanding Future 
Achim Dobermann
Director & Chief Executive, 
Rothamsted Research

 Monday Keynote Speaker

Digitalization to Revolutionize: 
The Grain Value Chain of the Future
Ian Roberts
Chief Technology Officer, Bühler Group

Closing Keynote Speaker

Nutrition as a Driver of 
Health & Wellbeing
Walter De Man
Nutrition and Scientific & 
Regulatory Affairs, Mars Food

October 21 – 23 
Hilton London Metropole 
London, United Kingdom

aaccnet.org/meet | #CerealsGrains18 #AACCI2018

Get all the latest updates for
Cereals & Grains 18. Follow AACCI!

aaccnet.org/meet | #CerealsGrains18 #AACCI2018

Get all the latest updates for
Cereals & Grains 18. Follow AACCI!

ACT NOW! Register for the
Cereal Science Event of the Year!

http://aaccnet.org/MEETINGS/ANNUAL/Pages/default.aspx
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