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Abstract

Food manufacturers could potentially benefit fromods designed to influence
mastication and the breakdown of food into a boliastication and the properties of
the food bolus have been linked to the sensorynamiational properties of foods. This
research aimed to investigate the mastication amticfe size distribution of the food
bolus of heterogeneous food systems, where one doatponent is combined with
another, with a view to indentifying parameterst tinfluence mastication and the food
bolus. A range of matrices of contrasting physjmaperties, which were embedded

with peanut pieces of contrasting physical propsrtivere investigated.

Trials involved serving these heterogeneous foodsubjects standardized by volume
(concluded as the most suitable serving methodviatlg an investigation of natural
bite size). Subjects were asked to chew and esqzetthe bolus (where the number of
chews and chewing time were recorded) before thexd the expectorated bolus was
washed away to isolate the peanut particles, aadoanut particle size distributions
determined using image analysis. A Rosin-Rammierction was fitted to the
cumulative distribution data of each bolus to dempeanut particle size parameteis (
and broadnes®)).

Results demonstrated that in heterogeneous foogmnsgsthe presence of one food
component (the matrices) can alter the breakdowanaither food component (the
peanuts) embedded inside that matrix. The praseraf the matrix influenced

mastication, the rate of peanut particle size redncand the spread of the distribution
of peanut particle size inside the matrix, but dmt influence thedsg of the peanut

particle size distribution inside the bolus. Pdapuoperties did not influence

mastication, but influenced th#, of the peanuparticle size distribution, the rate of
particle size reduction, and the retention of péaimuthe bolus. It is postulated that the
properties of the matrices largely influence thebaibility teeth contact peanut particles
(known as the selection function), and the propsrtf the peanuts largely influence

particle fracture per chew (known as the breakagetion).
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Chapter 1 : Introduction

Mastication is the process of breaking down foodigas into a food bolus suitable for
swallowing (Woda et al., 2006a). The food bolusiéemed safe to swallow once it
reaches certain criteria in terms of particle siabrication, and cohesion (Hutchings &
Lillford, 1988; Engelen et al., 2005b; Chen, 2009k is an instinctive behaviour
common to allHomo sapiens, which provides satisfaction during the consumptidén
food. By reducing the particle size of foods up ttwee orders of magnitude,
mastication allows the high energy requirementthefhuman body to be met (Lucas,
2004).

Mastication is a complex process as food varialaled human variables interact
simultaneously. This process is summarised inreigdl. The properties of food have
been widely shown to influence mastication (Hiienedel., 1996; Hilemae & Palmer,
1999) and the properties of the swallowed food $dloebler et al., 2000; Jalabert-
Malbos et al., 2007). For instance the toughnessschel & Hoffman, 1988), hardness
(Peyron et al., 2002), rheological properties (Eost al., 2006) and overall size on
ingestion (Lucas & Luke, 1984) of foods are knownirtfluence chewing behaviour.
Human factors such as dentition, age, and gendez Ao been widely shown to
influence mastication (Peyron et al., 2004a; Mistmgl-Dutour et al., 2008), and the
food bolus (Jiffry, 1983; Fontijn-Tekamp et al. 02®).

The food industry is interested in the masticafiwocess because chewing behaviour
and the particle size distribution of the food I®ohas been related to the glycemic
response (Read et al.,, 1986; Suzuki et al., 20GBaRana et al., 2010a), texture
perception (Brown et al.,, 1994; Brown & Braxton,0B), and the extent of flavour
release (Taylor, 1996; Alfonso et al., 2002). Gapueently, an opportunity exists for
food manufacturer’s to take advantage of the chgwnocess for improving the sensory
and nutritional benefits in manufactured foods. particular, the opportunity presents
itself in heterogeneous foods, where more than tgpe of food is combined with
another (such as a muesli bar containing peanuais, @and raisins). The bulk of
material that is eaten is heterogeneous in compnsénd most manufactured foods are

heterogeneous.  However, very little work has baerdertaken investigating



mastication and the resulting food bolus of suabd It is possible that the different
food components of heterogeneous foods interactctiiij mastication and the

formation of the food bolus.
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Figure 1-1: Diagrammatical representation of the chewing process and its outcomes, illustrating the
influence of food and human variables.

The aim of this project was to manipulate chewimdpdviour and the resulting food
bolus using heterogeneous food systems. Experswegsite designed using continuous

food matrices (gelatine gel, chocolate, scone, lanogvnie) containing embedded test



pieces (peanuts), where the properties of the xatrd the properties of the internal

test piece were modified.

The purpose of this work was to evaluate the efdéébod structure on oral processing,
rather than to explore trends in chewing behavasong a population. Consequently,
many studies in this thesis have used single stshjedunction as ‘chewing devices’ to
explore a wide range of food variables. Theseexibjwere carefully selected to avoid
participants whose oral processing characteristiese highly variable or unusual.

Major findings have then been validated with a iplétsubject study to complete the

thesis.

The project had the following main objectives:

1. To identify the most suitable technique to stansa&rdserving size for
mastication studies.

2. To develop appropriate methods for the selection sifgle subjects in
mastication studies.

3. To investigate the effect of matrices of contragtiphysical properties on
mastication, the particle breakdown process, aaddrticle size distribution of
the bolus in heterogeneous food systems (whereupgaeces are embedded
inside a continuous matrix).

4. To investigate the effect of test pieces of coningsphysical properties on
mastication, the particle breakdown process, aaddrticle size distribution of
the bolus in heterogeneous food systems (whereupgaeces are embedded
inside a continuous matrix).

5. To develop a set of food design principles that da used by food
manufacturers to manipulate chewing behaviour aatigte size in the food
bolus. These design principles should lead tosdeacontrolling digestion and

the sensory appeal of food products.



Chapter 2 : Literature review

This literature review covers the basic anatomthefmouth and the physiology of the
mastication process. The influence of human vlesabn mastication and the food
bolus is discussed, as is the influence of masticabn digestion and sensory
perception. The review then focuses on the atie&bod properties on mastication and
the food bolus in great detail. The chapter isctoaed with a summary of the current

technigues used to monitor mastication and thesbolu

2.1 Purpose of mastication

Mastication is the first stage of food breakdowrthie human body. Food enters the
mouth, is broken down into a bolus and is swallo@W#@da et al., 2006a). Mastication
is driven by a brain stem central pattern generé@®G) which triggers a motor

program that directs the actions of the entire mo{¥amada et al., 2005). The
properties of food contribute to the output of gvarastication cycle (Foster et al.,
2006).

It is widely known that human beings masticate teetrthe high energy and nutrient
requirements of the human body (Chen, 2009). miqudar, chewing plays a role in
the reduction of food particle size, saliva incogimn, sensory assessment, and
temperature assessment, ready for transfer obthekiolus to the stomach for digestion
(Health & Prinz, 1999).

According to Lucas (2004), a high energy requiretmtenmaintain an elevated and
constant body temperature is the most importargoreanastication has evolved in
mammals. Other vertebrates such as reptiles donaottain high body temperatures,
and do not masticate their food. By reducing fpadticle size mastication increases
the surface area of the food and thus the ratdeinecal and biochemical breakdown.
Particle size is reduced by 2 to 3 orders of magkeitduring chewing, and by 20 orders

of magnitude in the stomach (Bourne, 2002).



Chewing is critical for breaking up food and lulating it to be safely swallowed
(Yeatman & Drake, 1973). Mastication allows foodbe mixed with saliva and other
fluids that exist within the food (Hutchings andlfiard, 1988). Mixing with saliva is

also the first step where enzymes begin to breakndoods (Yeatman & Drake, 1973).

Furthermore, the texture, taste, sound and ododoa is closely examined during
chewing (Bourne, 2002). This has evolved in alhmeals as a primary way to decide
if a food is safe and suitable for swallowing. fdbd is sensed as unsuitable during

mastication it will immediately be rejected (Lucas04).



2.2 Anatomy and physiology of the mouth
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Figure 2-1: Components of the human body critical for mastication (Chen, 2007).

Mastication depends on the effective functioning efast number of components of the

mouth, including the teeth, tongue, jaw, and lipggre 2-1). These are discussed in
more detail as follows.



2.2.1 Teeth
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Figure 2-2: Cross section of a tooth (Oxford Reference Online, 2008).

Teeth are the main tool used during masticationbfeaking down food into smaller
particles for swallowing (Tortora & Grabowski, 2003They can be divided into two
sections, the crown and the root. The crown isvibible section of the tooth that sits
above the gums, and the root is the section holtiegeeth to the jaw bone.

Teeth are made up of contrasting materials (Fig@e2¢ The upper surface of the tooth
is made of enamel which makes contact with foodnduchewing. Enamel is the
hardest material in the body. It is made up predantly of calcium salts, and is
densely packed with mineral crystals. Dentin makgshe majority of the mass of the

tooth, which has similar properties to bone (Mari&@4).

The peridontal membrane is a layer of connectigsug between the jaw bone and
cementum, which serves to support the positiorheftboth. Seventy five percent of

the periodontal membrane is fibrous tissue in lbogdles. Within this fibrous tissue



are cells, interstitial fluid, blood vessels, lynapilss and nerves (Bourne, 2002).
Periodontal receptors in the periodontal membranoeige information about the forces
teeth are subjected to, and are therefore crificamastication control and in the
prevention of tooth wear (Bosman et al., 2004; su€804).

Pulp is the soft tissue that sits in the centrahef tooth. Inside the pulp cavity are
nerves, arteries, veins, and blood vessels, whiehcannected to the rest of the jaw
vessels through the tip of the root (MacKinnon &gy 2005).

Types of teeth

It is well known that every human with complete tieon has several types of teeth. A
fully-grown adult has 4 incisors, 2 cuspids, 4 poéars and 6 molars attached to the

lower jaw (mandible), and the same attached tagper jaw (maxilla) (Mac Kinnon &
Morris, 2005).

Upper jaw

AMIAAIANRES
RS

- \ﬂ,_f\_\,_ﬂ'\_v_ﬂ_,‘._ﬂ'-_\,_ﬂ' "
molars pre- canines incisors canines pre- molars
molars molars

Lower jaw

Figure 2-3: Per manent teeth of the mouth (Martin & Hine, 2008).

Figure 2-3 shows the different types of teethhm mouth. Incisors sit at the front of the
mouth, and either side of the incisors are themmmicuspids). Further back are the

premolars (bicuspids), followed by the molars.



Shape and alignment

The unique structure of each tooth is a resulheirtdifferent roles during mastication

and acquisition (biting). Incisors have a shagp éldge for cutting and biting food, and
canines have a pointed edge useful to tear fodw pfemolars are larger and have two
cusps, used to crush or tear food. Molars areefamgain, with several cusps to grind
and crush food (Seikel et al., 2010).

The upper and lower teeth of most vertebrates dpam mammals never contact,
instead only making contact with the food. Howetrer need of mammals to reduce
particle size means the molars and pre molars teach other when the teeth are fully
closed (full occlusion). It is vital for masticati that the teeth from the upper and lower
jaw match up properly during full occlusion. Tadhave this, teeth sit in sockets that
slowly shift the teeth into the correct alignmefithese sockets exist as part of the jaw
bone and are connected to the teeth via the periabdagament (Lucas, 2004).

2.2.2 Jaw bones

The jaw comprises two jawbones that contain thithteke maxilla and mandible. The
upper jawbone is the maxilla. It is mostly immebdcting as a hard surface that the
lower jaw can crush food against (Rohrle & Pulla@0Q7). The lower jaw bone is a
single fused bone called the mandible and is theebahich is in motion during
chewing (Tortora & Grabowski, 2003).



2.2.3 Muscles
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Figure 2-4: Orientation of the main musclesinvolved in mastication (Lucas, 2004) (a) M asseter (b)
Temporalis (c) Medial and Lateral pterygoid (d) Digastric.

The action of muscles have evolved to maximiseiefficy and minimise forces on the
jaw joint (Crompton, 1963). Mastication dependstbe activity of large muscles to
move the jaw (Figure 2-4). The jaw operates tomplex muscle system where five
different movements are possible. The musclesadtication, regarded as some of the
strongest in the body, operate collaboratively dffective breakdown of food. The
major jaw muscles are the massetor, temporalis, @edial pterygoid (closing
muscles), lateral pterygoid (for protrusion), anglatticus, mylohyoid, geniohyoid, and

platysma (opening muscles) (Seikel et al., 2010).

2.2.4 Temporomandibular joint

The temporomandibular joint (TMJ) is a specialigeidt that links the mandible and
the temporal bone, and allows the mandible to moMee mandible and temporal bone

are connected by an articular disc (cartilage) andarticular capsule (joint capsule).
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The TMJ allows the jaw to open, close, and movevéods, backwards, and side to
side. During normal chewing it operates as a hjogg where mandibular movements
are in a vertical direction. When the jaw is opkneide or shifted forward the
mandible and articular disc shifts to a second anpent (Boyar & Kilast, 1986;
Tortora & Grabowski, 2003).

2.2.5 Tongue

The tongue is a complex muscle occupying most@fottal cavity. During mastication

it assists in controlling the position of food betn the teeth, mixes food with saliva,
and sorts out unsuitable particles (Hiiemae et 2002). The tongue also contains
specific cells to detect the five basic tastes &wealty, bitter, sour, and unami)
(Chandrasheka et al., 2006), and contains receptuch can discriminate the presence
of separate particles down to 2 mm apart (Ring&vganoski, 1965).

Movement of the tongue is driven by various musclé€shanges in shape (such as
extension, contraction, and rotation) are contdbll®y intrinsic muscles, whereas
changes in overall position are controlled by mosetnof the hyoid and extrinsic

muscles (Hiiemae et al., 2002).

The tongue places and maintains food between #i# {gvith the assistance of the
buccinator (a cheek) muscle), and sorts out pestickhich are ready for bolus
formation from particles which require further bkdawn. Particles which require
further chewing head to the centre of the tonguod,those which are small enough head
to the lateral areas of the tongue, before beinfjeshto the back of the oral cavity.
During mastication the tongue also makes side tke sthurning movements to
incorporate saliva and mucus, and the tip is rass®tplaced against the hard palate for
swallowing to take place (Abd-El-Malek, 1955).
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2.2.6 Salivary glands and saliva

Saliva is a fluid comprised of approximately 98%tevaas well as electrolytes, mucins,
proteins, glycoproteins, and enzymes. It has a tolplay in lubrication, buffering,
maintenance of tooth integrity, antibacterial petiten, taste, and digestion (Humphery
& Williamson, 2001; Chen, 2009). On average, husnail produce 600 mL of saliva
per day. Flow rates are highest during masticasioth lowest during sleep (Edgar &
O’Mullane, 2006). The pH of saliva can range frbr@ during low flow to 7.8 in peak
flow (Humphery & Williamson, 2001).

Salivary glands produce saliva in the mouth whenéwvad is chewed. The three main
pairs of salivary glands are: The sublingual glaetbw the tongue, the submandibular
gland behind the jaw at the floor of the mouth, &nel parotid gland below the ear
(Edgar & O’Mullane, 1996).

When the salivary glands are unstimulated salivayxction is reported to be around
7% from the sublingual, 65% from the submandibul6% from the parotid, and

around 8% from the minor glands. However flow sathange when the salivary glands
are stimulated (i.e. during chewing), where theopdrcontributes more than 50% of

total secretions (Humphrey & Williamson, 2001).

The excretion of saliva is predominantly achievgdhe stimulation of nerve endings in
the periodontal membrane as a result of movemetmmglchewing and the presence of
food against the mucosa and the teeth. Taste Bactary signals also play a major
role. Stimulated saliva is believed to contrib8®90% of average daily production
(Humphery & Williamson, 2001; Edgar & O’Mullane, @8).

2.2.7 Other features of the mouth involved in mastication

The hard and soft palate, oral mucosa, lips, chegums, and pharynx all assist
mastication. The hard and soft palate separagsipiper respiratory tract from the
mouth to allow simultaneous eating and breathifge hard palate is a bony piece of

the mouth covered by mucosa, whereas the soft epasata fold of the mucous
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membrane that contains muscles, blood vesselsesieand mucous glands (Mac
Kinnon & Morris, 2005; Seikel et al., 2010).

The oral mucosa (or mucous membrane) is the oayer lthat lines the mouth like a
thin skin. It is made up of an outer layer of bpitum that contains glands which
secrete mucus, and an inner layer of connectiwidisand muscle (Mac Kinnon &
Morris, 2005; Seikel et al., 2010). The oral mwcbss been proposed as the main site

for detecting food particles (Prinz & Lucas, 1995).

Lips move to allow the entry of food into the moutihd their sensory receptors
accurately sense food texture and temperature.ekKShensure that food stays between
the teeth for each bite, and the gums surroundaactior the teeth. The pharynx, a
space linking the oral and nasal cavities to theopkagus and thus down to the
stomach, also plays a role in mastication. It pssthe food bolus down to the

oesophagus via constrictor muscles (Bourne, 2002).
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2.3 The mastication process

2.3.1 The overall process

The overall mastication process can be divided fivi® steps from initial entry of the

food until emptying of the mouth:

1. Acquisition

A unit of food, usually a ‘mouthful’, is depositad the oral cavity on the tongue
(Bourne, 2002).

2. Stage 1 transport

If the food is assessed as suitable, it is transdoirom the incisors to the cuspids,
bicuspids, and then molars. Some foods will bechued and torn using the incisors,
canines, and premolars before transport to the mhdBhexton & Hiiemae, 1997;
Hiiemae, 2004).

3. Chewing and compression against the hard palate

Reduction of particle size takes place using thelammoto masticate the food.
Compressing some foods against the hard palategy ubm tongue also achieves a

smaller food particle size (Thexton & Hiiemae, 198iemae, 2004).

4. Stage 2 transport

Masticated food is shifted from the mouth into trepharynx, an area further back in
the mouth below the junction of the hard and safage. In this region, the masticated
food and saliva are mixed to form a food bolus.e Tdngue and teeth contribute to the
formation of the bolus by mixing. The formationtbe bolus usually takes place at the
same time as particle size reduction in step 3alme in a given ‘mouthful’ that is
being processed, some food particles are smallgéntaubegin to form a bolus, while
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others require further chewing. This can resulsemeral swallows for one ‘mouthful’
of food (Thexton & Hiiemae, 1997; Hiiemae, 2004).

5. Swallowing

Swallowing is undertaken by transporting the bofusm the oropharynx to the

oesophagus. Food that is not ready for swallowsngtained in the mouth. Chewing,
mixing and swallowing will continue until the moutkh empty and ready to take in a
new piece of food (Thexton & Hiiemae, 1997; Hiiem2@04).
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Figure 2-5: A modé for the process of feeding (Hiiemae, 2004).
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Hiiemae (2004) presented a model summarising th®us sensorimotor gates food
passes through before swallowing (Figure 2-5Qjulds follow a different path to solids
(liquids follow the path with the wavy fill, solidsith the black fill).
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2.3.2 Acquisition

Acquisition is the process of taking a bite of foadhere a unit of food is deposited on
the oral cavity of the tongue using the incisohg tongue, or the lips. Once food is
acquired it is assessed by sensory organs wheee aither rejected or completely
ingested (Thexton & Hiiemae, 1997; Bourne, 2002¢idae, 2004).

In terms of solid foods, the bite is conducted bycible occlusion of the opposing
edges of the upper and lower incisors (Okada et2@D7). The speed of biting, in
particular during late phase contact with the fodelends on food toughness (Ang et
al., 2006). The force applied during biting iselik to provide an initial evaluation of
the work required during subsequent masticationg(&nh al., 2006), and is useful in
evaluating the hardness (Brandt et al.,1963; BoydSKerman, 1975; Vickers &
Christensen, 1980) and the thickness of food (Regtal., 1997).

2.3.3 The chewing cycle

The chewing cycle involves movements of the jawt thee not simple unilateral
movements. The speed and trajectory of movemenmgldy variable and depends on
the stage of the chewing cycle, the type of food #re individual (Bourne, 2002;
Lucas, 2004).

16



midline

TEETH TOGETHER
slow
close slow
open
RIGHT LEFT
{35{ fast
close open

Figure 2-6: Thetrajectory (viewed from the front) of a point on the mandible (such as an incisor)
during a typical chewing cycle (Lucas, 2004).
Figure 2-6 shows a common path that the teeth dvimllow during a chewing cycle.
Fast and slow phases and the differing path froenimg to closing are found in all

cycles (Lucas, 2004).

The beginning of the closing phase is the fasteclgdsase, where jaw movement is free
until the teeth contact the food (Hiiemae, 2009Once tooth-food-toothtft) contact
occurs,the slow close phase begins. Resistance of theé $tmwvs the jaw and the
masseter, medial pterygoid and temporalis musckrhe active as the food is
compressed and sheared. This phase may also Wwetslassist texture perception
(Lucas, 2004).

The jaw moves laterally to one side during theyealdsing period to fracture particles
usually on one side of the mouth (Lucas, 2004)-{gure 2-6 the food is on the left side
of the mouth when viewed from the front). The patli is more centred during the
later closing stages. As time passes for a p&atiahewing sequence, the amplitude at

tft contact decreases (Hiiemae, 2004).
At the end of closing phase is the intercuspal phlasown as full occlusion, followed

by the beginning of the opening phase (Hiiemae4200 he most important functions

of the opening phase are achieved by the tonguead,u2004). During slow jaw
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opening the tongue moves forward to catch falliogdf mixes food with saliva, and
presses it against the hard palate for sensorysisal Depending on the state of the
food after sensory analysis, it may be returnedvben the teeth or undergo stage 2
transport (Figure 2-5). The cheeks also playl@ iroreturning food between the teeth
during the chewing cycle, as particles which fab far laterally will be reflected back

onto the teeth by the contraction of the buccinétbeek muscle) (Lucas, 2004).

2.3.4 Control of mastication

Mastication is essentially a sensory-motor actjwifere the central pattern generator
(CPG) and the cerebral cortex of the brain (thehérigpart of the brain) combine to
produce the chewing output (Yamada et al., 2005¢is modified by sensory input.

The CPG is located below the cerebral cortex, camp®f a group of cells that excite
and inhibit closer and opener motor neurons, tcegen the fundamental rhythm of
mastication (Dellow & Lund, 1971). This basic motocommand is similar to

respiration. The role of the CPG can be divided B processes: the generation of
chewing rhythm, the generation of a pattern ofvaats of the jaw, tongue, and face,

and the coordination of the action of these mugdlekamura & Katakura, 1995).

As physical properties differ between foods, anel physical properties of the bolus
also change during a mastication sequence, chdwahgviour must be able to adjust to
changing conditions detected by sensory receptwisle the mouth (Bosmaet al.,

2004). Consequently the inputs from the cerebwelex and peripheral sensory inputs
modulate the mastication output depending on tree fand food bolus properties
(Yamada et al., 2005; Foster et al., 2006). THmnva the action of the mastication

muscles to drive the teeth to produce force fdcieffit breakdown of food particles.

Research is also showing that mastication outpubased on pre-programmed or
anticipatory behaviour, which is also altered adoug to sensory feedback. van der
Bilt et al. (1995) discovered that 30% of the maddirce is in anticipation, and 70% is
based on sensory experience after food contadhédrparticular chew. Foster et al.

(2006) presented a dual hypothesis for masticatanirol, where a cortical-brain stem
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pre-programmed mechanism to change jaw movementsdiog to food rheological
properties is linked to a brain stem mechanism ¢batrols muscle force according to

food hardness.

2.3.5 The sensation of texture and particles inside the oral cavity

One of the most important sensations that affecétication output is texture. The
definition of texture is complex, however it is essally a group of properties that
derive from the structure of food, primarily sendgdthe feeling of touch inside the
mouth (Bourne, 2002). It is sensed by the palatetile oral mucosa), tongue, gums,
periodontal membrane, and by the muscles and tendwmolved in chewing. The
mouth, tongue, and lips are considered to be tbhensemost sensitive surfaces in the
body in terms of touch (the finger tips are the tg@nsitive). The sensation of touch
inside the mouth can be divided into four majorseen functions. Discriminative
touch recognizes the size, shape and surface thastics of foods, proprioception
detects the static position and movement of the jaiception is the recognition of
pain, and temperature-sense monitors if foods asemwor cold (Guinard &
Mazzucchelli, 1996; Bosman et al., 2004).

The sensory modalities for perceiving texture candivided into three categories:
Mechanoreceptors on the exterior oral structuresg(ie, hard and soft palate, gums),
mechanoreceptors in the periodontal ligament bel@meeth, and mechanoreceptors in
the muscles spindles and tendons (Guinard & Mazmilic1996).

Single particles as small as 2 mm can be deteatéldei oral cavity, as shown by two-
point discrimination tests (Ringel & Ewanoski, 196%ine & Siirila, 1971 in Lucas,
2004). Furthermore, particles as small as gtibcan be discriminated by the teeth
(Utz 1986, in Lucas, 2004). This fine sensitiVigs evolved as a means to avoid dental
wear (Lucas, 2004). Owall (1970) and Owall & Vorwé€1974) showed fine steel balls
inserted into peanut samples could be detected do@Wr69 mm during mastication.

Interestingly, the size of a particle determines sletection whereas density does not.

Engelen et al. (2002) investigated ball bearingdi4mm in diameter) made of 4
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different materials (steel, nylon, PTFE, and pobypiene) of contrasting densities.
Volume of the ball bearings influenced size detattihowever no differences in size

detection were found between different materialhefsame volume.

Moreover, particle sizes as small as 2 um can bect by the palate to influence
textural perception by vibration or friction (Engelet al., 2005a). The size and shape
of particles has also been shown to influence pti@me where harder and irregular
particles are detected as larger than soft anddrparticles of the same size (Engelen et
al., 2005b).

Imai et al. (1995) trialled micro crystalline cdtige of different particle size (6-79 um)

and concentration embedded in 5 different modelegys. aqueous suspensions, low
and high viscous suspensions, and soft and hasd Jéie perception of grittiness was
shown to increase with particle size, but decreagétid concentration. The perceived

grittiness in cream cheese also increases withctmeentration and size of added
particles (0.04-850 um) (Sainani et al., 2004).

The medium surrounding particles has also been shownfluence perception. Imai et
al. (1995) found that the perception changed batwbferent model systems which
were containing the particles. Grittiness peraeptreduced from the aqueous
suspension to the viscous suspensions to the dedsentially as the viscosity of the
medium increased the ability of the medium to m#sk presence of the particles
increased. However in contrast, viscosity of aanagsdessert (3 Pa.s versus 6 Pa.s) was
not shown to influence size perception of silicaoxale and polystyrene particles
(Engelen et al., 2005a). The authors suggestddgtleater changes in viscosity than

used in their study were required to affect texpeeception.

2.3.6 Particle breakdown

As mentioned larger particles are broken into sengdbrticles during mastication. The
resulting food bolus contains particles whose sliggribution is nearly always skewed

at the smaller end (smaller particles exist in gmeanass than relatively larger
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particles). Increasing the number of chews redtitesnmean and median particle size
of the distribution (Lucas, 2004).

The rate of particle size reduction depends sicguifily on the probability of a food
particle being contacted with the teeth, and thierebof particle fragmentation when the
food does make contact with the teeth. The foriméhe selection function, and the
latter is the breakage function (Voon et al., 198&;as et al., 2002; Lucas, 2004).

Selection Function $(x)

Particle Size (x)

Figure 2-7: The concept of the selection function (Lucas et al., 2002).

The selection function increases exponentially vaiinticle size (Figure 2-7) as larger
particles are more likely to come into contact wleth during a chewing stroke (i.e.
they are more likely to be ‘selected’ for breakdg\irucas & Luke, 1983; van der Glas
et al., 1987). The selection function also depeodsthe molar surface area of
individuals (van der Glas et al., 1992).

Lucas & Luke (1983) calculated the selection fumetior different size ranges (where

denotes a particular size range being studiedpusrrots according to Equation 2-1.
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PZ

—= Equation 2-1
R

S(x)=1-(C, -C,).

Particles were marked with a stain after a cemaimber of chewsd;) to identify the
percentage of those particles in size rax@@,). These particles were then re-chewed,
and those that remained in that size range (andehbaw many have been reduced)

(P2) were determined after a certain number of ch&w} (

van der Glas et al., (1987) also studied selectiorction using Opstosil particles.
These patrticles had a specific form (cubes or twaltfes), and were of seven particle

colours (1.2-8.0) mm. The colour of the fragmentBcated their original size.

The selection function was determined accordingdoation 2-2:

_ 1/ N .
S o~ 1-@a- SX(N) ) Equation 2-2

X

Where S, was the average selection chance per chew fguathtile size range that
was being studied, an&,,, the experimentally determined selection chance dive
cycles (5 or 10 in this study)S, , was then be determined from observing the number

of cubes or half cubes (of a certain size) whicliewfeactured over 5 or 10 chewing

cycles.

22



OXOOO
OOOXO

ONE CHEW +

S(x)=0.2

O U g S
N
wx=05 =P = =
4 q 4
GRADING

Figure 2-8: The concept of the breakage function (Lucas et al., 2002).

The breakage function quantifies the distributibrthe fragments after each chew, and
depends on physical properties of the food (Lud¢ad.e2002). The concept is shown
in Figure 2-8. A distribution is set up in refece to the mesh size As an example, if
a particular set of particles are sent througteaeswith a mesh size 50% of the original
fragment size theg/x=0.5. If 10% of the fragments pass through thehrteen the
breakage function, Bs=0.1.

The nature of fracture during mastication is compaed is different for different foods.
However Lucas et al. (2002) has described two mdrecenarios for crack initiation:

1. The first scenario involves bending a matelikd a 3-point bend test using the

cusps. A crack forms away from the cusps as showigure 2-9. In this scenario, the

fragmentation is limited by the displacement tihat teeth can achieve.
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Figure 2-9: Cracking away from cusp tips (Lucaset al., 2002).

2. The second scenario is when a crack forms nght to a cusp during indentation.
This is shown in Figure 2-10. In this scenar® fragmentation is limited by the stress

the cusp can apply to the food surface.

3

Figure 2-10: Cracking asaresult of indentation (Lucaset al., 2002).

The breakage function of a particular food is usualeasured by asking subjects to
take one chew of the food product, and measuriegptrticle size distribution of the
resulting fragments. This is easily achieved udimgge analysis (Agrawal et al.,
1997).

Breakage properties are considered to be a defpriogerty of a given food, however,
the breakage properties of large particles are different to smaller particles of the
same food product (van der Glas et al., 1987). lISpaaticles are likely to be only

squeezed between tooth surfaces, medium particleshy cusps, and when large
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particles are fractured a significant portion ot tparticle is often not subject to

breakage.

2.3.7 Dynamic changes in the food bolus during the chewing
sequence

Mastication is a dynamic process, where jaw trajges (Mioche et al. 2002b; Peyron
et al., 2002; Kohyama & Mioche, 2004) (in verticagrizontal, and lateral directions)
and muscle activities (Figure 2-11) (Kohyama ef a002; Gonzalez et al., 2002;
Peyron et al., 2002) constantly change throughmeithewing sequence in response to

changes in the physical ands chemical properti¢éiseofood bolus.
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Mean muscle activity (mV)

Chew number

Figure 2-11: Amplitude of the mean voltage of the first 10 cycles while chewing meat and wafers
(Mioche, 2004). The dotted lines are wafer swhile continuous lines are the meat. The tough meat is
shown as black squares, and the tender meat as open squar es.

The weight of the food bolus declines throughow tihewing sequence. Particle
weight retention has been measured after one quame half, and a full chewing
sequence using peanuts, almonds, pistachio nutsjtssaradishes, and cauliflower
(Peyron et al., 2004a). The weight recovered @dse@ significantly between each
stage. It is likely that weight decreases becausstcles are lost during the chewing
sequence via intermediate swallows prior to thennsawallow (Lucas & Luke, 1986),

and also from dissolution into the saliva during thhewing sequence.
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The particle size distribution changes throughda thewing sequence. Tlig a
measure of the sieve aperture at which 50% of #récfe weight would fall between,
typically decreases throughout the chewing sequeartd does so with an exponential
decay. This has been shown with peanuts (Kawaskins., 2009), brazil nuts and
carrots (Lucas & Luke, 1986), and an artificial tiedd known as Optosil (Olhoff et al.,
1984). In rare cases thgy can increase later in the chewing sequence if ghesti

agglomerate (Yven et al., 2010).

The spread of the particle size distribution, othee known as the broadness, is also
altered during chewing. Some studies report tlieagbof the distribution to decrease

with time (Lucas & Luke, 1986) while other studimsggest that the spread increases
(Yven et al., 2010) and in some cases increasesdbereases if mastication continues
for a sufficient period of time (Olthoff et al., 82). Changes in spread are likely to be

dependant on the food product.

Rheological properties of the bolus are modifiedirdy mastication. The most well
known example is the increase in lubrication (Huigh & Lillford, 1988). Such

increases in lubrication depend on the food, asdlrérom free moisture in the mouth,
expulsion of water and fat from inside the foodidgrmechanical breakdown, and

saliva addition.

Prinz & Lucas (1997) presented a model proposiraj #s mastication progresses
cohesion increases and then decreases, and ieipdimt where cohesion is at a
maximum where swallowing is initiated (See Secd®8). Expectorated boluses near
the swallow point are reported to cohere togetiviereas boluses expectorated well
after the natural swallow point are reported td &glart as saliva floods the bolus and
particles are separated due to a lack of coheshMathematical models describing the
changes in adhesion and cohesion can be founcciio8&.3.8.

Mioche et al. (2002a) investigated the texturalpprties and saliva content of meat.
Throughout the chewing sequence mechanical shezw tecreased, and saliva content
increased. Significant differences in texture wignend for samples before chewing,
mid way through the chewing sequence, and whebahes was ready for swallowing,

however differences were smallest in the readyvallew bolus.
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Texture Profile Analysis (TPA) (see Section 3.2d%)breakfast cereal boluses has
shown hardness to decrease and cohesiveness,iispssigand adhesiveness to increase

(Peyron et al., 2009) as the chewing sequence ¢gsgs.
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2.3.8 Swallowing: The process and requirements of the food bolus
to be suitable for swallowing

tal (
Soft palate
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Hard palate
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Pharynx
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sphincter
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Figure 2-12: The process of swallowing (Thexton, 2001). The food bolusisdark grey.

Swallowing is the transportation of food from theuth into the stomach, and can be
divided into four stages: oral preparatory stagal stage, pharyngeal stage, and
oesophageal stage (Gleeson, 1999).

The oral preparatory stage involves ingesting ara$tivating food, the addition of

saliva, the formation of the food bolus, and tlag@ing of the bolus between the tongue
and the hard palate (Figure 2-12a). The oralesbagins once the decision to swallow
has been made, the tongue traps the bolus aglatnkatd palate, the back of the tongue
forms a ‘chute’ and the bolus moves into the oropta In the pharyngeal stage the
soft palate is raised to stop the bolus enteriegitisal cavity and contractions along the
pharyngeal wall and soft pallet allow the bolugder the pharynx (Figure 2-12b). The
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epiglottis moves to cover the larynx and the hywathie and larynx also move upwards

to stop the bolus entering the windpipe (Goyal &skiano, 2006).

The bolus then moves into the oesophagus in thepbageal stage by the tongue
pressing against the soft palate to close off tred cavity and the lower pharynx
muscles relaxing (Figure 2-12 ¢ & d). The uppeanynx muscles also contract to force
food into the oesophagus. The oesophagus relaxesceive the bolus. Foods then
move along the oesophagus via peristaltic contmastiof the oesophagus muscles,
although liquids can travel by gravity alone in ooases. When food reaches the end
of the oesophagus, muscles guarding the entrandbeostomach relax. The same
muscles contract once food has entered the stotoaplevent regurgitation (Bourne,
2002; Goyal & Mashimo, 2006).

The operation of the mouth, pharynx and oesophagesintegrated by a neuronal
network, where sensory input and feedback are witatontrolling all four phases
described (Miller, 1999). One aspect of this sensmntrol is the state of the food
bolus before it is ready for swallowing. The foleolus must meet a certain physical
state before it is suitable for swallowing (Hutajsn& Lillford, 1988), although the

exact criteria to meet this state are unknown.

Several different variables have been presentedriisal parameters which initiate
when swallowing will take place. Hutchings & Lokfd (1988) introduced the dual-
threshold model, where the bolus needed to reawdrtain particle size and lubrication
threshold to trigger swallowing. The model invavéhree dimensions: ‘Degree of
structure’, ‘Degree of lubrication’, and ‘Time’ @ire 2-13). As an example, this
model explains why oyster can be swallowed with cgimno chewing (at a large
particle size) because of its lubricant propertigeere as peanuts require extensive
chewing to reduce particle size and for saliva ¢oirfcorporated. The importance of
lubrication was confirmed by Prinz & Lucas (1995)Brazil nut particles were
suspended in yoghurt at varying concentrationspanmticle size. The number of chews
and chewing time increased significantly with irasig concentration of nuts (relative

to yoghurt) and particle size.
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Figure 2-13: A model describing the requirementsfor swallowing (Hutchings & Lillford, 1988).

Another model, known as the bolus model, has beapogsed by Prinz & Lucas (1997)
in an attempt to explain what forces keep the fooliis together. This model is based
around the trigger for swallowing being the poihtvich the net cohesive force of the
bolus is at a maximum (Figure 2-14). The net cofeeforce is defined aBv-Fa, the
force required to separate the mass of partidte} gubtracted by the surface tension
force pulling a particle towards the oral mucoga)( The safest time for swallowing is
when Fv-Fa is greatest, so that minimal particles are lefiibé. Fv and Fa can be

defined by the following parameters:

4

Fv= B,GIZZjth Equation 2-3
Fa=4nri Equation 2-4

Where:

D is the size of the bolusg,is the salivary viscosity is the average separation between
particles, and is the time span over which separation is attethptés the size of the
particles, and is the surface tension of saliva. Some of the diged receptors in the
tongue are suggested to detect these low attrafcrees within the bolus (some times
around 0.01 N) (Trulsson & Essick, 1997).
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Figure 2-14: The cohesiveforce, Fv - Fa, plotted against the number of chewstaken in the
masticatory sequence for raw carrot (closed circles) and brazil nut (open squares) according to the
model presented by Prinz & Lucas (1997). Swallowing is believed to take place at the point of
maximum cohesive for ce (asindicated).

The model by Prinz & Lucas (1997) has been supgditeresearch from Peyron et al.
(2009) which investigated the texture of the botdsbreakfast cereals using TPA.

Cohesiveness, adhesiveness, and springiness warmaximum point when the bolus
was ready to swallow.

The rheology of ready to swallow boluses of difféarevheat flakes has also been
studied (Loret et al., 2009). Significant diffecers were found in the storage (G’) and
loss (G”) modulus, and yield stress. No signifitdifferences were found between in

the yield strain and moisture content. The autBaggested that bolus moisture content
may be a trigger for swallowing.
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2.4 Nutritional importance of mastication

2.4.1 Glycaemic response

The glycaemic response of foods is measured torstaael how quickly carbohydrates
in a food product become present as glucose magdnlthe bloodstream. The most
common measure is the glycaemic index (GI). Foedb a high Gl are digested
quickly and the blood glucose concentration inaesapuickly. Foods with a low Gl are
digested slowly and the blood glucose concentraticneases slowly. It is believed
that the rate of glucose entry into the blood drel geriod of time that blood glucose

levels are high affect hormones and the body’s batiem (Brouns et al., 2005).

The first studies of GI compared 50g samples ofifoand 509 of glucose, where blood
samples were taken over a 2 hour period. Calcuatinvolve taking the difference in
area under a glucose-time curve between fastingcanduming the food of interest.
The Gl is the percentage area under a curve fartecplar food compared to the area
under a curve obtained for glucose. It can be aredsn vivo by taking blood samples
after food consumption, an vitro in laboratories using pancreatic and brush-border
enzymes (Brouns et al., 2005). Glycaemic load (5Lan alternative way to express

blood glucose response and takes into accounttieng size of a meal (Mela, 2006).

2.4.2 Relationship between chewing, bolus particle size, and nutrient
uptake

The in-vitro digestibility of foods is influenced/tihe food structure and the degree of
processing. Processing which disrupts tissuelbsttacture can increase the metabolic
response (Bjorck et al., 1994). Snow & O’Dea ()9Lnd that the physical form of a

wide range of cereals affects the hydrolysis ratestarch, and Fardet et al. (1998)

showed the enzymatic degradation of pasta is sogmifly influenced by food structure.

Food structures have also been suggested to h#wenicein vivo digestion. Insulin

response in the blood (a response to glucose uptake blood) is much smaller after
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ingestion of whole apple than the apple puree drad dpple juice of equal total
carbohydrate content (Haber et al., 1977). Bldodagse responses in whole brown rice
are significantly lower than ground rice (Collier &Dea, 1982), and the insulin
responses in blood increased stepwise with thenegrfeprocessing (from whole grains
to cracked grains to coarse flour to fine flourwheat, maize, and oats (Heaton et al.,
1988). Correlations betwean vitro and in vivo studies are often weak however
(Heaton et al., 1988).

Moreover, chewing behaviour and the resulting pketisize distribution has been
shown to affecin vitro andin vivo digestion. Ranawana et al., (2010b) investig#ted

in vitro andin vivo glucose response between naturally masticatedbobgses from
different subjects. The particle size distributmimmasticated rice differed significantly
between subjects, and the rateimfvitro digestion of rice decreased as particle size
increased. Howeven vivo results were less clear, as particle size cogelatithin
vivo glucose response at 30 minutes post ingestiondidutot correlate with the total

area under the blood glucose curve.

A similar study by the same research group invg\greater within subject replicates
(Ranawana et al., 2010a) investigated the glycaessjonse of rice and spaghetti. The
particle size distribution of the bolus differedgrsficantly between subjects, and
correlations between particle size and the glycagasponse was found in rice but not
with spaghetti. The authors suggest that in thee a# foods such as rice where an
intact grain is masticated into smaller piecestiglarsize strongly influences glycaemic
response because starch resides within the staeltge of the seed. For spaghetti,
which uses wheat that has already been brokerfimgqarticles (200-40Qm), starch

is more available for digestion, and hence glycaerasponse is less dependant on

particle size.

One study compared the difference in glycaemicamse when sweetcorn, white rice,
diced apple and potato was chewed naturally orlewatl whole (Read et al., 1986).
When subjects did not chew the peak blood plasnmzestdration was significantly

lower, as was the area under a 150 min glucosderdfhe authors suggested chewing
may increase the digestibility and absorption ebohydrates by reducing particle size

and thereby increasing the transit of food from #stemach to the small intestine,

33



increasing surface area for enzyme attack, andneni salivation on the food for

breakdown by amylase enzymes in the mouth.

However, the relationship between longer chewind iacreasing the rate of glucose
uptake may not be linear (Suzuki et al., 2005).bj&ts were asked to chew a small
piece of hamburger steak for 10 seconds (termeturalamastication’) and for 30

seconds (termed ‘thorough’ mastication). ‘Thoroungastication’ caused significantly
lower glycaemic response compared to ‘natural roastin’, whereas the opposite trend

was expected (longer chewing results in smalldigharsize).
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2.5 The influence of mastication on sensory perception

2.5.1 Flavour release

The extent of mastication affects the releaseaailir from food particles. As food is
chewed the substances which provide odour and dtagce released (Bourne, 2002).
Figure 2-15 shows the pathways of flavours, begigmwith breakdown in the mouth,
and ending at the sensory receptors. Chemicalshwaie responsible for flavour
perception must be released from the food matrid @mansported to the flavour

receptors for flavour to be experienced (TayloQ20

Mastication rate and the chewing time, as well terophysiological factors such as
salivary flow, will determine the concentration arate at which flavour chemicals

reach the sensory receptors in the mouth and nd#gen particles are crushed due to
mastication, particle surface area increases, wimcheases the rate that flavour
diffuses into the saliva (Taylor, 1996). Volatiledl not be detected simply by being

present in a food, but only by being released entiouth (Piggott, 2000).

Alfonso et al. (2002) studied subjects chewing Emstrength gelatine gels containing
0, 40, 70 or 100 pmol/L quinine. It was obserieat aissessors who chewed more rated
higher for bitterness. Ingham et al. (1995) showleat the aroma detected from

strawberries is greater the more they are brokemdaa homogenisation.
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Figure 2-15: Transport of flavoursfrom the food to the taste buds and olfactory receptors
(Taylor, 2002).

2.5.2 Texture perception

It is also widely accepted that chewing behaviaudt ahewing strategies affect texture
perception. Much work in this area has involvedarelsterising populations into
specific groups according to chewing behaviour, asskessing differences in sensory

perception between these groups.

Brown et al. (1994) characterised 52 subjects fngub groups according to chewing
behaviour measured with EMG (Electromyography,Seetion 2.8.6). Sensory ratings
of carrot, apple, roast pork, salami, biscuit amast in terms of firmness and

rubberiness were significantly different betweea Shsub groups.

Subjects have also been classified according tevidlgeefficiency, by using weight loss
from a standard chewing gum and assessing theclpadize outcome of almonds.
Using this classification significant differenceavie been found between groups in
terms of the tenderness perception of meat (Braxbral., 1996) and hardness,

crunchiness, and crumbliness of biscuits (Brownré&x@on, 2000).
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Differences in saliva flow and composition haveodi®en shown to influence textural
perception in semi solid foods (Engelen et al.,720C5alivary parameters (total protein
concentration, mucin concentration, buffer capaciand alpha amylase) varied
significantly between subjects, and this variatonrelated with differences isensory

perception of a number of flavour, mouth feel aftérafeel attributes in mayonnaise

and custard dessert.
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2.6 The influence of physiological variables on chewing
behaviour

Many physiological variables influence chewing bgbar. This section introduces

several of the most well studied physiological abkes.

2.6.1 Age

Age influences chewing behaviour. Mishellany-Dutetial. (2008) showed the elderly
required more chewing cycles and a longer chewamgience to chew nuts and carrots
compared to the young. Work on visco-elastic mddells found age related to an
increase of 0.3 cycles per sequence per yeareyfdiid therefore a 50% increase in the
total number of chews from 25 to 75 years (Peytard.e2004a). It is probable that the
chewing sequence becomes longer with age as eldedyn to adapt their chewing
behaviour to weakening muscle activity (Kohyama &obhe, 2004). Mastication
frequency was not found to differ significantly Wwitrispbread between young and old
(Karlsson & Carlsson, 1990), whereas Peyron ef28l04a) found cycle duration and

opening phase duration fell slightly with age.

The total amount of muscle work added to a givewwarh of food increases with age
because the number of chews increases (Peyron @084a). This strongly suggests
that the jaw muscles of older people are workiget to their maximum capacity than
young people (Woda et al., 2006b). Changes in lawstivity per chewing cycle is

less clear. Studies by Mioche et al. (2004) ontnseggest the voltage per chew
decreases with age, and work by Kohyama & Mioch#42 on rice, beef, cheese,
crispy bread, apple and peanuts suggests maximu@ &Mplitudes decline with age.
However, no significant difference was found in #&IG per chew between old and

young (Peyron et al., 2004a) with viscoelastic nhdoieds.

The influence of age on properties of the finalusak unclear. The bolus produced by
older subjects generally has a higher proportiodaaje pieces, however if missing
teeth are taken into account then the impact aigagiay be negligible (Woda et al.
2006a; Woda et al. 2006b). In fact Mishellany-Dutet al. (2008) found older subjects
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with complete dentition showed greater particlee sieduction than younger subjects

with complete dentition.

2.6.2 Gender

Various chewing parameters differ between malesfam@les. The average number of
chews subjects apply to a given food is not comeatléo be different between genders
(Woda et al. 2006b), however parameters such aséséication frequency (Youssef et
al., 1997), vertical amplitude (Castro et al., 20B8yron et al., 2004a), and total EMG
per sequence are higher in males (Peyron et &40

2.6.3 Dental state

Dental status is of primary importance to mastaa{Woda et al. 2006b), and has been
described one of the most important factors det@ngifood choice and nutrition in the
older population (Mioche et al., 2004).

Masticatory performance is influenced by dentalustgFontijn-Tekamp et al., 2004b).
van der Bilt et al. (1993c) compared subjects mgsin average 5.7 post canine teeth
with subjects that had normal dentition. Thosehwatissing dentition chewed food a
greater number of times, and the size of swalloveedi particles were significantly

larger.

Dentures also reduce masticatory performance. demture wearers have been shown
to produce boluses with particle sizes double tifasubjects with mixed dentition
(Jiffry, 1983). Furthermore, particle size in th&us is reported to be larger in denture
wearers despite an increase in the number of chavesying time, and EMG activity
per sequence (Kapur et al., 1964; Slaghter eL893; Mishellany-Dutour et al., 2008).
However, EMG activity per cycle and masticatiomfrency is similar between dentate

subjects and subjects with dentures (Woda et @D6&).

A range of other problems can also reduce chewiagopnance such as dental

malocclusion and temporo-mandibular disorder (Wetdal., 2006b).
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2.6.4 Salivary flow

Differences in salivary flow rate are common betweelividuals (Gavio et al., 2004;
Engelen et al., 2005b), however the influence oftiasting salivary flow on chewing
behaviour is unclear. Engelen et al. (2005b) foaisegnificant correlation between
total salivary flow rate and the number of chewtygles, where a higher flow rate
resulted in less chewing cycles. In contrast, Gatial. (2004), found no significant
correlation between the total salivary flow ratesobjects and the number of chewing

cycles needed to prepare a bolus for swallowing.
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2.7 The influence of food variables on chewing behaviour

2.7.1 The influence of foods on general chewing behaviour

The properties of food, particularly texture, hdeen shown by numerous studies to
alter the way food is chewed (Hiiemae et al., 199&mae & Palmer, 1999; Mioche et
al., 2002b).

Table 2-1: The affect of different foods and textures on chewing (Koyahama et al., 2002).

Elderly subjects N=23 Fample apple cheese  bread meat peanut rice
Number of bursts 156 *** 211 f 258e 374c 525a 428b 341d
Chewing duration (sec) 148 *** 134e 201d 267bc 389a 284b 26.0 be
Clearance duration (sec) 24.7 *** 50c 770 78b 76b 77b 119 a
Total muscle activity (mV - sec) 202 **x 86e 105d 263b 414a 281D 178 ¢
Temporal-masseter ratio 3.0* 092ab 086b 083b 1.08a 1.03ab 095ab
Duration of one burst (sec) 17.5 *** 035¢ 038a 038a 037b 035¢ 039 a
Inter-burst duration (sec) 48.7 *** 029d 040a 034b 03%a 032¢ 0.3%9a
Muscle activity per chew (mV - sec) 136 *** 042d 043d 077b 082a 074b 0.56 ¢
Mean voltage (mV) 154 *** 032¢ 029c¢ 053a 056a 055a 037b
Maximum voltage (mV) 142 *** 2.6l c 247c  445a 447a 453 a 321b
Young subjects N=14 Fample apple cheese  bread meat peanut rice
Number of bursts 170 *** 129 f 207e 272d 383a 293¢ 36.1b
Chewing duration (sec) 163 *** 80d 138 ¢ 179 b 254 a 183 b 240 a
Clearance duration (sec) 13.6 *** 35¢ 53b 50b 50b 59b 75a
Total muscle activity (mV - sec) 127 *** 79 e 120d 288c 403a 3560 290 c
Temporal-masseter ratio 4.3 *xx 1050 124a 1.13ab 120ab 1.17ab 1.28a
Duration of one burst (sec) 9.0 **x 035ab 036a 034bc 033c 032d 0.35 ab
Inter-burst duration (sec) 11.3 **x* 029 c 033ab 033ab 035a 031b 035a
Muscle activity per chew (mV -sec) 91.9 *** 0.59d 061d 1.08b 1.14ab 118 a 089 ¢
Mean voltage (mV) 109 *** 043 d 043d 082b 085b 09%a 0.63 ¢
Maximum voltage (mV) 9] **x* 421d 415d 792a 718b 83la 6.03¢

Mean values for each product are shown.

Effect of subject is significantly (P < 0.001) different for all the cases.

*** P < 0.001, *; P < 0.05.

Values in a row with different letters differ significantly (P < 0.05) with Student-Newman-Keuls test.

Table 2-1 summarises changes in chewing paramatecss a range of foods. For
every chewing parameter differences are statistisainificant between foods.

A study by Hiiemae et al. (1996) is typical of rasdh showing changing chewing
patterns with food type. Results showed that fogue determined the number of
chewing cycles prior to swallowing and the totaddéh of a chewing sequence. More
chewing cycles and a longer chewing time was reguior biscuit than apple, and for
apple than banana prior to the first ‘in sequersseallow. Results also showed the
chew-swallow ratio (defined as the total numbercléws/total number of swallows)

and duration of clearance decreased from biscudpile to banana. Furthermore,
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stage-one transportation was significantly shofterbanana than apple and biscuit.
Mioche et al. (2002b) studied the chewing of bandaoagh meat, tender meat, and
biscuit. Meat and biscuit were chewed for muchgkmthan the banana, which was

ready for swallowing sooner.

Moreover, chewing trajectories (in terms of velticateral, and anterior-posterior
movement) change from food to food (Hilemae et B9896). Brown et al. (1998)
studied apple, carrot, and biscuits by monitorillyj8wv movement. Apple and carrot
were chewed mainly along the vertical plane by ling the food. Biscuits were
crushed vertically during early chews, but wereallgugrinded laterally later in a

sequence.

2.7.2 The influence of different foods on acquisition

Studies have found significant differences in meig@ weight between foods. This has
been shown between banana, apple, and cookies ¢igefli Hiiemae, 1998), and
between bread, sausages, rice, and apple (Yalj 20@6). However, little information
is available on the distribution of bite size asras population, and on what food

properties influence bite size.

Differences in bite volume between foods do noteappgo have been studied, although
natural sip size was measured by Medicis & Hiierfi&98) and Lawless et al. (2003).
Hiiemae et al. (1996) also determined the volumsatifi foods using density, however

the data is not reported.

2.7.3 The influence of different foods on bolus properties

The initial properties of a food influence the firsdate of the food bolus. The final

particle size distribution, and final textural peofles of the bolus, vary between food

types.

Jalabert-Malbos et al. (2007) measured the partide distribution of the ready to

swallow food bolus of a wide range of foods: codsnuaarrots, peanuts, chicken, ham,
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egg white, emmental, olives, mushrooms, and ghgerkirhe particle size among the 10
foods varied greatly, with thes, (a measure of the sieve aperture 50% of the weilght
particles would pass through) ranging from 0.82 non8.04 mm. The patrticle size
distributions in the food bolus of bread, spagheatiil tortiglioni have also been shown
to differ significantly (Hoebler et al., 1998; Hdebet al., 2000). Bread particles were
broken down with a complete loss of structure, wherspaghetti was only partially

reduced and much of its structure retained.

Furthermore, the particle size distribution of teady to swallow bolus has been shown
to be similar within some food groups of relatediah physical properties, but to be

different between food groups of distinctly diffatghysical properties. For example,
the particle size distributions of peanuts, almomastachio nuts have been found to not
differ significantly, and the particle size disuiibns of cauliflower, radish and carrots

have also been found to not differ significantifowever, the particle size in the bolus
of this group of vegetables is reported to be $icpgmtly larger than the group of nuts

(Peyron et al., 2004b; Mishellany et al., 2006).

The initial toughness of meat has also been shannfluence the toughness of the
bolus (Hilemae & Palmer, 1999; Mioche et al. 200&Boche et al., 2003; Hiiemae,
2004). Mioche et al. (2003) found that tougher tmesulted in a tougher bolus.

Interestingly, variation in the particle size distition between subjects is regularly
reported to be smaller than between foods (Peytal.,e2004b; Woda et al., 2006b;
Jalabert-Malbos et al., 2007). Peyron et al. (B)0dbserved no significant inter-
individual variability between subjects, and Midael et al. (2006) and Jalabert-
Malbos et al. (2007) found differences between exttbjto be markedly smaller than
between different foods. Similar size distribusare noteworthy considering the large
variability of chewing time, chewing frequency, treal and lateral amplitude, jaw
velocity, and EMG activity for a group of subjecthewing a particular food
(Mishellany et al., 2006). It is proposed by themséhors the lack of significant
differences is a requirement to obtain a safe bfduswallowing, and that people with
normal dentition use their masticatory apparatusarying ways to achieve a similar
bolus (Woda et al2006b).
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2.7.4 The influence of different foods on muscle activity and force

The compressive, shear, and elastic parametemodtf as well as sensory properties,
are well known to correlate with total muscle aityifMathevon et al., 1995). A study
by Mathoniere et al. (2000) tested 12 different glas of beef by varying muscle,
myofibrillar status and cooking temperature. Assey panel evaluated tenderness of
the different samples, and the muscle work requioechew the sample was evaluated
using EMG. A strong relationship was found betwearscle work and the perceived
tenderness of beef (Figure 2-16).

10 - r =-0.99, p<0.001

S

Lol

2 1 %e

2 6

a T n® (]

:

5 .

£ ,

= T "a
0 +——— ; % | % |
1.5 1.7 1.9 2.1 23 2.5 27

Muscle work (mV.s)

Figure 2-16: Relationship between muscle work and meat tender ness assessment during chewing
(Mathoniere et al., 2000).

The activities of the main jaw closer muscles, itiasseter and temporalis, are reported
to be greater for foods with the highest stressmatimum strain during compression
(Mioche et al., 1999). It has also been propo$ed the temporalis activity is more
influenced by food texture than the masseter (Meogethal., 1999).

Forces applied by the teeth also vary between fo@&itsirne (2002) presented a study
by Yurkstas & Curby (1953) that measured forcesserpced by dentures incorporated

with a strain gauge. Forces on the teeth betwaeed/from 0.4 kg for cabbage to 1.4
kg for tender steak.
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2.7.5 The influence of different foods on saliva addition

Different foods require different quantities of igalto be incorporated into the food
bolus. Hoebler et al. (1998) found that 220 g#kgh matten@nd 39 9/KQresh matter)Of

saliva was added to bread and spaghetti respectivdioche et al. (2003) compared
saliva addition between tough and tender meat,feud the mean weight increase of

the bolus after chewing was 36% and 30% respegytivel

Harder and drier products require greater amouinsalova before swallowing. Saliva
production during the oral processing of toaststoaith margarine, and cake was
investigated by Gavio et .a(2004). The flow rate of saliva (ml/min) did neary
significantly between foods, however the salivaitoid per gram increased from cake,
to toast with margarine, to plain toast. Engelérale (2005b) studied toast, cake,
cheese, and peanuts, and found harder and dridugisorequired greater amounts of
saliva. These products also required more chewyales and a longer time in the
mouth before swallowing. This further indicates tieed for a swallow safe bolus to be

produced from chewing as explained Section 2.7.3.

2.7.6 The influence of different foods on intra-oral bolus position

The bolus position in the oral cavity differs dgirchewing of different foods.
Depending on the product, foods will be chewedatarklly (on one side of the mouth),
bilaterally (on both sides of the mouth), or infshycles (the bolus is moved from one
side to the other during a sequence). Differenti$oalso require different degrees of
tongue pushing and cheek pushing to keep the faddsbon the occlusal surface
(Mioche et al., 2002b).
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2.7.7 The influence of specific food properties on mastication

A vast range of food properties, from physical pssters such as hardness and
toughness, to food dimensions such as servingasidanitial particle size, all have an
influence on the mastication process. This sedonmarises the variables which have

been most widely studied.

Taste

The extent of mastication may be reduced by inangagBellisle et al., 2000) or
decreasing (Neyraud et al., 2005) sensory accéipyatfia food product. Bellisle et al.
(2000) investigated five different flavoured sandwas which were evaluated for
palatability by sensory tests using visual analogueles. Sandwiches were then
consumed in a separate trial and chewing parameteatysed. As palatability
increased chewing time was shorter, fewer chew wéserved, and pause duration
between food pieces was shorter. The differentedsn these parameters was more
significant at the beginning of a meal than atehd.

In contrast, Neyraud et al. (2005) studied gelatigels containing varying
concentrations of a bitter compound called quinf@eto 1446 umol/kg). As the
concentration of quinine increased, acceptabiligrdased and sweetness decreased,
and the number of chews, chewing time, and clearainte after chewing decreased.
Mastication frequency and salivation rate were anged with increasing quinine

concentration.

Moisture content and lubrication

Studies with bread, toast, melba toast, breaktdst,qpeanuts, and cheese show that dry
products require more chewing cycles than moistiyets (Gaviao et al., 2004; Engelen
et al., 2005b). It is believed that dry foods rieggreater time in the mouth for
lubrication to take place (via saliva) to form atable bolus. Lubrication of the bolus is
considered to be a critical parameter in deterrginivhen to bolus is ready for
swallowing (Hutchings & Lillford, 1988).
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Furthermore, the addition of butter to toast, metzst, and cake has also been shown
to reduce the number of chews and chewing time i@agt al., 2004; Engelen et al.,
2005b). The authors suggest butter acts as acéutiri reducing the extent of
breakdown required by mastication before the bdhkissuitable for swallowing.
However, the addition of butter to bread is noorégd to effect mastication (Engelen et
al., 2005b).

Initial particle size

The initial particle size in food products may (bigay et al., 1991; Kohyama et al.,
2007) or may not (Lucas et al., 1986) influencenshg behaviour.

Diaz-Tay et al. (1991) found that different initisizes of peanut pieces (2.4 mm-9.2
mm) served to participants induced significantlffedent jaw movements and muscle
activities. Kohyama et al. (2007) found signifitatifferences in muscle activity

between blocks and finely cut samples of carratumber, pork, and surimi gels.

However, Lucas et al. (1986) concluded jaw movemevere unrelated to the initial
particle size of peanuts. Vertical displacemeaterial displacement, and cycle duration
were not significantly different between nuts wéh initial particle size of 6.7 - 8.0
mm, 5.6 — 6.7 mm and 4.0 — 5.6 mm. It is unknoftthe initial particle size affects the

final particle size outcome in the food bolus.

Bite Sze and Serving size

Increasing the serving size, also known as the sbelae, increases the number of
chewing cycles and the chewing time. Increasimyiisg size has been shown to
increase the number of chews and chewing time Wittakfast cake (Gavio et al.,
2004), peanuts (Lucas & Luke 1984; Fontijn-Tekam@le 2004b), carrots (Fontijn-

Tekamp et al., 2004b), cheese (Fontiijn-Tekamplget2004b), and gels (Daet et al.,
1995; Miyawaki et al., 2000). The mastication freqcy (number of chews/ chewing
time) was influenced by serving size in studieviteakfast cake (Gavio et #2004),

but was unchanged in studies with chewing gum (&hat al., 2004).
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A larger serving size has been shown to increascakejaw movement (downwards

movement of the mandible during chewing) in peafuteas et al., 1986; Diaz-Tay et
al., 1991), gels (Daet et al.,, 1995), and chewinghgBhatka et al., 2004). The
increasing serving size has also been shown taendle lateral jaw movement with
chewing gum (Bhatka et al., 2004), but not withrpga (Lucas et al., 1986). Serving
size is also known to affect jaw velocity (speedtleé mandible during chewing).

Miyawaki et al. (2000) and Bhatka et al. (2004)rfduhat jaw closing and jaw opening
velocities were significantly faster with largerngales of chewing gum and gels
respectively. Furthermore, muscle activity hashb&®wn to increase with serving size
in a wide range of foods (Diaz-Tay et al., 1991yavaki et al., 2001; Kohyama et al.,
2007).

Altering the serving size changes the particle dig&ibution of the bolus. Buschang et
al. (1997) studied the affect of changing the sizan artificial food called Cuttersil ©.

The artificial food was served in 2.5, 2.0, and51@ servings, and particle size
measured after 20 chews. The results found thatlemboluses had a smaller and
wider particle size distribution. Work by Lucasl&ke (1984) on peanuts found that
increasing the bolus size increased the partide sf ready-to-swallow food boluses,
and decreased the number of chews per unit of fdduds is despite a recorded longer

chewing time for larger peanut boluses.

Thickness and shape

Vertical jaw motion and jaw velocity has been shdwincrease with sample thickness
(Peyron et al., 1997). Bite force has also be@awshto increase with thicker foods
(Kohyama et al. 2004a; Kohyama et al., 2005). Mwoee, the shape of food alters
chewing behaviour. Meat samples with a rectangfdae tend to be orientated
longitudinally along a tooth row, where as the ot@aion of cubes is random (Mioche et
al., 2002b).

Toughness

Toughness is generally defined as the measureecrtiount of energy a material can
absorb (or the work required) until it will fractur The fundamental units of toughness
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are generally stated as energy per unit volume3}(J8mith, 1993). Toughness can
also be described in terms of fracture toughneshis is the resistance to fracture
propagation when a crack is present in a matesesd Figure 2-9). The units of fracture
toughness are generally stated as the energy peofuarea created during fracture
propagation (J/A) (Callister, 2007). Toughness can be measuretuinsntally, but is

also reported as a sensory attribute.

The toughness of a food influences the way it swad. The tougher foods become,
the more likely the teeth will be used to brealntrdown (Bourne, 2002). The toughest
foods tend to be chewed with greater lateral motiwen softer foods (Proschel &
Hoffman, 1988). Tougher foods will also be chevi@da longer period (Togashi et al.,
2000).

A tough food also requires greater muscle actidilying chewing than a soft food.
Mioche et al. (2003) worked on tough and tendertroggainto 2 x 2 x 1.5 cm cubes.
Results showed the average muscle activity (medsarenillivolts) was significantly

greater for tough meat. Tough meat also requirecersaliva to be incorporated into

the meat.

The rate of particle breakdown during chewing campledicted by a ratio between the
fracture toughness (R) and the Young's modulus fwfoa (E). Agrawal et al. (1997)
established a relationship between fracture tougginéoung’s modulus, and particle
breakdown. This was discovered by measuring thegd in specific surface area from
the mastication of 28 different foods from thre@dogroups (cheeses, nuts, and raw
vegetables). As explained in Section 2.3.6, particeakdown is believed to be limited
by either the displacement or stress the teethimfliot on a food particle. If the
fragmentation of a particular particle is limited &tress then the rate of breakdown can
be estimated by a function of (E®). If fragmentation is limited by displacement, the
rate of breakdown can be estimated by a functiofiRtE) ©®. Hence these parameters
therefore provide information about the resistatacerack formation and therefore the
breakage function (Agrawal et al., 1997). This kvbas led to other authors (Lucas et
al., 2002; Lucas, 2004; Jalabert-Malbos et al.,72@0iggesting that fracture toughness
and the Young’s modulus are the link between brgal@operties and the patrticle size

distribution of the bolus.
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Further work by Agrawal et al. (2000) identifiedaththe relationship established for
displacement limited fragmentation, (the case farsimparticles being chewed), is
related to movement of the jaw. Significant cateins were obtained from this study
between (R/Ef>)and the horizontal jaw movement and closing anfjtaejaw for 15

different foods. By undertaking a study on the gernalis muscle while ten subjects
chewed a range of foods, Agrawal et al. (1998) fdsad that the muscle activity of the

jaw is highly correlated to the (R/Eyvalue of foods.

Hardness

Hardness can be defined as the resistance of ariahai® permanent deformation
(Smith, 1993). Hardness can be evaluated withrunstntal tests but is commonly

reported as a sensory attribute.

The effect of hardness on mastication is widelyligw. Increasing hardness has been
shown to increase the number of chews and chewimg in a large variety of foods
(Horio & Kawamura, 1989; Takada et al., 1994; Higamet al., 1996; Peyron et al.,
2002; Engelen et al., 2005). However, the hardiéss food is reported to have a
minimal impact on mastication frequency (Peyroalgt2002; Foster et al., 2006; Woda
et al. 2006a).

The lateral amplitude of jaw movements increaseniBa@ntly with hardness
(Figure 2-17) (Takada et al., 1994; Peyron et28l02; Mizumori et al., 2003). Vertical
movements may (Peyron et al., 2002) or may notddalet al., 1994) be influenced by
hardness, however anterior-posterior motion is repbrted to change with hardness
(Takada et al., 1994).
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Figure2-17: Vertical and lateral movement while chewing hard (m) and soft (e) chewing gum
(units: mm) (Ander son, Throckmorton, Buschang, & Hayasaki, 2002).

Moreover, hardness increases muscle activity ducimgwing (Mioche et al., 1999;
Woda et al., 2006a). A study on gelatine basedainfmbds found the total muscular
work (measured in mV.s, the area under an EMG waklv)e massetor and temporalis
muscles (of chewing and non chewing sides) botreased significantly with hardness
(Peyron et al., 2002). Foster et al. (2006) oletdhisimilar results, where total muscular
work (mV.s) of the massetor and temporalis (on Isudles) increased with hardness for
elastic and plastic model foods. EMG activity pgcle (average area under the EMG
wave for all four muscles per sequence) also isa@avith hardness for elastic and
plastic foods (Foster et al., 2006). Mioche et(B99) suggests the muscle activity of
the temporalis is more dependant on hardness tmarm@assetor. Hard foods also
require a greater bite force (Mioche & Peyron, 1%9klaka et al., 1997; Kohyama et
al., 2004b) than soft foods.

Rheology

Limited research has been undertaken assessingintheence of rheology on
mastication, however Foster et al. (2006) investidahe mastication of elastic and
plastic model foods of the same mechanical hardnesschange in rheology from

elastic to plastic reduced the chewing frequenChanges in the shape of masticatory
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cycles were also observed between elastic andigpfasids, as can be seen in Figure
2-18. Different chewing patterns have also bdeseoved between agar gels of varying
cohesion, adhesion, and hardness by Ashida et2@07}, however cofounding of

variables mean the results are difficult to intetpr

Lateral chopscemacm {me) Lateral desplacemend (mim)

L]

Verikcal deplocement (nenb
Yeriboal digplocemani [

subject #5, product B4 subject #3, product P2

Figure 2-18: Differencesin chewing paths between one elastic (Ieft) and plastic (right) food of the
same mechanical hardness (Foster et al., 2006).
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2.8 Measuring and monitoring mastication

2.8.1 Serving size

In mastication studies where different foods aréndpecompared, fixed weight or
volume samples are usually used. Constant volanmgplkes were used by Agrawal et
al. (1998) (2 cr), Engelen et al. (2005b) (10 &nand Foster et al. (2006) (3 Ym
while Mioche et al. (2002a) (5 g), Fontijn-Tekantpaé (2004a) (3,6,9 and 12 g), and
Hiiemae (2004) (8 g) served constant weight sampfesmall number of studies, such
as Hiiemae et al. (1996), have allowed subjectsake natural bites of food. As
suggested by Medicis & Hiiemae (1998), the weigintd volumes that are commonly
served tend to be lower than what appears to betuaah bite size. Furthermore, it is
unclear whether constant volume or constant massoi® suitable for standardising
serving size. Such standardisation is importamnérgithat the size of sample that is
served has a significant influence on masticatind particle size outcome (Section
2.7.7).

2.8.2 Sample size (number of subjects)

In most mastication studies assessing foods or fwogerties, the number of subjects
used is usually between 10 and 20. Miyawaki e{24l00) used 16 subjects, Mioche et
al. (2003) used 25 subjects, Kohyama & Moiche (2a&d 20 subjects, Peyron et al.
(2004b) used 10 subjects, and Foster et al. (2086) 16 subjects.

2.8.3 Human measurements

Even in recent years, mastication studies oftenamsassessor to manually count the
number of chews and to time the duration of th@erhewing sequence (Peyron et al.,
2004b; Mischellany et al., 2006; Jalabert-Malbosagt 2007). The mastication
frequency can then be derived. This techniqueingple, cost-effective, and time-

effective.
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2.8.4 Jaw trajectory

Measurement of jaw trajectories are widely usedniastication studies. The most
common measures of jaw trajectory involve the potidn of a magnetic field, the
detection of light movement and infra-red emittdigdes, and videographic techniques.

Magnetic field techniques

Magnetic field based systems are the most commaséd technique to track jaw
movement (Chew et al., 1988; Lassauzay et al., ;208Kizaki et al., 2002; Inoue et al.,
2004; Kohyama & Mioche, 2004). Lucas et al. (1986¢d a Sirognathograph where
magnets were cemented to the front of the lowesans. Sensors were attached to a
frame fastened to the subjects head, and dete®@eth@ement of the magnets. A
Kinesograph can also be used, where magnetic Vlichtions are created by moving
magnets attached to the teeth (Horio & Kawamur891€astro et al., 2002). Peyron et
al. (1996) used a device known as an electromagaeticulograph (AG100), which
involved the subject placing their head inside rgdaframe creating a magnetic field.

Miniature coils were attached to the middle anddpimcisors.

Light based techniques

Light can be used to monitor jaw movement. Reiflectnarkers have been employed
by Haggman-Henrikson & Eriksson (2004), and vanRi#ret al. (1995), Miyawaki et
al. (2000) and Bhatka et al. (2004) used light engtdiodes. Such techniques often

use cameras to track jaw movement.

Infra-red techniques

Infra-red studies are also common. Peyron efl8P7) mounted four infra-red emitting
diodes (IRED) to a frame connected to the subjeetsl. An IRED was also attached
on the subjects chin, and the subtraction betwéenhtead and chin revealed jaw
movement. Infra-red light emitting diodes haveoal®en glued to stainless steel
connected to the teeth (van der Bilt et al., 1994 opto-electronic system is usually
used to track the 3D movement of the IRED’s, wheageras are connected to

computers.
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2.8.5 Videographic techniques

Videoflourography involves xray images being reesrdon a videotape, allowing
movements of the tongue and food to be monitoredetail (Hiiemae & Palmer, 1999;
Mioche et al., 2002b). Mioche et al. (2002b) gluadio plaque markers to the upper
and lower canines, and dusted food with bariumhaip Videotapes were recorded at

30 frames per second, and data was analysed bintpakeach frame in slow motion.

2.8.6 Muscle activity

Measuring muscle activity to monitor chewing is ecoaon. Electromyography (EMG)

is frequently used, and other techniques such laoXiyography (VMG) are emerging.

Electromyography

Electromyography (EMG) operates by electrodes monig electrical signals created
during muscular contractions to evaluate energepapd by the muscles (Brown et al.,
1994). The massetor and temporalis are usuallynthscles studied in mastication
research. Electrodes can be applied to the sudfaitee muscle (surface electrodes), or
inserted into the muscle. Surface electrodes eperted to be more accurate and user
friendly (Armijo-Olivo et al., 2007).

Set-up involves cleansing the skin with alcoholoap, shaving off hair, and placing
electrodes in a precise position by the subjectatimg their teeth. Conductive gels are
often used between electrodes and the skin (Laggarizal., 2000). Voltage and time
are the directly measured parameters, and reauitbe reported in terms of chew work
(area under the EMG wave (mV.s)), average voltageimum voltage, chew work rate
(muscle work within a section/time), and proportéibwork (% work of a section

compared to entire sequence) (Gonzalez et al.,)2001

Vibromyography

Vibromyography (VMG) measures the mechanical musatévity during muscle

contractions. Contact sensors read vibrationhefntuscle fibres on the skin surface
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produced from lateral expansion of the muscle.wite EMG, voltage and time are the

directly measured parameters (Mananas et al., 2002)

VMG is reported to discriminate absolute musclasde between subjects better than
EMG (Matheson et al., 1997), and is useful for ssisg muscle fatigue (Herzog et al.,
1994). However, VMG is not reported to discrimadbrces within a subject as

effectively as EMG (Matheson et al., 1997).

2.8.7 Food bolus analysis

Particle size distribution

Analyzing the food bolus is a critical part of unstanding the result of mastication and
relating it to nutrient release in the stomachudging bolus particle size is the most
common way the bolus is evaluated. Analysis cadiffieult however because up to
60% of the bolus can lost before expectoration a@iat-Malbos et al., 2007).
Measurement of particle size is most commonly ua#len using sieving, image

analysis, or laser diffraction.

A. Sieving

Analyzing particle size using wet sieving and deysg is a common technique (Woda
et al. 2006a). The bolus can be evaluated thramghsieve or multiple sieves. Single
sieving evaluates chewing performance by deteritmegercentage weight of the bolus
that passes through a sieve of a standard mesh{vsireder Bilt, & Fontijn-Tekamp,

2004). This method is faster, however providestéichinformation about spread of

particle sizes the bolus.

The multiple sieve method is more common, anddsmanended over the single sieve
method because the proportion of particles in dquéar size range can be evaluated
(van der Bilt, et al., 1993b). Results are oftasatibed with a cumulative weight
distribution. Thedsp, @ measure of the sieve aperture at which 50%eofvieight would
pass, has been shown as an effective method of atiming the particle size
distributions (van der Bilt et al., 1993a).
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Sieving analysis is simple, and results can belyeasmpared with previous papers
given the large volume of work which has used tachnique. However, sieving is a
time consuming process, and results with non spalgparticles can be misleading (van
der Bilt et al., 1993b).

B. Image analysis

Image analysis is a technique where an image dbii bolus is analysed by computer
software to evaluate the particle size distributioShi et al. (1990), Hoebler et al.

(1998), and Hoebler et al. (2000) are exampledesutiat have used image analysis. A
typical approach was taken by Hoebler et al. (19983re bolus particles were spread
out on a glass plate, photographed, digitised, amlysed using computer software.

Results were displayed in histograms in terms digla area.

Image analysis requires less time than sieving, ianchore useful for evaluating
irregular shapes where the smallest diameters darepresent the actual size (e.g.
spaghetti). However illuminating particles, ditetiating particles from other air
bubbles, and spreading out particles, can be tesobhe (van der Bilt et al., 1991; van
der Bilt et al., 1993b; Hoebler et al., 2000).

C. Laser light diffraction

Laser light diffraction is another technique to leade the particle size distribution.
Laser beams interact with the particles, and tHieadtion angle depends on particle
size (Woda et al. (2006a). A mastersizer is ugugkd for this technique. Laser light
diffraction is considered more useful for measurbb@uses containing particles less

than 1 mm in diameter, but is ineffective with largarticles (Hoebler et al., 2000).

Rheological measurements of the food bolus

Until recently, few techniques have been develofiedmeasuring the rheological
properties of the bolus. Loret et al. (2009) ugedeometer to undertake oscillation and
rotation measurements to determine storage andrlodsili, and viscosity, of the bolus.
Peyron et al. (2009) undertook TPA analysis offta bolus using an Instron set up

with a flat piston head and cylindrical cup to detme hardness, adhesiveness,
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cohesiveness and springiness of the bolus at \&points in the chewing sequence.
However, drying of the bolus after expectorationreported to be a problem with
rheological measurements of the bolus (Loret et 2009; Young, 2010 (personal

communication)).

2.8.8 Test foods

Test foods used in mastication studies

Mastication studies have involved many differemst feods, from almonds, to broccoli,
to beef, to gelatine gels, to artificial test foodshe selection of a test food depends
entirely on the particular objectives on the expemt. For mastication studies where
particle breakdown is the focus, foods that breakrdinto discrete particles which do
not fracture or break during measurement, suchuss(hucas & Luke, 1984; Hiiemae,
2004), and carrots (Peyron et al. 2002; Fontijnahef et al. 2004b), are commonly
studied.

Specialised artificial test foods are also commaudgd (Olthoff et al., 1984, van der
Bilt et al.,, 1993b). The most widely studied tésbd in mastication literature are
peanuts, used in over 30 published papers suclueasl& Luke (1984), Peyron et al.
(2004b), and Engelen et al. (2005b). Peanuts sekiluas their physical properties are
also relatively easy to manipulate via simple pssggy. Oven roasting of peanuts will
disrupt the cytoplasmic network, lipid bodies atedh and protein bodies are expanded,
and a crunchy texture is created (Young & Schaii®f0). Changes in moisture
content reduces crispiness, crunchiness, and hesdbee and Resurreccion, 2006).

Test foods usually pose problems in masticatiodistuif they are inconsistent (often

due to seasonal variation or variation in produgtiand thus introduce unwanted

variability into results (Bronlund, 2007 (personahamunication)).
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2.9 Conclusions from the literature

The general process of mastication and the formaifahe food bolus for swallowing
is well understood. Food is masticated until téub reaches a threshold in terms of
particle size, lubrication, and cohesion. The gdi@od particles are broken down
depend on the breakage properties of the partahes the probability of the teeth
coming into contact with the particles. The pracesinfluenced by human variables
such as age, gender, and dental status, as wétlodsvariables such as hardness,

toughness, and lubrication.

This review has described in detail the influentditierent foods and food properties
on mastication and the food bolus with homogendoads. Significant differences in
the mastication and food bolus exist between diffenatural homogenous foods such
as nuts, vegetables, rice and pasta. Howevernderstanding of mastication and the
bolus in heterogeneous foods is limited. Many modeod products involve more than
one food component combined with another, and wiena meal is consumed, more

than one food is usually masticated at the same. tim

Mastication studies generally serve constant massoastant volume samples to
standardise the chewing process. However, thehigeand volumes that are served are
often chosen without consideration of the natuit@ size from the foods being studied,
and are commonly too small. It is unclear whe®wing constant mass or constant
volume is more representative of natural bitinghthiae other. It is also possible that
other serving methods, such as allowing subjectsake natural bites, should be

employed.
Moreover, mastication can be studied by making daseasurements (counting the
number of chews and timing the duration of a chgwsaquence), by monitoring jaw

trajectories and muscle activity, or by assesdiegoroperties of the food bolus.

In addition, research which investigates the retathips between food properties and

chewing behaviour typically uses 10 to 20 subjedikis number of subjects may limit
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the range of food properties which are studied beeaf the time involved in preparing

test foods and analysing the food bolus.

Finally, mastication and the food bolus may infloersensory perception and digestion.
Unfortunately, little is known about how foods c&e designed to manipulate

mastication and the bolus with the aim of influergcsuch factors. The overall goal of
this thesis is to develop design principles to talleantage of the chewing process to
influence the sensory perception and digestionariufactured foods.
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Chapter 3 : Methodology and method development

3.1 Method development

3.1.1 A heterogeneous food system: Food matrices with embedded
test pieces

Model foods needed to be developed to satisfy bjectives of this research which was
to investigate mastication in a heterogeneous ®@iem, with a view to identifying
parameters to manipulate chewing behaviour andesdting particle size distribution
in the food bolus. The concept of a food matrintaming embedded test pieces was

therefore developed (Figure 3-1).

Matrices of contrasting physical properties couloteptially alter mastication, the
cohesion and lubrication of the bolus, the detectibinternal particles inside the bolus
by sensory receptors in the mouth, and the avéthabf internal particles for selection
by the teeth for mastication. Consequently, the &f particle breakdown of the
internal test piece, and the size of the interaaliges required to reach the swallowing
threshold could potentially be manipulated. Iniadd, the physical properties of the
internal test piece could be manipulated to changstication and the resulting particle
size in the bolus. This could also alter breakdoates and the particle size required to
reach the swallowing threshold. The other advantdghis type of model food is, with
careful design, that the matrices can be washeg &wigolate the internal particles for

particle size analysis.
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Figure 3-1: The concept test food: A continuous fid matrix embedded with an internal test
piece.

Zzmm

3.1.2 Selection of test pieces

A test piece needed to be selected for the heteengs system. The test piece needed

to meet the following criteria:

Solid.

Fractures and reduces in size during mastication.
Low variability in physical properties.

Consistent properties during storage.

Palatable.

o 00k w0 N PE

Suitable for particle size assessment using imaghysis and sieving (cannot
change in size during particle size assessment).

7. Physically suitable for embedding inside food nea&isi (cannot fracture or
change its physical characteristics while insidertiatrices).

8. Cost effective.
Peanuts Arachis hypogaea) were selected as the test piece for this projddtanuts

have been used in over 30 published papers onaatsti, including work by Lucas &
Luke (1984), Peyron et al. (2004b), and Engeleale{2005b). During mastication
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peanuts fracture into small particles which canebsily measured using sieving or
image analysis (Mishellany et al., 2006; Jalabeaibds et al., 2007). They were also

observed to be relatively resilient during handiimghe laboratory.

Unsalted peanuts were used in every trial (Virgicudtivar, Prolife Foods, Hamilton,

New Zealand). The average nutritional compositsogiven in (Table 3-1).

Table 3-1: Composition of Virginia cultivar peanuts used in this project supplied by Prolife Foods,
Hamilton, New Zealand.

Energy (kJ) 2392
Protein (g) 24.8
Fat (9) 47.3
-saturated 5.4
Carbohydrate (g) 9.0
-sugars 51
Sodium (mg) 1

Roasted peanuts were predominantly used (roastdérddife foods, Hamilton, New
Zealand). Modifications to peanut properties wenade for particular trials by
moisture content changes or different forms of Hesdtment. Peanuts pieces were
served as quarters (kernel halves) unless othersyseified (Figure 3-2). Different
treatment conditions and physical properties ofgbanuts in each trial will be shown

in the relevant sections.

ke

Figure 3-2: Peanut pieces (quarters), as served the current study.
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3.1.3 Selection of food matrices

Requirements of the food matrix

A series of different matrices needed to be developThe matrices were required to

have the following properties:

=

Physically stable when peanuts were embeddede them—cannot break apart.
Contrasting physical properties between each typeatrix, and each type of

matrix should induce differences in chewing behawxio

3. Repeatable between batches of the same matrix type.

4. After mastication the matrix in the bolus must b&edo be washed away to

isolate the peanut particles in the bolus.
A distinct colour difference from peanuts so thaedput particles in the bolus
can be seen when washing the matrix away.

Palatable.

7. Able to be prepared or set in the form of constahime bars — (20x30x200

8.
9.

mm).
Once prepared as bars must be able to be cutnmdb Bite size portions.
Cost effective.

10. Consistent between batches and during storage.

The five matrices

Five different matrices were developed for userdythis research: scone, gelatine gel

(200 bloom), gelatine gel (250 bloom), brownie ahdcolate.

The scone matrix was prepared using a proprietegygnx (Fino Scone mix, Bakels,

Auckland, New Zealand) in a proportion of 59% (W)\wn water. This mixture was
blended and 5% (wt/wt) sugar added. Cocoa wasaalded (3% wt/wt) to colour the

matrix and thus allow easier identification of geanuts particles in the bolus during

their subsequent extraction from the bolus. Thetuné was then baked at 220 °C for

12 min inside the mould.
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The 200 bloom gelatine gel matrix was preparedgugilatine (200 bloom, Gelita ®,
Christchurch, New Zealand) in a procedure used t®yipus workers in the field

(Laussauzay et al., 2000) with a reduced citrid @aointent to 0.4% (w/w).

The 250 bloom gelatine gel matrix was preparedgugilatine (250 bloom, Gelita ®,
Christchurch, New Zealand) following the identipabcedure described by Lassauzay
et al. (2000), with a citric acid content of 1.584\{).

The brownie matrix was prepared by combining a Imievpremix (75% wt/wt; Double
choc brownie mix, Edmonds ®, Goodman Fielder, Aackl, New Zealand) with egg
(8% wt/wt), water (7% wt/wt), and melted butter ¥40wt/wt). The mixture was
blended and then baked at 180 °C for 28 min.

Samples with a chocolate matrix were prepared bimgeproprietary chocolate (Dairy
Milk ®, Cadbury confectionary ©, Dunedin, New Zeaad in a microwave, pouring the
chocolate into the mould, and allowing it to se&irefrigerator (4 °C).

With the exception of the scone matrix (which wazén and defrosted for serving), all
samples were stored at 4 °C pending use. All mtsduere wrapped in aluminium foll

during storage, and discarded after a maximumdz#y& storage.

The physical properties of the matrices are pravideeach chapter where the relevant

matrix was used.
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3.1.4 Development of an image analysis technique for determining
peanut particle size

A technique for the analysis of peanut particle size

In order to measure the particle size distributddrihe peanut bolus an accurate and
repeatable technique needed to be developed. A #@fficient method was also
required, and consequently an image analysis pueedas used. The procedure is

shown below.

The image analysis procedure

Each bolus sample and debri washings sample (&uatdig each subject expectorating
the bolus after mastication) was frozen at -18 &owing each trial (See Section

3.2.1). The bolus and washings were thawed atQ@Gof 30 min, before being

combined so that the entire mass of food could rsdyaed together (samples were
frozen separately to minimise losses when combittiegbolus). The complete bolus
(original bolus and washings) was sieved across5a.8n sieve with warm water for 4

min (Figure 3-3). This process caused the bulthefmatrix to be washed through the
sieve to isolate the majority of peanut particles dnalysis (particles below this sieve
aperture were lost). Peanut particles were theweol on a Petri dish (140 mm
diameter) (Biolab, Auckland, New Zealand) and 60 @flethanol (absolute) (Polychem
Marketing Ltd, Auckland, New Zealand) was added@gsist in particle separation and
to prevent fat globules from forming (Figure 3-4A plastic spatula was also used to

separate particles for analysis to ensure an eggtibdtion of particles.

Particles in the entire Petri dish were scanne®C& dpi (Epson Perfection, 3490,
Photo) in grayscale (Figure 3-5, Appendix A). Tésan was then repeated after
redispersal of the contents by shaking and resprgadith the plastic spatula.
Processing of the 4300 x 4300 pixel images was wded using Image J ® (1.37a,
National Institute of Health, USA). A black and iwehthreshold was applied to obtain
binary images (Figure 3-6, Appendix B). A nuclexmunter in conjunction with a
watershed algorithm was used to separate any afyéirticles assessed particle size.
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The particle size output from Image J (area in’nfion each counted particle) was
exported to a software program in order to creatautative particle size distributions
in terms of area. An example of this output isvemon Appendix C. It was assumed
the area of each particle was of a circular patiahd the diameter was derived. Each
particle was then allocated to one of a seriesladses based on particle diameter.
Particles were categorized into 8 diameter clastaswell known power series: 0.355-
0.5,0.5-0.7,0.7-1, 1-1.4, 1.4-2, 2-2.8, 2.84 mm.

Figure 3-3: Washing the matrix away, using warm water across a 355 um sieve, to isolate the
peanut particles.

Figure 3-4: The isolated peanut particles for imag analysis, sitting in ethanol inside a Petri dish.

Assessment of retention of the peanuts (percerdageveight of peanuts remaining
after mastication with respect to the initial dryeight of peanuts served) was
undertaken by decanting ethanol, drying peanutgbestfor 24 h at 105 °C in an air dry
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oven (Labserv ®, Biolab, Auckland, New Zealand)d atetermining the dry weight.
The initial dry weight of peanut pieces in the séamperved was determined by

calculating the initial moisture content of the pets (see Section 3.2.2).

Retention was also assessed by estimating the wohfmpeanuts remaining in each
bolus from the photos taken during image analy&sch particle was assumed to be
spherical, and hence the area of each particle acmaserted to a volume, and the

volume of the constituent particles for each belas summed.

Sandardising the image analysis technique

Following development, the reliability of the imagealysis technique needed to be

assessed.

A. Visual assessment of particle counting

Figure 3-5, Figure 3-6, and Figure 3-7 showdbeversion from a scanned photo to the
counting of peanut particles in Image J. The imbligal particles were counted by Image
J, and the watershed algorithm separated partrdhesh were abutting. Generally the
watershed algorithm correctly separated the adhgrarticles, however in a few cases
whole particles would be divided (see particlesatdl 16 in Figure 3-7). This was

considered acceptable given that each bolus wauklibject to the same minor error.
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Figure 3-5: Grey scale image of peanut particlesxeacted from a bolus. Photo is in greyscale, 800
dpi.

Figure 3-6: The same peanut particles after the hary threshold was applied using Image J ®.
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Figure 3-7: The same peanut particles after Imagé has run the particle count and watershed.
Numbers indicate each particle which has been couedl and the lines show where the watershed
algorithm has identified each particle’s outline.

B. Assessing the consistency of the image analysis technique
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Figure 3-8: Replicate cumulative particle size disibution of the same peanut bolus. The particle
size distribution of a peanut bolus was photograph# re-dispersed, and photographed again (this
procedure repeated five times). Photo 1o, Photo 2: -, Photo 31, Photo 4:0, and Photo 5:A.
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The image analysis technique was performed ondime geanut bolus 5 times to assess
consistency (Figure 3-8). A photograph of a pédinlus immersed in ethanol on a

Petri dish (pre sieved across a 345 sieve to eliminate small particles) was taken
using the scanner, the bolus was re-dispersedeoRelri dish, and another photo taken
(this was repeated five times). Each photographtivan processed using Image J. The

particle size distribution was consistent betwesplicates.
C. Comparison between image analysis and sieving

The image analysis technique was compared withsmeting, a common technique
used in a vast number of mastication papers (Lacas Luke, 1984; Olfhoff et al.,
1984; Peyron et al., 2004b), to understand thenéxiedifferences in reported particle
size between the two techniques. Five peanut bslo$ different particle size were
prepared, and sieved across a dBb sieve to remove small particles. Each boluses
was processed using image analysis, before unaeygeet sieving (on the same day).
An estimated weight distribution curve was genetateom the image data by
converting the area of each counted particle tauwmel and assuming the peanut
particles were spherical. A software program (lLewww 8.5, National instruments)

assisted with this procedure.

The wet sieving involved the following sieves: (638.5, 0.7, 1, 1.4, 2, 2.8, and 4 mm,
based on a sieve aperture ratio 8f.2The bolus was deposited at the top sieve (4 mm)
and then washed with water for 30 s on each siélee peanut deposit on each sieve
was carefully transferred to pre weighed and preddiilter paper, and dried in an air
dry oven for 24 h at 105 °C, before being re weighe
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Figure 3-9: Estimated cumulative peanut particle wight distribution using image analysis.
Bolus 1:e, Bolus 2:0, Bolus 3: ¥, Bolus 4:A, and Bolus 5:m.
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Figure 3-10: Cumulative peanut particle weight digribution using wet sieving.
Bolus 1: e, Bolus 2:0, Bolus 3: ¥, Bolus 4:A, and Bolus 5:m.
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Figure 3-9 and Figure 3-10 show the particle dis&ribution between the two methods
was similar. Importantly, the trends between tbkikes are similar for image analysis
and wet sieving, with Bolus 1 having the largesttipies, and Bolus 5 the smallest
particles. More spread in size between the fivieides can be observed for peanuts
measured by the sieving technique, which is likelpe due to the watershed procedure
cutting large particles into smaller pieces (Bdluand 2). Boluses assessed throughout
this thesis are typically closer in size to Bolus43and 5, where distributions are

comparable between the two techniques.

D. The effect of storage in ethanol of the size of peanut particles

Following sieving of the food bolus (to remove thmeatrices), the retained peanut
particles were stored in ethanol before the bolas photographed for image analysis.
Consequently, the effect of storage in ethanol edeid be assessed to ensure the

particles were not changing in size.
A typical bolus was analysed after being immedyapdhced in ethanol after sieving the

matrix away. The particles were then stored imeth for 7 days and the same patrticles

assessed again (five replicate photos were takelapd and day 7).
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Figure 3-11: Cumulative particle size distributionof peanut particles on day 1 ¢) and day 7 @)
after storage in ethanol (meantSD).

Figure 3-11 shows that the patrticle size distrinuirom day 1 to day 7 were identical,
showing that storage in the ethanol did not chgragcle size.

E. The effect of storage inside different matrices on the size of peanut particles

Experiments in the current study sought to analysky differences in particle size

resulting from the chewing process, and avoid comfiing changes of peanut particle
size afterwards. Consequently, any changes inypgeamticle size during storage inside
boluses of different matrices (of contrasting maistcontents and water activities) after
the bolus had been expectorated also needed tssessed. Moisture migration has

been shown to result in expansion in peanuts (Efilat al., 2009).

An assessment of peanut particle size changeseitisalgelatine gel (250 bloom) and
chocolate boluses was conducted. These were thent@irices used most extensively
for comparison in this thesis, and formed bolusdsclv had large differences in
moisture content and water activity (Gelatine 6.3 gH0/100g total mass, 0.919 aw;
Chocolate: 37.0 gid/100g total mass, 0.799 aw - duplicate readingbeboluses after
mastication by a single subject).
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Five chocolate and 5 gelatine gel (250 bloom) (2xB% cm in size) matrices were
masticated by a single subject, and the resultoigdes for each matrix were collected
in individual containers. Dry roasted peanuts wateshed using a pestle and mortar,
and dry sieved across sieves of the following seses: 0.355-0.5, 0.5-0.7, 0.7-1, 1-
1.4,1.4-2, 2-2.8, 2.8-44 mm. Peanut particles which fell on the 1.00 niewes were

collected, and 0.35+0.01 g samples (randomly obthirom the 1.00 mm sieve) of the
particles were embedded within each bolus. To ksitathe storage conditions during
an experimental trial samples were kept at 20 ¥Qfh, and then frozen for 24 h at
-18 °C. Boluses were then thawed for 30 min aPQQand washed for 4 min using
water at 45 °C across a 355 um sieve to remove#tex to obtain peanut particles for

image analysis.

The particle size distribution was similar betwela 5 peanut particles obtained from
the gelatine gel and from the chocolate (FigudB- As this was a narrow distribution
in terms of particle size, the average particladrenf) was also determined by using
Image J for each bolus (average area=total areéglpazount). Average particle area of
peanuts was also similar between matrices. Avepaggcle area inside the chocolate
was determined to be 1.00+0.04 Mmimean+SD), and 0.99+0.03 mMinfmean+SD)

inside the gelatine gel. Therefore, no evidence dilanges in peanut size after

mastication was observed.
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Figure 3-12: Cumulative particle size distributionof peanut particles after storage inside chocolate
(e) and gelatine gel matricesq) (meantSD).

F. The effect of storage inside ethanol on the dry weight retained

Ethanol dissolves fat. Consequently, fat loss fio@anut particles during storage in
ethanol needed to be quantified, as did the inflaeof the particle size of peanuts on fat

loss into ethanol, to assess to influence of ethamalry weight data.

Peanuts were crushed using a pestle and mortar,treerd dry sieved across the
following sieve series: 0.355-0.5, 0.5-0.7, 0.7-11,.4, 1.4-2, 2-2.8, 2.8-44 mm. Ten

samples of particles (1.00+0.01 g (mean+SD)) wétained from the 2.8 mm sieve and
from the 1.0 mm sieve. Five samples from the 2n8 sreve and the 1.0 mm sieve were
immersed in ethanol for 24 h at 20 °C, and five @asfrom the 2.8 mm sieve and the

1.0 mm sieve were stored in air tight containersaadrols for 24 h at 20 °C.

Following the 24 h storage treatments, the dry Wted each sample was determined
by drying in an air oven at 105 °C for a furtherli24By comparison of the average dry
weight between samples stored in ethanol with trgrol samples, the percentage loss

in dry weight (likely to be predominantly fat los)uld be calculated.
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Table 3-2: Estimating the loss of dry of weight fom peanut particles during storage in ethanol.

Average Dry wt (g) | Estimated % loss of dry
Particle size Treatment (mean£SD) weight during storage
1mm Soaked in ethanol for 24 h 0.77+0.01
1mm Control 0.9740.01 20.4+0.3
2.8mm Soaked in ethanol for 24 h 0.82+0.01
2.8mm Control 0.97+0.01 15.6+0.2

Considerable reduction in dry weight took placero2é4 h in ethanol for peanut
particles obtained from the 1.0 and 2.8 mm sieveble 3-2). Greater losses were
observed from particles obtained from the 1.0 mewesi This is likely to be as a result
of an increased surface area to volume ratio ftidsdoss into the ethanol with the

smaller particles.

Hence results showed considerable solids losslylikebe fat loss) was taking place
during storage in ethanol. Consequently, this edeid be taken into consideration
when dry weight retention results of peanuts weesgnted. Retention is therefore

likely to be slightly greater than data presented.

G. Evaluation of the technique

Image analysis is regularly used in masticatiordist looking at the food bolus

(Hoebler et al.,1998; Mishellany et al., 2006). eTimage analysis procedure counts
individual particles and then groups them, whersi@aging counts mass fractions of the
bolus. Image analysis also measures the complzt@ra of each particle rather than
separating particles based on the smallest diartegten sieving). The validation trials

above show the Image J program and watershed thligorvas counting individual

peanut particles, particle outcome was consistetwden replicates, particle size was
stable during storage in ethanol and in boluses fdifferent matrices, and trends in
particle size were similar between wet sieving andge analysis. The method was
considered to be significantly faster than wetisigvand therefore allowed for a greater

number of replicates to be conducted throughostploject.

The main disadvantage of the technique was fat bhasng storage in ethanol

influencing the weight retention results (despitatigle size being unaffected during
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storage in ethanol). Therefore, estimated volumtheé bolus from the images was also
used as an alternative measure to assess peantiaet given the stability of particle

size (even over a one week period) in ethanol.
Describing the particle size distribution

To describe the particle size distribution of theaput particles, a Rosin-Rammler
distribution function was fitted to the cumulatiaeea distribution determined from each
bolus (Equation 3-1):

b
Q=1-ex —[ﬂJ In2 Equation 3-1
d;, —0.354

Wherex is the sieve class (mngso is the theoretical sieve size through which 50% of
the 2 dimensional particle area will fall (mnh)js the broadness of the cumulative area
distribution (the slope of the cumulative curve,enincreasing values correspond to
particle size distributions that are less broad}] @ the area fraction of particles that
have a smaller diameter (assuming circular padjdieanx. The value of the baseline
constant, 0.354 was chosen, rather than calcufededthe curve fit, since all particles
below 0.355 mm had been removed from the bolusis Wrethod was based on a

similar function presented by Olthoff et al. (1984)

Figure 3-13 shows a fit of the Rosin-Rammler cuwehe actual bolus particle size

distribution.
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Figure 3-13: A typical cumulative area distribution of bolus peanut particles, with the Rosin-
Rammler fit. Raw area data from a typical bolus:e, Rosin-Rammler fit: —.

79



3.2 General methodology

3.2.1 Experimental procedure for mastication trials

Mastication trials in the current study involvedseg test food samples of a specific
volume (see Chapter 4), and asking each subjeztieer each sample until the point at
which they felt the impulse to swallow and thereigectorate the bolus at this point.
The number of chews and chewing time were recordadually. Each experimental

session was conducted in a room at 20 °C, anddeds placed at 20 °C at least 1 h
before serving. Test foods were wrapped in faibpto serving to eliminate moisture

loss during the time between preparation in theratory and serving to the subjects
(Figure 3-14). Subjects were asked to eat a miglain 1 to 2 h prior to each session.

Figure 3-14: Typical setup for a single test sampl Containers from left to right: water sample for
rinsing the mouth (25 mL), matrix, and peanut piecs.

Following expectoration each subject rinsed thewmuth with 25 mL water and
expectorated this into a container. Both the baod the washings (debris) were
weighed and frozen at -18 °C. Boluses and deber® frozen for several days before
thawing and particle analysis took place.
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3.2.2 Analysis of the physical properties of the test foods

The density of the peanuts was measured by detengnihe volume displacement of a
known mass of peanuts in toluene. Analytical grémlaene (Scharlau, Barcelona,
Spain) was used as it is considered to be absdipgubanuts to a lesser extent than
water (Aydin, 2006).

The moisture content of peanuts was determinedabyuwm drying of a known mass at
88 kPa at 100 °C. The method used was based AGA€ manual for determination
of moisture contents of nuts (AOAC official meth®85.40 moisture in nuts and nut

products).

Water activity was measured at 25 °C using AW SHRIM-500 (Novasina, Lachen,
Switzerland). Samples of size 1x1x0.5 cm were usedhe matrices, and peanut
halves (one kernel) were used for the peanuts. eDsmons of matrices were smaller
than the test samples (see Chapters 6-10) to fitixraeces inside the water activity

meter.

Textural analysis of the matrices and peanuts wenelucted using a Texture Analyser
TA-XT2 (Stable Microsystems, Surrey, UK), using twsuccessive uni-axial
compression tests with a flat cylindrical probeadeter: 50 mm) (Texture profile
analysis, TPA). TPA of peanuts was conducted bypressing peanut halves to 50%
strain with a test and post test speed of 1.67 eun/sTPA of the matrices was
conducted by compression of samples (13x20x15 mherevthe 20x15 mm portion
was lying flat) to 80% strain, with a test and ptestt speed of 0.8 mm/sec. Different
conditions were used for matrices and peanuts tonge the level of compression
within the limit of the 50 kg load cell, and to nmmse variability. Dimensions of the
matrices were smaller than the test samples (ip€ha6-10) to also optimise the level
of compression within the load cell limit. Textuanalysis of the food bars used in

Chapter 4 was also undertaken, and is describ8ddtion 4.2.2.

TPA parameters were then calculated accordingatoadsird methods outlined in Bourne
(2002). These parameters were developed by Gefmods as a bridge between
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sensory evaluation and the instrumental measureofieéexture (Szczesniak, 1963), and

are derived from TPA curves (Figure 3-15). They malated to the forces of attraction

of matter within each food, and how the matter Wwhicakes up these foods opposes
disintegration (Sczesniak, 1963). According to Ze8soniak (1963), Pons & Fisman

(1996), and Bourne (2002) these parameters caefbeed as:

Hardness (N): The height of the force peak orfitsecompression cycle (Hardness 1).
This instrumental measurement has been developeeptesent sensory firmness (or

softness) of a food.

Cohesiveness: The ratio of the positive areab@fitst and second compression (Area
2/Area 1). Given constant speed during the TPAlyamsa this is effectively a
comparison of work required on the second comprasagainst the work of the first
compression (Work done=Force x distance). Thisunsental measurement represents

the strength of the internal bonds making up tloel fo

Springiness (m): The distance that the food rema/én height between the end of the
first compression and the beginning of the secomshpression (originally labelled
elasticity). Distance can be calculated usingdbmstant test speed. This instrumental
measurement has been developed to represent thleoleplasticity or elasticity in a

food.

Chewiness (J): The product of hardness x cohessgeRr springiness. Chewiness is a
measurement of work required to masticate a sofmdyrt to a state ready for
swallowing. This instrumental measurement reprisssensory tenderness or toughness

of a food.
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Figure 3-15: A general TPA curve obtained from thelexture Analyser (TA —XT2).
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Chapter 4 : An investigation of natural bite size in
a population and the development of a method to
standardize serving size

4.1 Introduction

Bite size is important in the design of masticatistudies when selecting and
standardising serving size. It is important tougaghat the quantity of food served falls
within the range of what would be naturally acqdireServing size influences the
number of chewing strokes and chewing time, (Fosiigkamp et al., 2004a; Gaviao et
al., 2004), and the particle size distribution loé food bolus (Lucas & Luke, 1984;
Buschang et al., 1997).

A number of mastication studies have compared favdeod properties on a basis of
standardised mass (Mioche et al., 2002a; Fontijeaiig et al., 2004b; Hiiemae, 2004)
while others have standardised volume (Agrawalletl®98; Engelen et al., 2005b;
Foster et al.,, 2006b). However, as explained iati@e 2.8.1, it is unclear whether
serving samples that are standardised with a aoingteight, constant volume, or by
using alternative serving methods, provides thetnagsurate basis for mastication

studies.

The process of biting (also known as acquisitionyolves external assessment by
sensory organs, occlusion of the upper and lowasans, and the deposit of a unit of
food in the oral cavity on the tongue (Section2).3.During acquisition sensory organs
will determine if the food product is suitable fagestion, otherwise it will be rejected
(Thexton & Hiiemae, 1997; Bourne, 2002; Hiiemaep£0 The work required for
mastication (Ang et al., 2006), as well as the hesd (Brandt et al., 1963; Boyd &
Sherman 1975; Vickers & Christensen, 1980) andhlukness of the product (Peyron
et al.,1997), are also assessed during acquisition.

Section 2.7.2 outlined that the natural size oflilte that people take varies between

foods. Differences in bite weight have been shiwetween bread, rice, sausage, and
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apple (Yagi et al., 2006), and between bananagappbkies, and peanuts (Medicis &
Hiiemae, 1998). Itis unclear from literature wpatameters largely influence bite size,
however volume (de Wijk et al., 2008) and crosgsiseal area (Forbes, 1987) may be

important.

The aim of this study was therefore to examineatam in the bite weight, volume, and
length of a variety of food bars, between subjectd between bars. Based on these
findings the most useful parameter for standarisaif samples in mastication studies
comparing different foods could be identified, ahds a technique for standardising

serving size could be developed.

Much of this chapter, including many figures anbies, is based on work which has
been published (Appendix G) (Hutchings et al., 2009
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4.2 Methodology

4.2.1 Subjects

Forty five subjects (24 females, and 21 males, &7e8tt7.4 years) were selected on the
basis of having good oral and general health wihpain during chewing, complete
natural dentition, no history of recent orthodorttieatment or jaw injuries, and who
were currently not on medication that could affewastication or salivation. The

questionnaire used to select subjects for thisyssthcluded in Appendix D.

The study was registered as a low risk categoryicgtipn with the Massey University
Ethics Committee. All subjects gave informed congellowing an explanation of the
study. The subjects were not informed that bite svas being investigated in an effort

to maintain the natural character of acquisition.

4.2.2 Experimental procedure

Six food bars commonly available in New Zealand evesed for the study: Moro
(chocolate and nougatine whip, Cadbury ©), Crundhigkey pokey and chocolate,
Cadbury ©), Fruit and Nut Bar (Tasti Products Lt#fuesli Bar (Flemings ®), Apricot

Pie (doughy bar with an apricot filling, Tasti Puatls Ltd.), and Pixie Caramel (hard
chocolate and caramel, Nestle). The bars wereechos the basis of their distinctive

physical properties.

Each subject attended two experimental sessionsihioh three types of bars were
served in a randomised order. Hence each sulpektites from a given bar on only a
single occasion. The subjects were asked to bite chew in a manner which felt
natural and comfortable, and instructed to takengles bite from the bar and to take a
subsequent bite from a second bar of the same aye the first bite had been
completely chewed and swallowed. This was desigoeshsure that every subject had
short term knowledge of the products sensory ptegsefor the second bite, as during

the first bite only some subjects had prior knowkedf the product.
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The bars were weighed before and after the bitee ¢cFoss sectional area of the end of
the bars was derived by dividing the average volbsméhe average length of each bar.
Dimensions were taken from five replicates of ebah The volume and length of bar
bitten off were calculated from the bite weightdaie average density and average
dimensions of the bars. Each sequence of acaquisatid chewing was video taped on a
Quick Cam 8.48 (Logitech Asia Pacific Ltd, Hong K9n The number of chews
between acquisition and swallowing of each bite veafsequently determined

manually from the recordings.

The average density of each bar was determinedy wsidry volume displacement
method. A bar of known weight was submerged inesapd inside a measuring
cylinder. Hence the volume of the bar was caleddtom the difference in the level of
rapeseed in the cylinder when the bar was complem®Vered. Five replicates were
conducted on each type of bar and the mean volwsad in subsequent calculations.

Density was calculated as the average bar weigidetl by the average bar volume.

Textural analysis was undertaken using a Texturealyser TA-XT2 (Stable
Microsystems, Surrey, UK) using cuboid samplesamhebar (1.2 cm x 1 cm x 0.7 cm).
Compression and incision tests were used to ewalatdness and work done. Data
acquisition was carried out using a 50 kg load aall a sample frequency of 40 Hz.
Four replicates were conducted for each test on bac Compression tests were based
on principles from Bourne (2002), and were condilitte75% strain at a test speed of 2
mm/s using a cylindrical shaped probe 61 mm in éi@m Hardness was taken as the
maximum force measured during a compression ¥&itk was taken as the area under

the force-displacement curve from start to 75% c@sgion.

An incision test was also conducted using the Trextinalyser to assess incision
hardness and work using bars cut to 4 cm length3anch width. An ‘axe’ shaped
probe was allowed to penetrate half way down eachaba perpendicular angle to its
length, until it reached 3 mm from the base. Hass$nwas taken as the maximum force
during incision, and the work for incision as thheaunder a force-displacement curve
until the maximum force was reached. This test dagsed to simulate the physical

process of biting.
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4.2.3 Statistical analysis

Statistical analyses were performed using SPSSegsimn 15.0 for Windows). To
assess normality a Kolmogorov-Smirnov test (withlifors significance correction)
was conducted on the data set for the first andéloend bite. The bite size data were
all normally distributed (P>0.05) except for thee@ad bite of the Pixie Caramel bar
(P=0.04 for weight, volume, and length). The numbkchews were not normally
distributed, however after a log transformation, ddta were normally distributed,

except for the number of chews from the first bit¢he apricot pie bar (P=0.02).

Two-way repeated measures ANOVAs, with bar and dmtehe within subject factors,
found significant interactions between bite numdned bar type for weight, volume, and
length of bite. This significant interaction indted changes in biting behaviour from
bite 1 to bite 2. Consequently, all results présgrand subsequent statistical analysis
used only the second bite data. Statistical arsaiggolved one-way repeated measures

ANOVAs with bar as the only within subject factor.

When repeated measures ANOVA indicated significdifferences between bar
quantities, post hoc Bonferroni tests were undertako compare individual bars.
Where the assumption of specificity had been brplegrees of freedom were adjusted

using Greenhouse-Geisser estimates of sphericity.
The similarities in the various parameters of bigantities (weight, volume and length),

as well the number of chews, were compared ovbyatilots of raw data in cumulative

form.
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4.3 Results

4.3.1 The physical properties of the bars

The food properties varied across the bars (Taldle 4The following differences were
noted:
* The Crunchie bar was the least dense and requietbivest level of incision
work.
e The Fruit and Nut bar had the largest cross—sedltiarea and was relatively
high in the level of incision work.
* The Muesli bar had one of the smallest cross swdtiareas, was relatively hard
and required a relatively high compression andsinai work.
e« The Apricot Pie bar was the softest product hauimg lowest compression
hardness and work.
e« The Pixie Caramel bar was the hardest and densestefuiring the highest
levels of incision and compression work. It alswl ha relatively small cross-

sectional area.

Table 4-1: Food properties of the bars (mean+SE).

Moro Crunchie | Fruit and Nut Muesli Bar Apricot Pie Pixie
Caramel
Density (g/cr) 0.95+0.01| 0.58+0.01 0.75+0.02 0.85+0.04 0.75+0.02 1.27+0.03
Cross Sectional Area (¢n 5.7+0.1 5.410.1 6.31£0.2 3.610.1 5.910.1 3.510.2
Compression Hardness (N) 20+1 4142 52+13 82+16 8+1 238+16
Incision Hardness (N) 2.7£0.1 5.910.3 5.410.1 6.8+0 2.1+0.1 9.8+0.6
Work for compression (mJ) 5243 153+16 122+32 243144 3814 1108168
Work for incision (mJ) 297425 9149 528426 486126 2289 670152
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4.3.2 Interaction between bite 1 and bite 2

A significant interaction term for bite weight beten bite number and bars
(F(2.8,122.95) = 5.01, P<0.01) was found, indigatthat the type of bar caused
changes in bite size from first to second bitesirilar pattern of significance occurred
with bite volume (F(4.02, 176.79) = 3.83, P<0.0B) dite length (F(2.99, 131.53) =
4.57, P<0.05).

4.3.3 Bite weight

There was a noticeable spread between the cumaildistribution curves of the bite

weights for each of the bars, particularly betwdenCrunchie and the Moro (Figure 4-
1A). Significant variation between subjects (F@),4 418.6, P<0.0005) and between
bars (F(3.44,151.2) = 22.3, P<0.005) was foundst Roc Bonferroni tests found the
bite weight of the Moro to be significantly differiefrom all bars except the Apricot Pie
bar (Table 4-2).

4.3.4 Bite volume

There was a noticeable spread between the cumalldistribution curves of the bite
volumes for each of the bars, particularly betwéen Pixie Caramel and Muesli bar
from the other bars (Figure 4-1B). Again signifitaverall variation between subjects
(F(1,44) = 436.1, P<0.0005) and between bars (F842) = 36.32, P<0.005) was seen.
Post hoc Bonferroni tests identified the Pixie @@k and the Muesli bar to be

significantly different from each other and all ettbars (Table 4-2).

4.3.5 Bite length

Distinctly less spread was observed between theulative distribution curves of bite
length (Figure 4-1C). Significant overall variatibetween subjects (F(1,44) = 440.4,
P<0.0005) and between bars (F(4.32,190) = 9.5,0880.was indentified. Only the
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Muesli bar was significantly different from the ethbars according to Post-hoc

Bonferroni results (Table 4-2).
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Figure 4-1: Cumulative distribution of bite weight (A), volume (B), length (C) and the number of
chews (D) for the second bite. Moros, Crunchie: o, Fruit and Nut: ¥, Muesli Bar: A,
Apricot Pie: m, Pixie Caramel:o.
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Table 4-2: Bite size (weight, volume, and lengtlgnd the corresponding number of chews from six
food bars for the second bite (meanzSE).

Parameter Moro Crunchie Fruit and Nut Muesli Bar Apricot Pie Pixie

Caramel
Weight (g) 7.66+0.54 a 4.63+0.27 1 6.02+0.32 ¢d 750125 b 6.60+0.32 a¢  5.4840.36 hd
Volume (cm) 8.04+0.57 a 7.48+0.45 a 8.02+0.43 a 6.07+0.30 b .758.42 a 4.32+0.28 ¢
Length (cm) 1.41+0.10 a 1.39+0.08 a 1.28+0.07|a A8 b 1.46+0.07 a 1.26+0.08 a
Number of 24.64+x1.68a| 17.49+0.96b| 34.8+2.41c | 28.80+2.00d | 17.80+1.49 b| 44.53+2.94 e
chews

Different letters (a,b,c,d,e) across each row iadica significant statistical difference
after a one-way repeated measures ANOVA using IpesBonferroni tests (P<0.05).

4.3.6 The number of chews per bite

Significant differences, even greater than thoseeniked for bite weight and bite

volume, were observed in the cumulative distributborve (Figure 4-1D). Significant

overall variation between subjects (F(1,44) = 347/%<0.0005) and between bars
(F(3.87,158.7) = 120, P<0.005) was seen. PosBooderroni tests showed numerous

significant differences in the number of chews lestwbars (Table 4-2).
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4.4 Discussion

4.4.1 Variation in bite size

Results demonstrate that natural bite size vameatly between subjects (Figure 4-1).
Such spread in bite size within subjects has beend in every food so far examined in
literature, from bananas to biscuits. Bratley &ckett (1999) observed similar
variation in carrots, and Yagi et al. (2006) in lagp It is likely that individuals develop
distinctive overall biting strategies depending ¢meir physical and behaviour
characteristics.

Interestingly, the variation in bite size is liketp be greater than what would be
expected due to physical dimensions alone, susla@ation in jaw size. Further work
Is required to identify what causes this variatiddehavioural factors may be far more

important than physical factors.

4.4.2 The influence of first bite v. second bite

The significant interaction between bar type artéd humber showed that the bite size
changed between the first and second bite accotdirigar type. This indicates that

properties of the bars induce assessment and stadjnt. Prior to the first bite many

subjects had limited knowledge of the products priies, however prior to the second
bite subjects could take a bite knowing what toeetp For example the high hardness
and work values of the Pixie caramel (Table 4-1y imave resulted in readjustment to a
smaller second bite for many subjects.

4.4.3 Variation in bite size between bars

These results show that each subject’s bite sizeneabased on acquiring a particular
mass or volume across different bar types, howbkiersize may be based on acquiring
a particular length across different bar types. er€hwere significant differences

between the bars in terms of all measured bite s&&bles (weight, volume, and
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length), but the difference in bite length betwdsns was not as great as seen for
weight and volume (Figure 4-1). Post hoc analgs®wved that only the Muesli bar was
significantly different from the other bars in tesraf length (Table 4-2). Interestingly,
the bars which produced the greatest separatiowdight differed from those which

produced greatest separation by volume.

The regularity in natural bite length may meanghgsical shape and the density of the
food bar may have a stronger influence on bite #izeé textural properties such as

hardness and work during compression.

Previous studies have found significant differenaesmean bite weight between
different foods (Hiiemae et al. 1996; Medicis et H398; Yagi et al. 2006). Previous
research has not compared natural bite volume ter Ibngth between solid foods,
although some information on sip volume for liquidsavailable (Medicis et al., 1998;
Lawless et al., 2003; de Wijk et al., 2008).

4.4.4 Variation in the number of chews between bars

Results showed the 6 food bars differed greatihéway they were chewed (Figure 4-
1D, Table 4-2). Hiiemae et al. (1996) has alsowshdlifferences in chew number

between foods acquired from natural bites.
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4.5 Conclusions

The results of this study show that the bite samesg significantly between subjects but
that bite size also varies with food even whenedéht foods are presented in a similar
shape (as food bars). Variation between bars wgsih terms of bite weight and bite

volume, but considerably lower in terms of bitegégn Consequently, constant volume
samples may represent natural feeding more so twanstant mass, as volume

differences will match length differences if th@ss sectional area is constant.
These results highlight the importance of considethe manner in which foods are

served to subjects in mastication studies. Theradtration of a chosen weight of food

is likely to produce different results from a ches®lume of food.
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4.6 Applications for serving methods in mastication studies

These results have applications for standardisiogigns in mastication studies.
Despite the finding that neither bite mass nor bdkime were consistent between food
bars for each subject, the regularity in bite langetween bars suggests constant
volume servings may be more appropriate to reptagpital feeding. If bite length is
consistent between many bar shaped food produtisrénthe cross sectional area does
not limit acquisition), bite volume should alsod®consistent if the cross sectional area
across for the different bars (area of the endhefldar) is kept constant (length x cross
sectional area = volume). A study using bars efgsame cross sectional area could be

undertaken to confirm regularity of bite volume wegular cross sectional area.

The significant differences between products imteiof bite mass, as also shown by
Hiiemae et al. (1996), Medicis et al. (1998), andgiet al. (2006), and significant
differences in bite volume, highlights the impoxta of researchers carefully selecting

a serving size.

An alternative option for serving is to allow sutigeto take natural bites for mastication
studies, which reflects typical feeding more sontlsgrving constant sized samples.
Taking natural bites from food bars of the samessrsectional area could be

particularly effective, given the regularity in éitength.
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4.7 The method implemented for this project

Based on conclusions drawn from the bite size stadyethod for preparing constant
volume samples was developed. In Chapters 6-&natant volume serving size was
determined by asking the selected single subjetak® test bites from the different test
foods (used in the particular study in that Chgpa#dirprepared as bars with constant
cross sectional area and volume, and recordingbitieelength from each food type
(each bar). Replicate bites were taken from eachdnd a bite length (and therefore
bite volume) which fitted within the subject’s nedlbite range for all the foods to be
test in that trial was chosen. The bite lengtholwhwas selected was often close to the
average bite length of the subject. Thus to sdreesamples in the mastication trials,
the samples were prepared by cutting all the haits Constant cross sectional area) at
the selected bite length, to produce constant velgsamples for all the foods to be

tested in the trial.

In Chapter 10, where 8 subjects were used, anigd¢mrocedure was used for each
subject as for the single subject studies. Howetherselected bite length was based on

an average bite length across the 8 subjects.

A multi-purpose aluminium mould was constructed getting and baking matrices, to
produce matrices (as bars) of a constant shapgauae (20 x 30 x 200 mm) (Figure
4-2). Bars were cut at the desired bite lengtpramluce constant volume pieces. Any
increase in the volume of the matrix by upward esgan during preparation was

prevented by application of a flat tray on toplwé tould during baking.
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Figure 4-2: The aluminium mould used to prepare maices.
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Chapter 5 : Selection of subjects in mastication
studies

5.1 Introduction

The purpose of this research was to evaluate tifectebf food structure (of
heterogeneous foods in particular) on oral proogsand the food bolus, with the goal
of establishing food design principles for food macturers to influence sensory and

nutritional properties.

The practicalities of this work, in terms of reganvents to investigate a wide number of
food variables for establishing these design ppiesi meant that multiple subject
studies were not feasible throughout the projecdhis is because multiple subject
studies report wide variability in mastication beloar (Lassauzay et al., 2000; Peyron
et al., 2002), such as the number of chews, chetiing, and mastication frequency,
and also some variability in the food bolus (Mistuey et al., 2006; Jalabert-Malbos et
al., 2007). Consequently large numbers of re@Eare required to obtain significant
results, which constrains what variables can bdoegg, is time consuming, and can

lead to complicated statistical analysis.

Consequently, single subjects were used in Chapt&r®f this thesis, and a multiple
subject study was used in Chapter 10 to validagarthjor findings of this work with a
population. This approach minimized variability time data resulting from variation
between individuals to simplify analysis and endldegreater range of food variables to
be tested. Variability within subject replicatesmuch smaller than between subjects in
terms of mastication parameters (Lassauzay e2@00Q) and particle size distribution in
the food bolus (Mishellany et al., 2006).

As this work was not specifically designed to imgete the physiology of chewing or
trends in chewing amongst a population, the sisglgects functioned effectively as
reproducible chewing devices which responded togés in food properties. Single

subject studies have been used previously in nadistc literature (Howel, &

99



Brudevold, 1950; Yven et al., 2010), and are ofteed in research involving glycaemic
index (Parada & Aguilera, 2009). A wide numbemudsticatory robots that are also
being developed (Salles et al., 2007; Xu et alQ80Noda et al., 2010), which is
testament to the effectiveness of the use of sisgigect studies to evaluate changes in

mastication to varying food properties.

A rigorous procedure was undertaken to eliminagesilection of subjects with highly
unusual or highly variable oral processing charaties for these studies. The
selection approach was based on assessing thesteomgi of bite and chewing
behaviour of each applicant with the Fruit and Nat used in Chapter 4, and assessing
if applicant’s bite and chewing characteristicdhagd Fruit and Nut bar were similar the
general population studied in Chapter 4. The sele@pproach could be applied more
loosely for multiple subject studies, as undertake@hapter 10. Selected subjects also
met strict dental and health criteria alongside #ssessment of oral processing

characteristics.

Applicants for selection were recruited via adwenty and word of mouth. Subject 1
participated in the work presented in Chapter &)j&u 2 participated in the work

presented in Chapter 7, and Subject 3 participatelde work presented Chapter 8 and
9. All mastication trials in this thesis were apged by the Massey University ethics
committee (Southern A Application 08/17 and 09/24)d all applicants gave informed

consent.

It must be noted that as mastication data andgedize data were both key parameters
measured in the current study, a technique to ag$es particle size of applicants
boluses (with a test food that could be comparepatticle size data of a population)
was considered as alternative for this screeningiousual subjects. However, this was
deemed unnecessary given that it is masticatiorahas that vary more widely than
particle size variables. Dental screening of stibjalso reduced the likely hood of

obtaining subjects who would produce boluses withsual particle size distributions.
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5.2 Assessment of the health and dental status of the
applicants

The health and dental history of each applicant agsessed using methods commonly
used in mastication studies (Lassuzay et al., 2B66ter et al., 2006; Jalerbert-Malbos
et al.,, 2007). This involved the administrationao$écreening questionnaire (Appendix

E), and the use of a qualified dentist to assestatstatus and occlusion (Appendix F).

The single subjects were required to have classclusion (correct alignment between
the teeth of the maxilla and mandible when theimwalosed (occluded)), no significant
tooth crowding, no obvious tooth decay, and heghrodontal condition. They were
not allowed to have any functional disturbance @stication such as pain or clicking
during chewing, or any other known oral or genéedlth issues that could influence

oral processing.

101



5.3 Assessment of oral processing characteristics

Applicants who passed the health and dental sargenere asked to bite, chew and
swallow (as in Chapter 4) a standard Fruit and Ibart(a bar used in Chapter 4) five
times. Bite weight and the number of chews of eaolunteer were recorded.

Applicants who were the most consistent and reptatiee were selected, and hence

applicants with unusual oral processing charaditesisould be eliminated.

Applicants with the lowest standard deviation facke parameter were considered most
consistent. The degree to which each applicattarpeters were similar to the larger
population was assessed by comparison of their sned@h those from the large bite
size study in Chapter 4. Bite weight and chewiefaviour of the Fruit and Nut bar
was seen as an indicator of how a potential suljeatd bite and chew other products,
given the significant positive correlations for ebiveight and the number of chews
between the Fruit and Nut bar and the other bagesl us Chapter 4 (among the 45
subjects) (Table 5-1, Figure 5-1). Hence a subjdat took an unusually large number
of chews of the Fruit and Nut bar was considerebetdikely to chew other products a

large number of times, and was therefore not sadect

Correlations were undertaken with data that wasnatly distributed according to the
Kolmogorov-Smirnov test for normality (with Lilliie significance correction) where
P>0.05 (a log transformation was applied to the number of chews)l Pearson
correlation coefficients were significant (P<0.05).

Table 5-1: Pearson correlation coefficients betwaeFruit and Nut and other bars in Chapter 4
among 45 subjects.

Moro Crunchie | Flemings | Apricot Pie | Pixie Caramel
Bite weight (Q) .647 .642 .636 .655 .638
Number of .819 .756 797 .875 .649
chews (after
logso
transformation)
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Figure 5-1: Scatter plot showing the relationshifpetween chewing behaviour of the Fruit and Nut
bar and the other bars used in Chapter 4.
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5.4 Example of selecting a subject

Below is an example set of data used to selecsubgect in Chapter 6. This selection
technique was used for choosing each single subfseliected subjects were required to
be within one standard deviation of the populatisean for bite weight and the number
of chews (population standard deviation of the Fand Nut bar), and required a
standard deviation of less than 15% of the meaasacfive replicates for bite weight

and number of chews (%SD with respect to the médheoreplicates of the Fruit and

Nut bar).

Ten subjects volunteered to take part in trial hg@er 6). After an oral inspection by a
qualified dentist, seven of the subjects were askeite and chew the Fruit and Nut

bar (5 replicates).

Percentage of population with a greater bite size

Bite weight (g)

Figure 5-2: The cumulative distribution of natural bite weight of 45 subjects for Moro:e,
Crunchie: o, Fruit and Nut: V¥, Muesli bar: A, Apricot Pie: m, and Pixie Caramel:o.
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Figure 5-3: The cumulative distribution of the nunber of chews of 45 subjects for Moros,
Crunchie: o, Fruit and Nut: V¥, Muesli bar: A, Apricot Pie: m, and Pixie Caramel:o.

Figure 5-2 and Figure 5-3 show the cumulative tistions of bite weight and number
of chews, which can be used as a benchmark foemicrg subjects (from Section 4.3).
The Fruit and Nut bar has been used for selec®)n (The bite weight and number of
chews of each applicant were compared with the tataa distributions, to assess
each applicant with reference to the population.

Selection decisions were made in terms of bite kteignd number of chews
(Table 5-2). Subject 6 was selected for this girgbject study. This subject had a
mean bite weight and number of chews well withistdndard deviation the population
mean, and had a low standard deviation among teeligates for bite weight (7.8% of
the mean) and the number of chews (7.2% of the )ne@ubjects were rejected on the
basis of bite weight or chew results which weresmigt the population mean or were

highly variable (high standard deviation).
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Table 5-2: The screening data using the Fruit an#lut bar (mean+SD) and decisions made for each

applicant.

Subject Bite weight (g) Number of chews Selectioredision

1 6.00+0.98 25.8+2.4 High variability in bite wetgh

2 8.90+0.60 49.610.6 Large bite weight and number
of chews

3 7.00+0.82 18.2+1.5 Low number of chews

4 2.68+0.44 33.610.4 Small bite weight

5 3.88+0.79 22.2435 Small bite weight

6 5.41+0.42 29.2+2.1 Selected subject

7 4.88+0.19 18.4+1.1 Low number of chews

Population (45 subjects) 6.02+0.19 34.846.2
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Chapter 6 : Serving peanuts prepared inside
different matrices

Four distinct single subject trials (Chapters 6v@ye undertaken to meet the remaining
objectives of this research, before a multiple sabptudy (Chapter 10) was used to
validate results with a larger population. Thisyter is the first of the single subject
trials investigating mastication and the food bobfsthe matrices embedded with

peanut particles.

6.1 Introduction

As outlined in Section 2.7, the physical propertedgshomogenous foods, notably
texture, alter chewing behaviour (Hiiemae et #96@; Brown et al., 1998; Hilemae &
Palmer, 1999), and the final properties of the fbotlis (Hoebler et al., 2000; Jalabert-
Malbos et al., 2007). Current knowledge of masitcaand the state of the ready-to-
swallow food bolus in heterogeneous foods is lichit€onsequently, the mechanism by
which simple heterogeneous food systems are brak®mn, such as a system
containing a single type of solid test piece emleddih a continuous matrix, is
unknown. It is possible that the properties ofhbibte test piece (peanuts in this case)
and the matrix will influence chewing behaviour aheé state of the food bolus. In
particular, it is hypothesised that the matrix wifluence mastication and the cohesion
and lubrication in the bolus, and consequentlyr dtte final particle size distribution of

peanuts in the bolus.

Therefore, the aim of this study was to examinedhewing behaviour and chewing
outcome of standardized heterogeneous foods, bpaprg peanuts inside four
different types of matrices (scone, gelatine gél0(Bloom), brownie, and chocolate),
with a view to indentifying parameters that infleed chewing behaviour and the size

distribution of peanut particles in the food bolus.
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6.2 Methodology

6.2.1 Subject screening and selection

The subject used in this study was selected aguprth the procedure outlined in
Chapter 5. The subject gave informed consent,thadstudy was approved by the

Massey University ethics committee (Southern A Agadlon 08/17).

The subject selected was a 26 year old male watkscl occlusion, no significant tooth
crowding, no obvious tooth decay, and healthy pkmdal condition. He had no
functional disturbance to mastication such as painlicking during chewing, nor did
he have any other known oral or general healthessihat could influence oral
processing. The subject showed high levels of istrscy for bite weight and the
number of chews of the Fruit and Nut bar, with theans of these parameters lying

within 1 standard deviation of the means of thenexice population (Table 6-1).

Table 6-1: The bite weight and number of chews dhe Fruit and Nut bar of a previous population
studied and the selected subject (meanzSD).

Bite weight Number of chews n
Previous population 6.02+2.15 34.8+£16.2 45
Selected subject 5.41+0.42 29.2+2.1 1

6.2.2 Experimental procedure

Two trials were conducted:

1. Serving 4 types of matrices (scone, gelatine géD (Bloom), brownie, and
chocolate) each containing embedded peanut piacésserving peanut pieces
on their own (no matrix) in a random order (4 matrariants + 1 control (no
matrix, peanuts only), 2 sessions, 3 replicatespssion). The aim of this trial
was to determine the influence of the physical prbges of the matrix on the

chewing behaviour and particle size distributiopeénuts after mastication.
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2. Serving peanut pieces that had been removed fremaahe matrices prepared
as in trial one in a random order (4 peanut vasiaeinoved from matrices after
preparation + 1 control (peanuts not prepared imatrix), 1 session, 4
replicates). The aim of this trial was to quantife effect of preparation inside
the matrices on chewing behaviour and particle sideome of peanuts on their
own (i.e due to physical changes in the peanutsgliraking or setting inside

various matrices).

Experimental conditions and protocol followed tbatlined in Section 3.2.1.

6.2.3 Assessment of natural bite size and selection of serving size

The selection of serving size was based on thanigsdand methods developed in
Chapter 4. The natural bite length was determimgthe subject taking natural bites
from the four matrices (scone, gelatine gel (2000bi), brownie and chocolate)
prepared as bars of identical shape containingytgaieces (20 mm height, 30 mm
width, 100 mm length, containing 11.3% peanut aarar{v/v)). An overall mean bite
length of 13+2 mm (meanzSD) was determined, andefbee a constant volume
serving size of 7800 mh(20x30x13 mm) was adopted for trials involving ricEs

containing peanuts to fit within the subjects naliite range for the matrices.

6.2.4 Preparation of test foods

Matrices were prepared as bars containing peanattajupieces inside (where the
kernel, a peanut half, was cut in half again), atiogy to methods outlined in Section
3.1.3. Roasted unsalted peanuts were used inasiliaes and in the control. All peanut
quarters were sieved across a 4.75 mm sieve priorefparation in the matrix to ensure
no small particles were included. The bars weiteatll3mm intervals to obtain test

pieces.

All servings were also weighed (Table 6-2). Basedhe cut length of 13 mm, 1 g of
peanuts was contained in each sample on averagevdkmt to 11.6% peanuts by
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volume). When peanuts were served without a matrB0+0.02 g (mean+SD) samples

were used.

Analysis of the physical properties of the matricasd peanuts were undertaken
according to methods described in Section 3.2.2xtural analysis of the matrices
involved 12 replicates. Four replicates were ufmdpeanut moisture content, 12

replicates were used for peanut hardness, andiéatgs for peanut density.

6.2.5 Analysis of the food bolus

Analysis of the particle size distribution of petmparticles in the bolus was conducted
according to Section 3.1.4 where a Rosin-Rammiectfan was fit to the data. Weight

retention of peanuts was not assessed in this sisdyne exact weight of peanuts in
each test piece was unknown, however estimatdgeofdlume of peanuts in each bolus

were undertaken.

6.2.6 Statistical analysis

Statistical analyses were performed using SPSSegsiin 15.0 for Windows). The
Kruskal-Wallis test was used to assess signifidifierences in the parameters of
mastication (number of chews, chewing time, andticetfon frequency), and bolus
parametersdso, b, and volume retention of peanut particles). Themsemeters were
the dependant variables, and matrix was the fadfdnere significant differences were
found, the Kruskal-Wallis test was also run paisavio identify individual differences
between each matrix (or each peanut group remawesad éach matrix). The Kruskal-
Walllis test was used for statistical analysis afk subject trials in Chapters 6-8. The

test was deemed to give a significant differend@iwifactors when P<0.05.
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6.3 Results

6.3.1 Properties of the food matrices and peanuts

The properties of the various matrices differedb{@z6-2). The following differences
were noted:
* The scone matrix had the highest water activitg, @as the softest matrix.
* The gelatine gel matrix was the chewiest, spririgi@sl most cohesive matrix,
and also had a high water activity.
* The chocolate was the hardest matrix, and hadthiest water activity.
* The peanut pieces absorbed moisture from the suwtineg matrix and the extent
of moisture absorption differed between matricesarfits inside the scone
matrix absorbed the largest amount of moisture {Béfease), while peanuts

inside the chocolate matrix did not appear to dbswvisture.

111



Table 6-2: Properties of the test foods (mean+SE)

Hardness (N) | Cohesiveness| Springiness Chewiness Water activity Serving weight Peanut Peanut density
(mm) (mJ) (aw) (at 25 °C) (9) (Trial 1) moisture after
content after preparation
preparation inside
inside matrices*
matrices* (g/cn)
(gH,0/100g
total mass)
Scone 31+2 0.32+0.01 5.46+0.27 56+5 0.903+0.011 5.67+0.18 7.2+0.35 1.07+0.01
g%'gtgl‘gogrﬁ)' 714 0.62+0.03 9.96+0.09 433433 0.779+0.002 107180 |  3.43%0.10 1.08+0.01
Brownie 12649 0.23+0.01 2.07+0.14 6016 0.634+0.009 4.3630.1 2.69+0.32 1.08+0.01
Chocolate 389+12 0.15+0.01 1.70+0.16 99+10 0.505+0.004 9.983:0 1.94+0.07 1.07+0.02
Peanuts 14013 0.25+0.02 1.12+0.05 42+7 0.442+0.003 1.0220. 1.99+0.10 1.07+0.01

*determined by preparing matrices with peanut @enside, and storing them for 24 h in the manhey were stored during the trial
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6.3.2 Parameters of mastication

The number of chews (H(3) = 15.127, P<0.005), drednhean chewing time (H(3) =
15.487, P<0.005) differed significantly between mecats (Table 6-3) but the
The

gelatine gel (a chewy, cohesive, and springy mawis chewed the greatest number of

frequencies of mastication did not differ signiiitdg (H(3) = 5.040, P>0.05).

times and for the longest period, and the browtiie (natrix with the lowest density)
was chewed for the least number of times and fer ghortest period (36.0 chews

compared to 17.7 chews on average).

When peanut pieces that had been removed from aheug matrices were chewed
neither the number of chews (H(4) = 5.503, P>0.@%,chewing time (H(4) = 6.729,
P>0.05), or the mastication frequency (H(4) = 5,32:80.05) differed significantly with

the matrix type from which they originated (Tabld)6

Table 6-3: Effects of matrices on parameters of masticain of test foods and particle size
distribution of peanuts particles in the food bolus Peanuts inside the matrix (mean+SE).

Matrix Number of | Chewing time Mastication dso (mm) b Volume of
containing chews (s) frequency (s peanuts in
peanuts bolus (mnt)
Scone 28.7+1.9 ac 17.47+0.82 ac 1.64+0.06 1.4640.0 1.19+0.02 ac 1650+290 ac
Gelatine gel 36.0+3.8 a 22.29+2.00 4 1.61+0.01 1.43+0.06 a N0ea 19504240 a
(200 bloom)

Brownie 17.740.8 b 10.97+0.55 [ 1.6+0.01 1.22+M08 1.24+0.02 c 1260+170 bc
Chocolate 25.3+1.7 ¢ 15.93+1.07 ¢ 1.59+0.02 1.1330. 1.1340.03 a 1300160 ac
No Matrix 8.00+0.4 4.97+0.30 1.61+0.04 0.98+0.08 1.14+0.03 0198
(peanuts only)

Different letters (a & b) down each column indicateignificant statistical difference

after pair-wise Kruskal-Wallis tests (P<0.05). Regpmieces which were not embedded
in a matrix at all were not included in the Kruskdallis tests (Pair-wise analysis was
only conducted when a significant overall differerneas found).
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Table 6-4: Effects of preparation inside differentmatrices on parameters of mastication of peanut
pieces and resulting particle size distribution opeanut particles in the food bolus: Peanuts
prepared inside the matrix and REMOVED before mastcation (mean+SE) (WITHOUT matrices).

Matrix Number | Chewing time Mastication dso (Mm) b Volume of
of chews (s) frequency (3% peanuts in
bolus (mnt)
Scone 7.810.4 5.04+0.18 1.58+0.03 *e04 a 1.130.03 164@70 a
Gelatine gel (200 7.540.3 4.5740.10 1.64+0.03 14@03 ab | 1.180.02 135840b
bloom)
Brownie 7.540.3 4.76+0.15 1.58+0.04 140402 b 1.120.03 127@20 b
Chocolate 7.0£0.4 4.57+0.06 1.53+0.02 002 bc | 1.140.01 102840 c
No Matrix (peanuts| 7.8+0.2 5.00£0.16 1.55+0.05 08701 c 1.120.02 98@20 c
only)

Different letters (a & b) down each column indicateignificant statistical difference
after pair wise Kruskal-Wallis tests (P<0.05) (Raise analysis was only conducted
when a significant overall difference was found).

6.3.3 Properties of the collected boluses

A. Peanuts served inside the matrices

The particle size distributions of the peanut jgbes after mastication in the various
matrices were different in terms of the range efdtandard error (Figure 6-1). The size
distributions of peanut particles from the scond gelatine gel were outside the range
of both the brownie and the chocolate. Similalgy all differed from that of the
particles of peanuts without a matrix. These daéifices were confirmed by Kruskal-
Wallis test of thedsp values (H(3) = 14.129, P<0.005). By running theigkal-Wallis
test pair-wise it was found th#, of peanut particles from the scone and gelatine ge
was significantly larger than the brownie and chaiz and all were significantly larger
than particles from peanuts without a matrix (Tabi). On average the peanut
particles from the scone matrix hadsg of 1.46 mm, where as peanut particles from the

chocolate matrix had dg of 1.18 mm.

The broadness valub)((derived from the Rosin-Rammler function, Cha@eEection
3.1.4), which describes the spread of the peamticieasize distribution, also differed
significantly between matrices according to the gkal-Wallis test (H(3) = 8.491,

P<0.05). Pair-wise analysis showed the broadnalses of the peanut particles inside
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the brownie were significantly larger (and therefdess spread in the particle size
distribution) in comparison with the gelatine geldathe chocolate (Table 6-3). The
estimated volume of peanut patrticles in the bohaséd on the 2D particle area and
assuming sphericity, see Section 3.1.4) did notedisignificantly (H(3) = 5.507,
P>0.05) between matrices (Table 6-3).
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Figure 6-1: Cumulative particle size distributionof peanut particles in the food bolus where peanut

pieces were prepared and served inside different éa matrices. Sconew, Gelatine gel:o, Brownie:

V¥, Chocolate:A, and No matrix: m. Data was obtained after a complete sequence ofstication on
expectorated boluses, before swallowing (6 replicag) (mean+SE).

B. Peanuts removed from the matrices and served alone

The particle size distributions after masticatidnpeanut pieces removed from the
various matrices (and then masticated) were alereint in terms of the range of the
standard error (Figure 6-2). The ranges of @lfritiutions differed except for particles
of the peanut pieces removed from the brownie dwdaate, which were similar. The
dsp of particles differed significantly between peamiéces removed from various
matrices according to the Kruskal-Wallis test (H&4)16.294, P<0.005). Pair-wise
analysis found the particle size of the bolus cdm# pieces removed from the scone

was significantly larger than those removed from hownie and the chocolate, and all
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were significantly larger than particles of peapigces that were not prepared in a
matrix (Table 6-4) (thedso was 1.24 mm on average for bolus particles of p&anu

removed from the scone, and was 1.04 mm on avdmgtose removed from the
chocolate and brownie).

The broadness valueb) (of the peanut particle distribution did not diff@gnificantly
between pieces removed from various matrices (H®@)496, P>0.05) according to the
Kruskal-Wallis test, however there was a signiftcdifference in the estimated volume

of peanut particles in the bolus between the medr{¢i(4) = 19.025, P<0.005) (Table
6-4).
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Figure 6-2: Cumulative particle size distributionof peanut particles in the food bolus where
peanuts were served WITHOUT matrices (after being pepared inside different food matrices).
Scone:e, Gelatine gel:o, Brownie: ¥, Chocolate:A, and No matrix: m. Data was obtained after a
complete sequence of mastication on expectoratedlbses, before swallowing (4 replicates)
(meanzSE).
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6.4 Discussion

6.4.1 Relationships between food properties, chewing behaviour,
and bolus particle size

As the initial moisture content of peanut pieces@ased thelso of peanut particles in
the bolus increased. This relationship can be sémarly when peanuts pieces were
removed from the matrices and served (Figgh®B) but is also evident for peanut
pieces served inside the matrices (FighH®A). There were no trends seen betwegn
of peanut particles in the bolus and chewing behaJiFigure6-3C). As the number of
chews applied to the test foods increased, theespondingdso of peanut particles in
the bolus increased rather than decreased as vbeukkpected. Previous studies in
homogeneous foods have shown significant correlatimetween an increasing number
of chewing cycles and a decreasithg (Olthoff et al., 1984; Jalabert-Malbos et al.,
2007).
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Figure 6-3: The relationship betweerds, (estimated sieve size at which 50% of the bolusea of
peanut particles would pass), moisture content, anthe number of chews during mastication of

peanuts served inside matrices, and served afterm®val from matrices. Scone:®, Gelatine gel: O,
Brownie: ¥, Chocolate:A, and No matrix: m (meanSE).
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6.4.2 The influence of the matrix and the peanut piece on
mastication

The significant differences in chewing behavioutween matrices are consistent with
other published data for homogenous foods (Fostat.,e2006; Jalabert-Malbos et al.,
2007). Interestingly, where peanut pieces thatewamoved from matrices were
chewed, no significant differences in masticati@rameters were observed, despite
large differences in moisture content (Table @#&ure 6-3D). This suggests that
chewing behaviour was not affected by the embegédadut piece but by the matrices.

6.4.3 The influence of the matrix and the peanut piece on particle
size outcome in the food bolus

A. Peanuts served inside the matrices

The matrices caused significant differences inpis@nut particle size distribution of the
bolus in terms of thalsy, and broadnesé) values (Figure 6-1, Table 6-3). As the
differences in chewing behaviour between matricek bt correspond to expected
trends indsp of peanut particles in the bolus (Fig@-8C), and asls, trends between the
two trials were similar (Figure 6-1, Figure 6-2)e influence of the matrix on thulg, of

peanut particles in the bolus appears limited. elew, the significant difference in
broadness of the peanut particle size distribubetween matrices (which was not
found with peanuts removed from the matrices) ssiggethe matrices may influence
the spread of the size distribution. Further wisrkindertaken in Chapter 7 to clarify
the effect of matrix properties on peanut partgilee by eliminating the confounding

effect of moisture migration.

B. Peanuts removed from the matrices and served alone

Changes in the peanut properties during preparaigme caused differences in ttig

of peanut particles in the bolus (Figure 6-2, €bl4). The relationship between
moisture content ands, (Figure 6-3B), and differences in water activity between
matrices (Table 6-2), suggests moisture migrationnd baking or setting is causing

this difference. Uptake of water has been wide&pyorted to influence the textural
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properties of foods (Roos, 1995), particularly utsn(Visvanathan et al.,1996; Paksoy
& Aydin 2004; EIMasry et al., 2009). Moist, sotgnuts may have less friction against
the oral mucosa than hard, dry peanuts, and sbe#merefore be swallowed at a larger
particle size as a masticated bolus. Differenceshe particle size distribution are
known to occur when different types of foods aresticated and expectorated at the
swallowing point (Hoebler et al., 2000; Mishellaetyal., 2006; Jalabert-Malbos et al.,
2007), and also when peanuts have been subjectediffesent heat processing
conditions (Mac Kiernan & Mattes, 2010).

The significant difference idlsp of peanut particles in the bolus is present despit
overall significant difference in chewing behavipwhich suggests that the breakage
function of peanuts has changed during preparaimhstorage inside the matrices (the
extent that the particle fragments per chew) (Lwetad., 2002; Lucas et al., 2004). The
breakage function is known to be influenced byttheghness and Young’s modulus of
foods (Agrawal et al., 1997; Lucas et al., 2002).

6.5 Conclusion

This study found that in a heterogeneous food sysiehere peanut pieces were
prepared within various matrices, chewing behaviand the peanut particle size
outcome (in terms alsp and broadnes®)) in the food bolus differed between matrices.
Peanut particle size outcome (in termsdgf but not broadnessb)) also differed
between peanut pieces which had been removed fiermatrices, despite there being
no differences in chewing behaviour. Moisture eonhtchanges in the peanut pieces
during preparation are likely to be the main cawdeds, differences in the
heterogeneous system. The influence of the maiitixout the confounding influence
of changes in peanut properties during preparagaomains unclear, and requires further

investigation.
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Chapter 7 : Serving peanuts manually inserted
into different matrices after preparation

7.1 Introduction

Moisture migration occurs between two mediums oftiasting water activity, where a

water activity gradient exists (Labuza & Hyman, 829 The uptake of water has been
shown to alter the textural properties of food pidd including those of nuts

(Visvanathan et al., 1996; Paksoy & Aydin 2004; BBvy et al., 2009).

Chapter 6 showed there were significant differernicethe mastication of test foods

(different matrices prepared with peanuts insidefl ghe resulting particle size

distribution of peanut particles in the food bolusiowever, these results had been
confounded by the uptake of moisture into the pearmeces during preparation inside
the various matrices. Results suggested thatpheke of water into the peanut pieces
was having a significant influence on the sizerttiation of peanut particles in the food

bolus.

Consequently, further experiments were requireelitbinate the confounding effect of

moisture into the peanut pieces, to exclusivelyessdhe influence of the matrices on
mastication and the food bolus. To achieve thestrices were prepared without peanut
pieces, and the peanut pieces were subsequendtadsmanually into the matrices

immediately prior to being served to the subjedihis prevented any effect from

moisture migration during preparation inside défer matrices, and also allowed a
precise weight (and hence volume) of peanut pigces present in each test sample.

Furthermore, a comparison was made between thdcaismt of matrices with and

without peanut pieces. It has been shown thaticadisin is different between food
products (Brown et al., 1998; Hilemae & Palmer, 99%&nd it is known that serving
size influences mastication (Daet et al., 1995;iGat al., 2004), however the effect of

removing the peanut pieces from the matrices onticadi®n was unknown. It is
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hypothesised that the presence of the peanutsaitéf mastication (and perhaps the

relative differences in mastication between masjice

Therefore, the aim of this study was to examinedhewing behaviour and resulting
particle size distribution of standardized hetermgris foods (peanut pieces inside
different types of matrices (scone, gelatine g€0(®loom), brownie, and chocolate)
with the effect of moisture migration eliminatedn addition, the study aimed to
investigate the mastication of the matrices withpaainut pieces present inside (a

homogenous matrix), to compare the influence ofriced with and without peanuts.
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7.2 Methodology

7.2.1 Subject screening and selection

The subject was selected according to the procealttimed in Chapter 5. The subject
gave informed consent, and the study was approyetthd Massey University ethics

committee (Southern A Application 09/24).

The subject selected was a 20 year old female glgbs 1 occlusion, no significant
tooth crowding, no obvious tooth decay, and hegtwyodontal condition. She had no
functional disturbance to mastication such as painlicking during chewing, nor did
she have any other known oral or general healthessghat could influence oral
processing. The subject showed high levels of istrscy for bite weight and the
number of chews of the Fruit and Nut bar, with theans of these parameters lying

within 1 standard deviation of the means of thenexice population (Table 7-1).

Table 7-1: The bite weight and number of chews dhe Fruit and Nut bar of a previous population
studied and the selected subject (meanzSD).

Bite weight Number of chews n
Previous population 6.02+2.15 34.8+16.2 45
Selected subject 7.56+1.00 26.0£1.9 1

7.2.2 Experimental procedure

The study involved two trials:

1. Peanuts served inside 4 different matrices in daoanorder (scone, gelatine gel
(200 bloom), brownie and chocolate) containing peéapieces (4 matrix
variants, 2 sessions, 3 replicates per sessiorf)e aim of this trial was to
determine the influence of the physical propertiethe matrix on the chewing
behaviour and size distribution of peanut partiefier mastication, without the

influence of moisture migration into the peanuts.
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2. Four different matrices (scone, gelatine gel (2@@im), brownie and chocolate)
were served as matrices without any peanuts inndora order (4 matrix
variants, 2 sessions, 3 replicates per sessiorf)e am of this trial was to
understand how mastication of the matrices changleen no peanuts were

present in the system.

Experimental conditions and protocol followed tbatlined in Section 3.2.1.

7.2.3 Assessment of natural bite size and selection of serving size

The selection of serving size was based on thangsdand methods developed in
Chapter 4. The natural bite length was determimgthe subject taking natural bites
from the four matrices (scone, gelatine gel (200obi), brownie and chocolate)
prepared as bars of identical shape containingyteg20 mm height, 30 mm width,

100 mm length, containing 11.3% peanut quarterg)\v/

An overall mean bite length of 19+3 mm (meanzSD}watermined, and a constant
volume serving size of 10800 mif20x30x18 mm) was adopted for both trials to fit

within the subjects natural bite range for the mas.

7.2.4 Preparation of test foods

Matrices were prepared without peanuts inside anegrto methods outlined in Section
3.1.3. Peanut pieces were manually inserted imtonmatrix test piece (cut from the
matrix bar according to the subjects bite lengthinediately before each sample was
served to the subject to ensure no unwanted meistigration took place (peanut
moisture content: 1.99+0.20 gbi100g). Roasted, unsalted peanuts were used in al
matrices. All peanut pieces were sieved acros3 % m sieve prior to preparation in
the matrix to ensure no small particles were inetud All servings of matrices and
peanuts were weighed (Table 7-2). Each samplérisl 1 contained 1.34+0.04 ¢
peanuts (meantSD, 4-5 peanut quarter pieces), lmr@fbore each matrix contained
11.5% (v/v) peanuts (Whepepeanuts 1.08 g/cr).
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Analysis of the physical properties of the matricasd peanuts were undertaken
according to methods described in Section 3.2.2xtural analysis of the matrices

involved 12 replicates, and 6 replicates were dsetheasuring peanut density.

7.2.5 Analysis of the food bolus

Analysis of the particle size distribution of petmparticles in the bolus was conducted
according to methods outlined in Section 3.1.4, r@ree Rosin-Rammler function was
fit to the data.

7.2.6 Statistical analysis

Statistical analyses were performed using SPSSegsivn 16.0 for Windows). The
Kruskal-Wallis test was used to assess signifighifferences in the parameters of
mastication (number of cycles, chewing time, andstiation frequency), and bolus
parametersdso, b, weight retention, and volume retention of pegmaticles). These

parameters were the dependant variables, and nvedsxhe factor. Where significant
differences were found, the Kruskal-Wallis test waso run pair-wise to identify

individual differences between each matrix. Theigkal-Wallis test was deemed to
give a significant difference within factors wher(R05.
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7.3 Results

7.3.1 Properties of the food matrices and peanuts

Table 7-2: Properties of the test foods (mean+SE).

Matrix Hardness | Cohesiveness| Springiness | Chewiness | Serving weight of | Serving weight of

(N) (mm) (mJ) matrix (Trial 1) matrix (Trial 2)
(9) (9)

Scone 31+2 0.320+0.01 5.46+0.27 56+5 6.39+0.10 8B

Gelatine gel 71+4 0.615+0.03 9.96+0.09 433433 11.15+0.06 13.7020

(200

bloom)

Brownie 126+9 0.230+0.01 2.07+0.14 60+6 5.04+0.03 .77%0.09

Chocolate 389+12 0.151+0.01 1.70+0.1p 99+10 12.3610 14.36+0.10

The contrasting physical properties of the matre@sshown in Table 7-2 (identical to
Chapter 6). The total volume of each test samp@e the same in both trials of this
chapter (10800 mf), however matrix serving weights for Trial 2 wegeeater than

Trial 1 as no peanuts were present in Trial 2estes.

7.3.2 Peanuts embedded inside four different matrices

Table 7-3 shows the scone was chewed for the egteatimber of chews on average
(25.8), where as the brownie was chewed for thetesionumber of chews on average
(20.3). The number of chews did not differ sigrafitly between matrices according to
the Kruskal-Wallis test (H(3) = 5.180, P>0.05), lewer the mean chewing time (H(3)
= 9.294, P<0.05) and mastication frequency (H(3)13:112, P<0.005) differed

significantly between each matrix. By running #miskal-Wallis test pair-wise it was

found the brownie was chewed for the shortest desictime, and the chocolate at the

slowest frequency (Table 7-3).
The particle size distributions of the peanut jgbet after mastication in the various

matrices were all similar in terms of the rangehs standard error (Figure 7-1). The

similarity in particle size was confirmed by Krusk#allis test of thadsg values (H(3) =
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3.805, P>0.05), and the broadness vallggH(3) = 5.805, P>0.05), which showed a
lack of significance in both cases.

Weight retention (H(3) = 6.068, P>0.05) and voluafigpeanuts in the bolus (H(3) =
3.246, P>0.05) did not differ significantly betwematrices (Table 7-3).
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Figure 7-1: Cumulative particle size distributionof peanut particles in the food bolus where

peanuts were prepared and served inside differenbbd matrices. Scone®, Gelatin gel:O, Brownie:
V¥, Chocolate:A. Data was obtained after a complete sequence ofstication on expectorated
boluses, before swallowing (6 replicates, meantSE).
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Table 7-3: Mastication of peanuts embedded insideur different matrices: Parameters of
mastication, particle size, and bolus retention (nmen+SE).

Matrix Number | Chewing time | Mastication dso b % Peanut Volume of
containing | of chews (s) frequency weight peanuts in
peanuts (sh retention | bolus (mnt)

(drywt/dry

wt)

Scone 25.8+1.8 18.27+1.42a  1.42+0.02 a 1.22+0|04.17+0.02| 21.47%1.29 146090
Gelatine gel
(200 24.3+2.0 17.40+1.35a] 1.40+0.02|a 1.18+0.03  1.2/-0. 28.23+2.04 162070
bloom)
Brownie 20.3+1.0 14.1940.74 K 1.43+0.02 a 1.2020.| 1.28+0.03| 25.53+1.54 1550+60
Chocolate 23.3%1.5 19.33+1.11a 1.21+0.03 b 1.23+0] 1.26%0.03| 25.35+1.92 1480%40

Different letters (a & b) down each column indicateignificant statistical difference
after pair wise Kruskal-Wallis tests (P<0.05). Rganwhich were not embedded in a
matrix at all were not included in the Kruskal-Wallests (Pair-wise analysis was only
conducted when a significant overall difference ¥zasd).

7.3.3 Four different matrices without peanuts

The number of chews (H(3) =16.819, P<0.005), thewshg time (H(3) = 14.154,
P<0.005) and mastication frequency (H(3) = 11.1PZ0.05) were significantly
different between matrices (Table 7-4). The getatgel was chewed the greatest
number of times and for the longest period (15.ewshon average), and the brownie
was chewed the least number of times and the shqé&giod (9.5 chews on average).
The number of chews and chewing time is vastly tehowhen peanuts were not

included inside the matrices, despite the samenvedubeing served.

Table 7-4: Mastication of four different matriceswith peanuts removed: Parameters of mastication

(meanzSBH.
Matrix Number of chews Chewing time (s) Mastication
frequency (s
Scone 11508 a 8.4%0.61 ac 1.36+0.02 a
Gelatine gel (200 bloom 15.5:06 b 10.940.50 b 1.42+0.03 a
Brownie 9.5t0.3 ¢ 7.1%0.33 a 1.331£0.04 ab
Chocolate 1180.6 a 10.010.50 cb 1.1940.05 b

Different letters (a & b) down each column indicatsignificant statistical difference
after pair wise Kruskal-Wallis tests (P<0.05).
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7.4 Discussion

7.4.1 Peanuts embedded inside four different matrices

Results showed that different matrices were beinggssed differently in the mouth
(chewing time and mastication frequency were sigaiftly different, and differences
were seen in the number of chews despite a lasigaoificance) (Table 7-3). However,
as the properties of the internal peanut piece Wep¢ constant, no differences in the
properties of the bolus were found in termgigf broadnessh], volume retention, or
weight retention of peanut particles.

This shows that the significant differencegip in Chapter 6 resulted from differences
in properties of the peanut pieces inside the mdtre moisture), rather than from
differences the matrices may have on manipulatiegis, required to form a swallow-
safe bolus. Hence these results suggest thatteafifferences in chewing behaviour
and physical properties of the matrix, the pearartigdes needed to be reduced to a
similar particle size distribution no matter whistatrix it is inside. The difference in
chewing behaviour but similarity in particle sizethe bolus indicates the matrices may
be influencing the selection of peanut particletsveen the molars.

The influence the matrix has on the broadndgsvélue of the peanut particle size
distribution inside the bolus remains unclear. @ea6 suggested the matrix may cause
differences in the broadness of the distributioowéver the differences are not

significant is this study. Further investigatieniindertaken in Chapters 8-10.

The similarity in peanut particle size outcome samat challenges previous literature
surrounding a swallow-safe bolus. Boluses aresbell to be safe for swallowing once
particles reach a certain size distribution and@egf lubrication (where both variables
vary between foods) (Hutchings and Lillford, 198&8)d the bolus reaches a maximum
degree of cohesion (Prinz & Lucas, 1997). Différematrices are likely to induce

different rheological properties (such as lubrigatand cohesion) in the food bolus,
however this has not induced differences in thee 9% peanut particles between

matrices.
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One possible explanation for the similarity in paet size outcome is that receptors
inside the mouth can precisely detect the textatesize of the peanut particles within
all the different matrices. Such acute detectibpasticles may mean that differences in
cohesion or lubrication of the surrounding matng &rgely irrelevant in determining
final peanut particle size. In the test foods ydkd size of particles may also be the
priority in preparing a swallow safe bolus, and #@hesion or lubrication of the
surrounding matrix is not deemed as important. eRexs on the tongue and oral
mucosa can detect single particles as small as ZRimgel & Eawonski, 1965; Lucas,
2004), and the threshold discrimination on teetteorted to be as small as 84 by
some authors (Utz 1983 in Lucas, 2004). Furtheemparticles as small as 2 um

(Engelen et al., 2005a) to 10 um (Imai et al., 222H influence textural sensations.

It is also feasible that the peanut particles aeatéd independently from the matrix
during mastication. Peanuts could be isolateceoroved from the matrix early in the
chewing sequence, and could be broken down andndetd suitable for swallowing
separately of the matrix. In this case peanuiglestmay be stored in a different part of
the oral cavity (a different compartment) than mhatrix during the chewing sequence,
where the matrix and peanuts are returned separdtetween the molars for
communition. Flynn (2010) presented a hypothds#é mastication occurs within a
multi-compartment system where particles are stameat least one compartment (i.e
the tongue), but can settle in a separate compatt(ne around the cheek or the sides

of the molars).

7.4.2 Four different matrices without peanuts

Mastication of matrices without peanut pieces shbwweat the presence of peanuts
greatly increases the time and number of chewst ggeswing the same initial volume
of food (Table 7-3 and Table 7-4). The presevfcpeanuts in a system may increase
the mastication required to prepare the bolusv@llswing because peanuts are a hard
and crunchy material (Young & Schadel, 1990) in panison to the matrices.

Some differences in chewing trends can also be lse®veen the two trials (in terms of

which matrix was chewed for the longest time angatgst number of chews). Most
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notably, the scone is chewed for a longer periotimé and for a greater number of
chews than the gelatine gel when peanuts weredresgeere as the opposite was found
without peanuts in the matrices. This suggestaallsnteraction in chewing behaviour

between peanuts and matrices.

7.5 Conclusion

When peanuts of identical physical properties whasnually inserted into different
food matrices and masticated, differences in chgwehaviour were observed between
matrices, however the particle size distributiorttef peanut particles in the bolus was
similar. Weight and volume retention of peanuts liolus after mastication were not
influenced by the type of matrix. When the masi¢ef an identical initial volume)
were masticated without peanuts, the number of shewvd chewing time was greatly

reduced.
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Chapter 8 : Identification of parameters to
manipulate particle size in the food bolus

8.1 Introduction

Knowledge of techniques to manipulate particle kdeavn rates and the particle size
distribution of the ready-to-swallow food boludimmited. Much research compares the
particle size distribution of different food typdsjt does not investigate how different
particle size outcomes could be obtained in fooddpcts by careful food
manufacturing and design. It is well known that tharticle size of the food bolus
differs between foods (Hoelber et al., 2000; Peyeoral., 2004b; Michellany et al.,
2006), and has also been shown between foods setbjex differing heat treatments
(McKeirnan & Matts, 2010). Furthermore, almonddjeated to different roasting
conditions have different breakage properties, thede breakage properties have been

linked to differences in consumer acceptabilityi@la et al., 2008).

The work discussed in Chapter 7 had shown thakeftenatrices used were not suitable
media for changing the finak, of peanut particles in the food bolus, but sugepkshat
they could potentially change the selection furctod the peanuts. Furthermore, the
work in Chapter 6 suggested moisture of the intepeanut piece influenced the
breakage function and final particle size outconfigp@anut particles in the bolus.
Therefore, the aim of this study was to clarify #féect of moisture content of peanut
pieces and the effect of matrices, and to explosgdar range of variables for changing
mastication and the bolus particle size. A numtieexperiments were devised to
achieve this:

1. Maximising differences in matrix and peanut properties
Chapter 6 showed increasing the moisture contepeahuts resulted in peanut particle
size distributions with highedsg's, and Chapter 7 showed different matrices redutie

different chewing behaviour but not sy of peanut particles in the bolus. The

magnitude of differences in the initial matrix apelanut properties could be enhanced
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(by increasing differences in textural properties the matrices and increasing
differences in moisture content of peanuts) to dasjer changes in oral processing and
particle size outcome. The interaction betweerricest and peanut properties was also
unknown. It was hypothesised that trends in pepatticle size outcome between the
two matrices may be different for dry and moistmeéa, given that the type of peanut
and type of matrix could interact to influence fival particle size in a swallow safe

bolus.

2. The concentration of peanuts inside the matrices

As serving size has been shown to influence masticél ucas & Luke 1984; Fontijn-
Tekamp et al.,, 2004b) and particle size outcoméhefood bolus (Buschang et al.,
1997) it was postulated that changing the initiahmtity of peanut pieces inside the
matrices may also influence mastication and thesolReducing the concentration of
peanuts inside the matrices may result in less etitign between matrices and peanuts
at the occlusal surfaces, or may reduce the alafitmechanoreceptors on the surfaces

of tongue and oral mucosa to detect peanut pastdieing mastication.

3. Theinitial particle size of peanuts inside the matrices

Initial particle size has been shown to influenm& movement (Diaz-Tay et al., 1991,
van der Bilt et al., 1991), and jaw muscle acti(i§ohyama et al., 2007). Therefore
changing the initial size of peanut pieces insile tmatrices may also result in
differences in chewing behaviour and peanut parse outcome.

4. Saliva stimulants (sialogogues)

Food properties influence the quantity of salivat ik added to the food bolus (Hoebler
et al., 1998), where harder and dryer productsiredureater amounts of saliva before
the bolus reaches the swallowing threshold (Gavial.e 2004; Engelen et al., 2005b).
Moreover, salivary flow rate may (Engelen et aD02b), or may not (Gavio et al.,
2004) affect the number of chews to prepare a foodwallowing. Consequently, it

was postulated that changing the quantity of sadtiraulated during the mastication of
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peanuts may influence mastication and particle sizieome of peanuts in the food

bolus.

5. Heat treatment of peanuts

Given the influence of moisture on bolus particgiegChapter 6), various forms of heat
treatment could be used to change moisture cordadt peanut structure. Heat

treatment could therefore alter textural propertesd induce differences in fracture

propagation and the final size of peanut partifdesed in a swallow safe bolus.
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8.2 Methodology

8.2.1 Subject screening and selection

The subject used in this study was selected aguprth the procedure outlined in
Chapter 5. The subject gave informed consent,thadstudy was approved by the

Massey University ethics committee (Southern A Aggilon 09/24).

The subject selected (from a group of 6 subjece & 28 year old male with class 1
occlusion, no significant tooth crowding, no obwsouooth decay, and healthy

periodontal condition. He had no functional dieance to mastication such as pain or
clicking during chewing, nor did he have any otkeown oral or general health issues
that could influence oral processing. The subgbciwed high levels of consistency for

bite weight and the number of chews, and his mé@nweight and number of chews

from the Fruit and Nut bar was well within 1 staraeviation of the means of the

reference population (Table 8-1).

Table 8-1: The bite weight and number of chews dhe Fruit and Nut bar of a previous population
studied and the selected subject (mean+SD).

Bite weight Number of chews n
Previous population 6.02+2.15 34.8+£16.2 45
Selected subject 6.73+0.88 32.0£1.9 1

8.2.2 Experimental procedure

Trial 1: Evaluated the effects of matrix type amdisture content of peanuts. The
peanut pieces were manually inserted in a matrigitbier gelatine gel (250 bloom) or
chocolate. This gelatine was chosen to increaswidly work required by the subject
in comparison with the previous gelatine. Peanpitsa high moisture content
(22.21+0.18 gHD/100g total mass) or peanuts of a regular moistargent (1.99+0.20
gH.0/100g total mass) were embedded inside both reat(#-5 peanut quarter pieces).

A constant volume of peanuts was served in botlesét1.3% peanuts (v/v)) inside
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each matrix (2 matrix variants x 2 peanuts variants session x 4 replicates = 16

samples). Samples were served in a random order.

Trial 2: Evaluated the effect of matrices at lowencentrations of peanuts (3.1%(v/v)
peanuts). One dry peanut quarter piece was embextkthen served in either one of
three different matrices: scone, chocolate andtigelagel (200 bloom) in a random

order (3 matrix variants x 1 session x 5 replicatd® samples).

Trial 3: Evaluated the effect of the initial siaethe dry peanut pieces embedded in the
matrix. One peanut quarter piece or small peaimaeg (7-8 pieces) were embedded in
a scone matrix with the total volume of peanut neing constant (3.1 % (v/v) peanuts)

(2 peanut size variants x 1 session x 4 replicat@samples). Samples were served in

a random order.

Trial 4: Evaluated the effect of increasing theoamt of saliva secreted during oral
processing by the use of icing sugar and citridd &8 secretary stimulants. Peanut
quarter pieces were mixed with either sherbet (1€i¢6c acid, 90% icing sugar
(wt/wt)), icing sugar, or served alone with no adigeaterial (3 stimulant variants x 1

session x 5 replicates = 15 samples). Samplesseeved in a random order.

Trial 5: Evaluated the effect of heat treatmenpeanuts. Peanut pieces (peanut halves
rather than quarters in this case to avoid shaggnvere served to the subject. Raw
blanched peanuts were roasted, boiled and driedem¥ not subjected to any treatment
(3 peanuts heat treatments x 1 session x 5 regdicatl5 samples). Samples were

served in a random order.
Where food matrices were used, peanuts were raiydembedded inside each matrix
immediately before serving so that moisture migratirom matrices to peanuts would

not take place.

Experimental conditions and protocol followed tbatlined in Section 3.2.1.
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8.2.3 Assessment of natural bite size and selection of serving size

The selection of serving size was based on findargs methods in Chapter 4. The

subject took part in a total of 5 trials.

In Trials 1 to 3, the size of the serving was stadized by volume. The serving
volume was determined by asking the subject to aes from the four matrices used
in this study (gelatine gel (250 bloom), gelatire¢ (200 bloom), scone, and chocolate)
prepared as constant bars of identical shape comgapeanut quarters (20 mm height,
30 mm width, 100 mm length, containing 11.3% peauadrters (v/v)). An overall
mean bite length of 15+3 mm (mean+SD) was deterdhiaed serving sizes of 9000
mm® (20x30x15 mm) were adopted for trials involving ris containing peanuts to
fit within the subjects natural bite range for thatrices. All final samples were also
weighed.

In Trials 4 and 5, the serving size was standaddizg weight. The subject was
instructed to grasp (using his hands) samples ahyts from a small bag of a size he
would typically put into his mouth to chew. The aneweight obtained was 4.4+1.0 g

(meanzSD), and hence a serving weight of 4.4 gsgéected.

8.2.4 Preparation of test foods

All peanuts used in this study were obtained frorolife, New Zealand (Virginia
Peanuts, China). Peanuts used in Trials 1-4 weasted (unsalted) by the supplier
(unless specified these were the peanuts used). mbiist peanuts used in Trial 1 were
prepared by immersing the peanut pieces (quartersyvater for 120 min and
subsequently removing and storing the moist massA®&h at 4 °C in water tight
containers. Raw blanched peanuts were used in JriaThese peanuts were then
roasted at 180 °C for 20 min, or boiled for 30 finéfore being dried at 105 °C for 16 h
in an air oven, or served untreated. All peanwgsavpacked in foil to prevent oxidation

and moisture migration.
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Matrices were prepared without peanuts inside aicgrito methods outlined in Section
3.1.3. Peanuts were manually inserted into theixnamediately before each sample
was served to the subject to ensure no unwantedtuneimigration took place. All

peanut quarters were sieved across a 4.75 mm gi@rgo preparation in the matrix to
ensure no small particles were included, with tkeeption of small particles used in
Trial 3, which were sieved across the 1.00 mm siewemove small particles. Serving

weights can be found in the results section of ¢aah

8.2.5 Analysis of the physical properties of the matrices and peanuts

Analysis of the physical properties of the matriaesl peanuts were undertaken using
the methods described in Section 3.2.2. Fourcat@s were used for peanut moisture
content, 10 replicates were used for peanut hasdia@sl 6 replicates for peanut density.
Texture analysis of the matrices was performed Witleplicates.

The breakage properties of the peanuts were imgatetl by a single compression test as
described in Section 3.2.2 (however using a simglmpression rather than double

compression), and determining the resultant pepadicle size by image analysis.

Image dimensions of constituent peanut particlesevtieen categorised into 10 width

classes: 0.355-0.5, 0.5-0.7, 0.7-1, 1-1.4, 1.4-2,82 2.8-4, 4-5.7, 5.7-8, > 8 mm (as

particles obtained after a single compression gereerally larger than the particles in

the food bolus, larger width classes were usedggBcates).

8.2.6 Analysis of the food bolus

Analysis of the particle size distribution of peaparticles in the bolus was conducted
according to methods in Section 3.1.4. For Trialand 5 where larger quantities of
peanuts were present, each bolus was placed &Retsi dishes.
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8.2.7 Statistical analysis

Statistical analyses were performed using SPSSegsimn 15.0 for Windows). The
Kruskal-Wallis test was used to assess signifidifierences in the parameters of
mastication (number of chews, chewing time, andticeton frequency), and bolus
parametersdso, b, weight, and volume retention of peanut particléEhese parameters
were the dependant variables, and matrix, peame, tynitial peanut size, saliva
stimulant, or heat treatment, were the factors.ideatify individual differences within

factors the Kruskal-Wallis test was also run paisev The Kruskal-Wallis test was

deemed to give a significant difference within éastwhen P<0.05.
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8.3 Results

The contrasting physical properties of the matrares the peanuts used in these 5 trials
are shown in Tables 8-2 and 8-3.

Table 8-2: Properties of the matrices (meantSE).

Matrix Hardness (N) | Cohesiveness | Springiness Chewiness
(mm) (mJ)

Scone 31+2 0.32+0.01 5.5+0.3 565

Gelatine gel (200 bloom) 7144 0.62+0.03 10.0+0.1 3463

Gelatine gel (250 bloom) 25248 0.89+ 0.01 10.1#0.1| 2270490

Chocolate 4008 0.17+0.01 2.0+0.2 150420

Table 8-3: Properties of the peanuts (mean+SE).
Peanuts Trial number Moisture content Hardness (N) Density
(gH,0/100g total (g/cnt)
mass)

Roasted (from supplier) 1-4 1.99+0.10 140+13 16t
Raw, unblanched 5 3.50+0.05 85114 1.12+0.01
Roasted (20 min at 180 °C, covered) 5 0.73+0.03 870+ 1.03+0.01
Boiled for 30 min and dried at 105 9C 5 0.88+0.02 41+3 1.05+0.01
for 16 h
Soaked in water for 120 min, 48 h to 1 22.21+0.09 52+7 1.06+0.01
equilibrate

8.3.1 Mastication of different matrices containing peanuts at
different moisture contents (Trial 1)

A. Parameters of mastication

The number of chews (H(3) = 12.478, P<0.0005), chgwime (H(3) = 11.669,
P<0.005), and mastication frequency (H(3) = 8.5#%0.05), differed significantly

between test foods (Table 8-4). Pair-wise analsBmved the gelatine gel matrix was

chewed significantly longer and for a greater nundfechews than was the chocolate,

but there were no significant differences is thestication of moist and dry peanut

pieces in the same type of matrix. On averaggéhatine gel was chewed for 53.8 and

60.3 cycles when containing dry and moist peanegpactively, and the chocolate for

30.8 and 32.8 cycles when containing the dry angthp@anuts respectively.
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B. Properties of the collected bolus

The particle size distributions of the peanut gt in the various test foods differed
after mastication (Figure 8-1). Similarly, tte (H(3) = 12.507, P<0.0005), broadness
(b) (H(3) = 8.559, P < 0.05), weight retention (H(3)L3.059, P<0.0005), and volume
of peanuts (H(3) = 13.059, P<0.0005) also diffesgphificantly (Table 8-4). Pair-wise
analysis showed thdsy was always significantly larger in the moist petaparticles
than the dry peanut particles for each matrix, teddso of peanut particles inside the
gelatine gel (250 bloom) was significantly smaltean the chocolate for the moist
peanut particles. The averagdig's were 1.09 mm and 1.17 mm for dry peanut pasicle
inside the gelatine gel and the chocolate matniespectively, and 1.22 mm and 1.38
mm for the moist peanut particles inside the gedatgel and chocolate matrices
respectively. Pair-wise analysis showed no diffieesin the broadnesb)(of the peanut
particle size distribution from moist and dry petpieces for each matrix. However,
significant differences in broadneds) (of the peanut particle size distribution were
found between matrices for the dry peanut particldeere the gelatine gel (250 bloom)
had a significantly smalleb value, and hence a wider particle size distrilbutiorhe
average broadnesi)(value for the dry peanut particles was 1.13 imsite gelatine gel,
and 1.34 inside the chocolate. The peanut weigteintion and volume of retained

peanuts were significantly greater for the moistmes within each matrix.

There were large differences in the particle sistridution (and hence the breakage
properties) of the moist and dry peanut particliéeraa single compression to 50%
strain with respect to the standard error of theam&rea at each sieve aperture (Figure
8-2). The dry peanuts were shattered into finecgs than the moist peanuts during the
compression. No particles below 8 mm in diameterenobtained in the moist peanut

fragments.
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Table 8-4: Mastication of different matrices contining peanuts at different moisture contents (Triall). Parameters of mastication (meanSE).

Matrix Peanut Weight of | Weight of Number of Chewing time Mastication dso (mm) b % Peanut Volume of
moisture | matrix (g) peanuts chews (s) frequency (s weight peanuts in the
content (9) retention bolus (mnt)
(gH»0/100 (drywt/drywt)
g total
mass)
Gelatine 2 12.48+0.07| 1.16+0.01 53.8+1.7 a 40.18+2.36 a A ab 1.09+0.04 a 1.1310.04 a 22.57+2.42 a 160G+
gel (250
bloom)
Gelatine 22 12.31+£0.09| 1.12+0.01 60.3+2.5 a 4259+1.61a 1fAMDla 1.22+0.02 b 1.21+0.04 ap 41.68+1.33 b 13a®
gel (250
bloom)
Chocolate 2 11.39+0.08| 1.16+0.02 30.8+0.8 b 23.87+0.68 b H02%1 b 1.1740.02 ab 1.3440.03 b 24.80+0.69 a 130G
Chocolate 22 11.31+£0.07| 1.13+0.01 32.8+1.4b 24.75+1.41b 340302 b 1.3840.04 c 1.26+0.04 ap 49.64+2.01 ¢ 180

Different letters (a & b) down each column indicatsignificant statistical difference after pairseiKruskal-Wallis tests (P<0.05) (Pair-wise
analysis was only conducted when a significant @iVelifference was found). The weight of dry peapieces in the matrices was slightly
greater than the moist peanut pieces to accommdeatgty differences, and thus ensure the volunpeahuts in each matrix was the same.
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Figure 8-1 Cumulative peanut particle size distribution of thebolus after mastication of peanuts
served inside gelatine gel and chocolate matrices moisture contents of 22.21+0.18 g48/100g total
mass and 1.99+0.20 g}8/100g total mass (mean+SD) (Trial 1Dry peanuts in chocolate:e, Moist
peanuts in chocolateo, Dry peanuts in gelatine gel (250 bloom)¥, Moist peanuts in gelatine gel
(250 bloom):A (1.10+0.05 g inside a 9000 nihmatrix, peanut quarters). Data was obtained aftem
complete sequence of mastication on expectoratedlbses, before swallowing (4 replicates)
(meanzSE).
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Figure 8-2: Breakage properties of peanuts: Cumulate particle size distribution of peanut
fragments after a single compression to 50% strainsing a flat cylindrical probe. Moist roasted (by
supplier): ¥, Dry roasted (by supplier): A, Raw blanched:o, Boiled and dried (in lab): e, Roasted

(in lab): m (8 replicates) (mean+SE).

8.3.2 Mastication of different matrices containing peanuts at lower
concentrations (Trial 2)

A. Parameters of mastication

The number of chews (H(2) = 10.049, P<0.05), chgwiime (H(2) = 6.140, P<0.05),
and mastication frequency between matrices (H(2)9.620, P<0.05) differed
significantly (Table 8-5). Pair-wise analysis stealrmhe gelatine gel (200 bloom) and
scone were chewed significantly longer and for @atgr number of chews than the
chocolate. On average the gelatine gel, sconechodolate were chewed 42.6, 36.2,

and 28.4 times respectively.
B. Properties of the collected bolus

The patrticle size distributions of peanuts in tleiaus matrices were similar after

mastication, although differences can be seen atugpper end (>2.0 mm) of the
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cumulative distribution (Figure 8-3). Tlilg, (H(2) = 2.220, P>0.05), weight retention
(H(2) = 2.060, P>0.05), and volume of peanut pkasian the bolus (H(2) = 1.520,
P>0.05) did not differ significantly between magsc However, the broadnedy 6Of
peanut particle size distribution differed sigrafintly between matrices (H(2) = 7.620,
P<0.05). Pair-wise analysis showed the broadr®ss(ues of the peanut particle size
distribution in the gelatine gel (200 bloom) weign#ficantly smaller than the chocolate
(Table 8-5). On average the broadnesp alue in the gelatine gel, scone, and
chocolate was 1.14, 1.21, and 1.31 respectively.
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Figure 8-3 Cumulative peanut particle size distribution in thebolus after mastication of peanuts
served inside different matrices at a low concenttéin. Scone: ¥ Gelatine gel (200 bloom)o
Chocolate: ® (0.28+0.02 g, one quarter, inside a 9000 mirmatrix, peanut moisture content was
1.99+0.10 gHO0/100g total mass) (Trial 2). Data was obtained &t a complete sequence of
mastication on expectorated boluses, before swallavg (5 replicates) (meantSE).
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Table 8-5: Mastication of different matrices contining peanuts at lower concentrations (Trial 2). Peameters of mastication (mean+SE).

Matrix Weight Weight Number of Chewing time Mastication ds0 (mm) b % Peanut weight | Volume of
matrix (g) peanuts (g) chews (s) frequency (sY retention peanuts in
(drywt/drywt) the bolus
(mm’)
Scone 6.28t0.07 0.3@0.01 36.21.8 a 28.861.74 ab 1.280.02 a 1.1¥0.04 1.2%#0.03 ab 16.681.83 34@20
Gelatine gel| 11.52t0.14 0.220.01 42.62.3a 33.5%1.92 a 1.2#0.01 a 1.260.06 1.140.03 a 18.861.77 35@30
(200
bloom)
Chocolate | 12.43:0.20 0.290.01 28.41.1b 25.560.94 b 1.130.01 b 1.120.03 1.3%#0.04 b 16.262.22 31@20

Different letters (a & b) down each column indicaesignificant statistical difference after pairswiKruskal-Wallis tests (P<0.05) (Pair-wise

analysis was only conducted when a significant @Vdifference was found).
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8.3.3 Mastication of a scone matrix containing peanuts of a different
initial size (Trial 3)

A. Parameters of mastication

The number of chews (H(1) = 0.021, P>0.05), chewiing (H(1) = 0.083, P>0.05),
and mastication frequency (H(1) = 1.333, P>0.08) bt differ significantly between
scone matrices containing peanut pieces of diftargtnal size (Table 8-6).

B. Properties of the collected bolus

The peanut particle size distributions after masion of the scone matrices containing
peanuts of different initial size were similar (&ig 8-4). Small differences can be seen
in the centre of the distribution, however the dtad error is high. Thdsy (H(1) =
0.750, P>0.05), broadneds (H(1) = 1.333, P>0.05), weight retention (H(1) 72D,
P>0.05), and volume in the bolus of peanut pasdiglé(1l) = 2.083, P>0.05) did not
differ significantly.
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Table 8-6:

Mastication of a scone matrix containig peanuts of a different initial particle size (Tral 3). Parameters of mastication (meanSE).

Initial particle size Weight Weight Number of | Chewing time Mastication dso (mm) b % Peanut Volume of
matrix (g) | peanuts (g) chews (s) frequency (sY weight retention | peanuts in the
(drywt/drywt) bolus (mnt)
Large (one quarter | 5.96+0.18 0.2810.01 35.5+2.4 28.34+1.70 1.25+0.02 .1940.02 1.28+0.05 26.88+1.44 290+10
piece, ~0.289)
Small (7-8 pieces, 6.20+0.11 0.27+0.01 35.5+2.6 29.23+2.38 1.22+0.02 .3740.12 1.23+0.07 27.56+0.65 270+10
~0.04 g each,

~0.28q in total)

Different letters (a & b) down each column indicatesignificant statistical difference after pairseiKruskal-Wallis tests (P<0.05) (Pair-wise
analysis was only conducted when a significant al/eifference was found).
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Figure 8-4: Cumulative peanut particle size distribution aftermastication of scone matrices
containing large (o) (0.28+0.02 g, one quarter) or smalld) (0.04+0.01 g, 7-8 pieces) peanut pieces
when served (total quantity of peanut kept constant0.28+0.02 g of peanut inside a 9000 mim
matrix, moisture content of peanuts were 1.99+0.1§H,0/100g total mass) (Trial 3). Data was
obtained after a complete sequence of masticatiom@xpectorated boluses, before swallowing (4
replicates) (meanSE).

8.3.4 Mastication of peanuts containing saliva stimulants (Trial 4)

A. Parameters of mastication

The number of chews (H(2) = 0.866, P>0.05), chewiing (H(2) = 1.297, P>0.05),
and mastication frequency (H(2) = 1.95, P>0.05) dat differ significantly when
peanuts with various saliva stimulants were che{Vetble 8-7).

B. Properties of the collected bolus

The peanut particle size outcome was similar batweeatments (Figure 8-5)dsg
(H(2) = 0.980, P>0.05) and (H(2) = 3.500, P>0.05) was not significantly dréat,
however peanut retention (H(2) = 9.980, P<0.005) wolume of peanuts the bolus

(H(2) = 9.680, P<0.005) was significantly differefitable 8-7). Pair-wise analysis
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showed the weight retention and volume of the pepatticles in the bolus produced
when peanuts with the icing sugar stimulant werewad were significantly less than
the control (and the sherbet stimulant in the cdseeight retention).

Interestingly, moisture content between the bolwsex® significantly different (H(2) =

10.260, P<0.001). Pair-wise analysis showed timatmoisture content of the boluses

with the two stimulants was significantly higheaththe bolus with no stimulant.
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Figure 8-5 Cumulative peanut particle size distribution after mastication of peanuts containing
saliva stimulants (Trial 4). Sherbet:v, Icing Sugar: e, No Saliva stimulant: o (4g of peanut
quarters, with 0.5g stimulant or 4g with no stimulant, peanut moisture content was 1.99+0.10
gH,0/100g total mass). Data was obtained after a congbé sequence of mastication on expectorated
boluses, before swallowing (5 replicates) (mean+SE)
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Table 8-7: Mastication of peanuts containing sali& stimulants. Parameters of mastication (meantSE).

Saliva Weight Weight Number | Chewing time Mastication dso (mm) Moisture content b % Peanut Volume of

stimulant | stimulant peanuts (g) | of chews (s) frequency (s of bolus weight peanuts in the
(9) (gH»0/100g total retention bolus (mnt)

mass) (drywt/drywt)

Sherbet 0.51+0.01 4.390.01 | 28.240.9 22.4040.82 1.27+0.01 1.03+0.01 54.41+@72 | 1.21+0.02 22.2940.72 &g 39404100 ab

Icing 0.51+0.01 A4.440.02 | 29.6+2.7 23.56+2.03 1.26+0.03 1.04+0.0p 52.73+@86 | 1.16+0.02 16.29+1.03 b 35504170 a

sugar

No NA 4.39+0.02 | 31.6+2.6 25.234+2.27 1.26+0.02 1.06+0.0p 40.85+®.70 | 1.17+0.02 23.81+1.19 g 4180440 b

stimulant

Different letters (a & b) down each column indicatsignificant statistical difference after paiseiKruskal-Wallis tests (P<0.05)
(Pair-wise analysis was only conducted when a Bggmit overall difference was found).
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8.3.5 Mastication of peanuts subjected to different heat treatments
(Trial 5)

A. Parameters of mastication

The number of chews (H(2) = 5.370, P>0.05) and icet&in frequency (H(2) = 1.823,
P>0.05) when peanuts subjected to different heatrtrents were chewed did not differ
significantly, however the chewing time was sigrafitly different between treatments
(H(2) = 6.416, P<0.05) (Table 8-8). Pair-wise @ shows that the roasted peanuts
were chewed for a significantly shorter period iofig than the raw and ‘boiled and

dried’ peanuts.

B. Properties of the collected bolus

The meandsp of the peanut particle size distribution followirmpewing of peanuts
subjected to different heat treatments did noedisignificantly (H(2) = 2.880, P>0.05)
(Figure 8-6). However, a significant differenceswaund in broadnedsof the peanut
particle size distribution (H(2) = 9.980, P<0.0%)eight retention (H(2) = 8.000,
P<0.05), and volume of bolus (H(2) = 7.280, P<0.béiween treatments. Pair-wise
analysis showed that the broadness valbesf(the raw peanut particle size distribution
were significantly smaller than both heat treatedrut particle size distributions. The
average broadness valbdor the raw, roasted, and ‘boiled and dried’ pegmarticle
size distributions was 1.04, 1.18, and 1.16 respsgt

The weight retention of the raw peanuts was sigaifily lower than the roasted
peanuts, and the volume of the raw peanut particlése bolus was significantly lower

than the ‘boiled and dried’ peanut particles.

Differences were found in the particle size disttibn of peanut fragments between the
raw blanched, and the roasted and ‘boiled and dpeahuts after a single compression
of 50% strain (Figure 8-2). The heat treated ptsashattered into finer particles than
the raw blanched peanuts, which demonstrated ahigieakage function in the heat

treated peanuts.
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Table 8-8: Mastication of peanuts subjected to diérent heat treatments. Parameters of masticationnfean+SE).

Heat Weight Number of chews Chewing time (s) Mastication dso (mm) b % Peanut weight Volume of

treatment peanuts (g) frequency (3% retention peanuts in the
(drywt/drywt) bolus (mnT)

No heat 4.41+0.02 35.2+1.1 27.86+0.73 a 1.26+0.01 1.04+0.01 1.04+0.03 a 16.12+0.96 a 3630+170 a

treatment

Roasted 4.41+0.02 30.8+1.0 24.21+0.69 b 1.27+0.02 1.08+0.01 1.18+0.01 b 21.63+0.62 b 4150+80 ab

Boiled and 4.40£0.01 33.611.4 27.18+1.12 ab 1.23+0.02 1.06#0. 1.16x0.01b 18.89+1.33 ab 4340120 b

dried

Different letters (a & b) down each column indicatsignificant statistical difference after paisiKruskal-Wallis tests (P<0.05) (Pair-wise analysas

only conducted when a significant overall differemeas found).
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Figure 8-6. Cumulative peanut particle size distribution after mastication of peanuts subjected to
different heat treatments (Trial 5). Roasted (moisture content: 0.73+0.03 gi8/100g total mass).¥,
Boiled and dried (moisture content: 0.88+0.02 g/1@): e, No heat treatment (moisture content:
3.50+0.05 gH0/100g) :o (4g of peanut halves)Data was obtained after a complete sequence of

mastication on expectorated boluses, before swallavg (5 replicates) (meantSE).
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8.4 Discussion

8.4.1 Mastication of different matrices containing peanuts at
different moisture contents (Trial 1)

The significant differences in the subject's magtmn of different matrix types
indicates that the properties of the matrices appealargely determine chewing
behaviour in the test foods used in this trial. e Tack of difference in the subject’s
mastication of the same matrix containing differpatinuts suggests the properties of
the peanuts have a limited affect on masticatiahisicase (Table 8-4).

However, the properties of the bolus seem to daented by the type of peanut piece
and the matrix. In terms of comparisons betweesnpk pieces masticated within a
given matrix thedso, weight retention, and volume, of peanut partiatethe bolus were
greater when moist peanuts were chewed, while mexsd)) of the peanut particle size
distribution was unchanged (Figure 8-1, Table 8-dyresults reflect what was found
in Chapter 6 where moist peanut pieces were mésticeo a largerdsy of peanut
particles than the dry peanut pieces. A highegiateand volume retention for moist
peanut pieces compared to dry peanut pieces mayrbesult of smaller particles from
the dry peanuts being shifted more easily intodieephrarynx (as suggested by Flynn
et al., (2010)) where they are not collected bysing the mouth with water.
Alternatively, this could be due to a greater gitgraf smaller particles from the dry
peanuts passing through the 3568 sieve during the washing of the bolus (see Sectio
9.4.3), and due to fat loss during image processirtge case of weight retention (see
Section 3.1.4).

In terms of comparisons between matrices masticaida given peanut piece, results
are more complex. Generally, peanut particleshi ltolus after mastication in the
gelatine gel were smaller and had a greater sgiiestule 8-4 & Figure 8-1). However,
results are not all significant, and interactiols appear to have taken place between
peanut pieces and what matrix the peanuts are efatladside. These results require
validation with a larger population to allow morewerful statistical assessment to

clarify the effect of the particle type and matscand the interaction between them.
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Results also indicate differences in breakdownsrate present. The differenceds
despite no difference in chewing behaviour, andthe distribution after a single
compression using the Texture Analyser (Figure,&2pngly indicates a difference in
the breakage function between moist and dry peaieaes. Differences in the selection
function may also be present between matriced)eads¢ was similar between matrices
despite significant differences in the chewing bétar (in the case of the dry peanuts).

The effect of matrices on the breakdown rates r@gaires clarification.

8.4.2 Mastication of different matrices containing peanut pieces at
lower concentrations (Trial 2)

Increasing concentrations of particles inside cartus mediums have been shown to
increase (from 5 - 25% (w/w)) (Sainani et al., 2004decrease (Imai et al., 1995) (0.5-
3.0% (w/w)) grittiness perception. However, it apps any changes in perception by
reducing the concentration of peanut pieces fror8%I(v/v) (used in all trials thus far)

to 3.1% (v/v) did not cause any notable changeheretfect of matrices on the peanut

particle size outcome in the bolus.

Differences in mastication between matrices wereompanied by significant
differences in the broadnes) (of the peanut particle size distribution, howewer
significant differences were found fdgy or retention of peanut particles (Figure 8-3,
Table 8-5). As found in Chapter 7 and Trial 1 lm&tchapter (with dry peanuts), the
lack of significant difference imlsp between matrices despite differences in chewing

behaviour suggests the rate of particle breakdaevdiffierent from matrix to matrix.
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8.4.3 Mastication of a scone matrix containing peanut pieces of a
different initial size (Trial 3)

Differences in chewing behaviour (Diaz-Tay et 4B91; Kohyama et al., 2007) and
grittiness perception (Imai et al., 1995; Saindrale 2004; Engelen et al., 2005a) have
been reported with contrasting initial particleesizHowever no difference in chewing
behaviour, peanut particle size outcome, or peastention was found in this trial

(Figure 8-4, Table 8-6) by changing initial sidettoe peanut pieces. It likely that after
several chews the peanut particles inside samplisanarge initial peanut size have
been reduced to a similar size of peanuts with allsmitial size. By the end of the

chewing sequence all fragments are well below niteal peanut size, and the identical
physical properties of the peanuts and matricesrtiest the size of peanut particles in

the bolus is unchanged.

8.4.4 Mastication of peanuts containing saliva stimulants (Trial 4)

The addition of saliva stimulants caused signiftadifferences in the moisture content
of the bolus (due to the increased production di’ag however this did not cause
changes in chewing behaviour or particle size autcof the peanuts (in termsa or
broadnes#y) (Figure 8-5, Table 8-7). Some authors (Loredlet2009) have proposed
that moisture content is a trigger for swallowimgpwever these differences suggests
that this is unlikely.

Changes in moisture content are likely to have eadudifferences in cohesion and
lubrication of the bolus, and therefore changeslditne expected to alter the particle
size required to prepare a swallow-safe bolus, rdaeg to the model presented by
Hutchings & Lillford (1988). However, it is possbthat much greater changes in
lubrication (more than a 10-15% increase in moestcontent) would be required to

induce significant differences in bolus particleesi
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8.4.5 Mastication of peanuts subjected to different heat treatments
(Trial 5)

Heat treatment of raw peanuts produced peanuts dvifarent breakage properties
(Figure 8-2). The heat treated peanuts (whichteteat into finer particles than the raw
peanuts after one compression with a Texture Arajysere chewed for a significantly
shorter period and smaller number of chews, buhéar boluses that had a statistically
similar dso of peanut particles compared to the raw peanutu(& 8-6, Table 8-8).
However, the heat treated peanut particles hagrafisantly narrower size distribution
in the bolus (larger broadness valt) (vhich is likely to be linked to the contrasting
breakage properties. Mc Keirnan & Matts (2010)lsiied data (after laboratory work
and analysis for this study was undertaken) shovginglar results, where roasted
peanuts were chewed for a significantly lower numifechews and shorter chewing
time than raw peanuts, and size distributions ofnpé particles also varied
significantly. Retention was significantly lower the raw peanuts in this trial (Table 8-
8). Again this is likely to be as a result of ghrer proportion of fine particles present in

the bolus, which are lost more easily during chewimashing, and image processing.
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8.5 Conclusions

The results of this study show several parametansbe used to manipulate chewing

behaviour and the properties of the bolus.

The addition of saliva stimulants and changingittigal size of peanut pieces inside a
food matrix did not influence mastication or pearmadrticle size in the bolus.
Embedding peanut pieces inside different food megrichanged mastication and in
most cases the broadnebs ¢f the peanut particle size distribution, but laadegligible
effect on thedsp of peanut particles. It is likely that matrices also changing the rate

of peanut particle breakdown.

Heat treatment changed the breakage propertieseahuyts as well as chewing
behaviour and broadneds) (©f the peanut particle size distribution, but dmt change
the dsg of the peanut particle size distribution. Incregsthe moisture content of
peanuts had the most notable effect on changintcigasize outcome of the peanut
particles, by increasindso substantially. Increasing the moisture contest @hanged

the breakage properties of the peanuts.
Further work is required to quantify and understhnd the matrices are changing the

rate of particle breakdown. A study assessing phoperties at specific intervals in

the chewing sequence is presented in Chapter 9.
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Chapter 9 : Particle breakdown dynamics of
peanuts embedded inside different food matrices

9.1 Introduction

Chewing is a dynamic process where the food bdusonstantly changing until it is
suitable for swallowing. During chewing, jaw movemts (Mioche et al., 2002b; Peyron
et al., 2002 ; Kohyama & Mioche, 2004) and musd@vay (Gonzalez et al., 2001;
Kohyama et al., 2002; Peyron et al., 2002) areicoally changing to accommodate
changes in the food bolus. Moreover, communitibrparticles takes place (Lucas &
Luke, 1983; Olthoff et al., 1984), and the mas$alls inside the oral cavity decreases
(Peyron et al., 2004b), until the bolus reachesitalsle state for swallowing. Textural
properties such as stickiniess, springiness, adhggaind cohesion of the bolus tend to
increase, while hardness decreases (Lefant é204l9; Peyron et al., 2009). Throughout
the chewing sequence lubrication will increase assalt of free moisture in the mouth,
expulsion of water and fat from fracturing of peles, and by ongoing secretion of saliva
(Hutchings & Lillford, 1988).

A study of the dynamic changes in the bolus of ltleéerogeneous foods used in the
current study was required to further understardnttechanism of breakdown in these
test foods. Therefore, a need arose to analyseeidweut particle size distribution, as well
as other physical properties of the bolus (suctwas and dry bolus weight), of the

heterogeneous matrices throughout the chewing seque All previous studies on

dynamic changes in bolus properties (such as pamize and rheological properties)
have all involved homogenous foods (Lucas &Luke&339 efant et al., 2009).

Previous single subject studies in this thesis &nmvn almost no differences in tig

of peanut particles in the food bolus after masticaof different matrices containing
peanut pieces (where the properties of the peaiect pvere kept constant). This is
despite significant differences in most cases betweatrices in terms of mastication and
the broadnesdy of the size distribution of the peanut particleghe bolus. It appears

the rate of particle breakdown (and hence mostghiybthe selection function) varies
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between matrices. The selection function is a oreaef the probability a given food
particle will make contact with the teeth for frna during a chewing stroke, where
larger particles have a higher selection functlamtsmaller particles (Lucas et al., 2002;
Lucas, 2004).

The aim of this study was to compare the sizeilligion of peanut particles inside the
gelatine gel and chocolate matrices (using only piEgnuts) at regular points in the
chewing sequence until the point of swallowing. a@des in matrix retention, peanut
retention, and moisture content of the bolus dutiimg chewing sequence were also

sought after to understand the dynamics of breakdmetween these matrices.
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9.2 Methodology

9.2.1 Subject screening and selection
Subject screening followed the methods as desciib€thapter 5. The screening data for

this subject is shown (Table 9-1).

Table 9-1: The bite weight and number of chews dod Fruit and Nut bar of a previous population
studied and the selected subject (mean+SD)

Bite weight Number of chews n
Previous population 6.02+2.15 34.8+£16.2 45
Selected subject 6.73+0.88 32.0£1.9 1

The selected subject was a 29 year old male. Tbged& had class 1 occlusion, no
significant tooth crowding, no obvious tooth decapd healthy periodontal condition.
He had no functional disturbance to masticatiorhsag pain or clicking during chewing,
nor did he have any other known oral or generaltihessues that could influence oral
processing. This study was reviewed and approyethé Massey University Human
Ethics Committee: Southern A (Application 09/24).

9.2.2 Experimental procedure

The experimental procedure involved serving twao tesds: a gelatine gel (250 bloom)
matrix and a chocolate matrix containing embeddshpt quarters.

The subject was asked to expectorate food bolr &ft&0, 15, 20, and 25 chews, and at
the point he wanted to swallow. The subject wageld how many times he would have
to chew for, but was told to stop at the predeteediipoint by the researcher (apart from
when samples were obtained at the normal swallowwigt). The order of test foods,
and the order of the number of chews the subjentietted, was randomised. Six
sessions were undertaken, and each session cahtidireamples (6 gelatine gel samples
chewed to 5, 10, 15, 20, 25 chews or the swallovwaomt, and 6 chocolate samples
chewed to 5, 10, 15, 20, 25 chews or the swallowimigt).
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Four of the sessions were used to obtain boli fotigde size analysis of the peanut
particles and peanut retention, and two sessions used to obtain boli for assessment of
the total dry weight of the bolus and determinattbmoisture content. Data on the total

wet weight of the bolus was obtained from evergises

Each test food was placed between the subjectssnmtahis preferred chewing side (the
subjects right side) before mastication began. résearcher then signalled to the subject

when to begin mastication.

Experimental conditions and protocol followed tbatlined in Section 3.2.1.

9.2.3 Assessment of natural bite size and selection of serving size

A constant volume serving size of 2x3x1.5 cm ($)cwhich had been determined for
this subject in Chapter 8 (the same subject wad urs¢his chapter) was used again in
this trial. Serving weights are shown in Tabl8.9Each test piece contained 11.3% (v/v)

peanut pieces, whepepeanuts= 1.08+0.01 (g/cr).

Table 9-2: Serving weights of the test foods (mea8D)

Test component Serving weight (g)
Chocolate matrix (g) 10.62+0.16
Gelatine matrix (g) 11.59+0.13
Peanuts (g) 1.13+0.02

9.2.4 Preparation of test foods

Chocolate matrices and gelatine gel (250 bloomYioest were prepared as outlined in
Section 7.2 and 8.2 respectively. Peanut pieagsrigrs) were manually inserted into the
matrices and served immediately to eliminate anystage migration into the peanuts
prior to mastication (peanut moisture content: ®20 gH0/100g). All peanut quarters

were sieved across a 4.75 mm sieve prior to préparen the matrix to ensure no small
particles were included. Six peanut pieces (qugrigere used in every test piece, with

three pierced on the front side, and 3 on the kaik
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Textural properties of the matrices were assessag udentical methods to those

described in Section 3.2.2 using 12 replicates.

9.2.5 Analysis of the food bolus

Boli from the first four sessions were analysedgsnethods described in Section 3.1.4

to measure the particle size distribution and deygivt of peanuts retained.

As described in Section 3.1.4 the Rosin-Rammlerction was used to derive the
broadnessh) of the particle size distribution of each bolu§he R-squared of fits for
distributions from all boli were all above 0.98aapfrom the distributions after 5 chews
and 10 chews in the gelatine gel, which were alib9& and 0.94 respectively. As fits
after 5 and 10 chews were not as strong as fitprevious chapters, thdsy was
determined by manually to improve accuracy by pigte cumulative distribution curve
for each bolus, and determining the sieve aperairavhich 50% of the area had
accumulated. Specific surface area was calculatadeasuring the total 2D surface area

of peanut particles in each bolus, and dividingh®ydry weight of peanuts retained.

Wet weight of the bolus, and wet weight of mate(@bris) obtained from the rinse
phase (material collected by rinsing the mouth v@hmL of water after the bolus is
expectorated), was also measured for each bolesesy session. The total wet weight
of the bolus was then determined. Total dry weafhthe boli were analysed in sessions
five and six, by placing each bolus (and rinseemtibn) in an air dry oven at 105 °C for

24 h (and measuring weight before and after).
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9.2.6 Statistical analysis

To quantify relationships between each dependanabla and the number of chews,
simple linear regression was undertaken on the flata each matrix treatment using
SPSS ® (version 16.0 for Windows) (SPSS Inc., USAJhe Y series (dependant

variable) was linearised where needed to obtaimpls linear relationship:

Y=a+ bx ) Equation 9-1

WhereY was the dependant variablethe number of chews, the intercept, ant the
slope. The intercept and slope were significaneménandb were significantly different

from O respectively (P<0.05).

Multiple regression with dummy variables was alsmlertaken using SPSS ® (version
16.0 for Windows) (SPSS Inc., USA) to compare gigant differences in the slope and
intercept between gelatine gel and chocolate tresatsrfor each dependant variable. The
Y series (dependant variable) was linearised wheeded, and the following linear

model was fitted to each linear curve:

Y=a+bx;+ CXo+ dXoXq Equation 9-2

WhereY was the dependant variable,was the chew number, amxd the variable that
was O for gel and 1 for chocolate. Hence the limeadel was fit to the gelatine gel curve
(a was the intercept of the gelatine curve, Bndas the slope of the gelatine curve), and
fitting constants to modify this fit to the choctdacurve were determined. Where the
constantc was significant (P<0.05), the intercept was sigaiitly different between the
gelatine gel and chocolate curves, and wlikreas significant (P<0.05), the slope was
significantly different between gelatine gel ana@cblate curves.

This analysis is equivalent to an ANCOVA.
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9.3 Results

9.3.1 Peanut particle size distribution changes during the chewing
seguence

The matrices had contrasting physical propertiedbid 9-3).

Table 9-3: Properties of the matrices (mean+SE)

Matrices Hardness (N) Cohesivenesy Springiness (mm Chewiness
(mJ)

Gelatine gel (25( 25248 0.89+0.01 10.1+0.1 2270+90

bloom)

Chocolate 400+8 0.17+0.01 2.03+0.23 15020

Breakdown of peanuts followed contrasting pathwastsveen matrices (Figure 9-1). At
early stages (5-10 chews) and middle stages (1&h20s) of the chewing sequence a
greater proportion of large particles were preserthe gelatine bolus compared to the
chocolate. After 25 chews, nearing the swallowso@t for the chocolate matrix but not
for the gelatine gel matrix, differences are muntaker. At the swallowing point for

both matrices the peanut particle size distrib#i@ppear similar. The gelatine gel
required a greater number of chews to prepare thlasbfor swallowing than the

chocolate (Figure 9-1).

Dynamic changes in dsp of the peanut particle size distribution

Thedso of peanut particles decreased significantly witimber of chews according to the
following relationship for chocolate (Equation 9-&)d gelatine gel (Equation 9-4) using
simple linear regression (Figure 9-2) (whetds the number of chews). Thag
relationship was an exponential decay (Figure 9a®aker fits were observed without
natural log transformation). After natural logrtséormation, thelso of the chocolate and
gelatine gel data sets were normally distributecbating to the Kolmogorov-Smirnov

test for normality (with Lillifors significance coection), where P>0.05.

165



Chocolate: In(ds0)=0.56-0.0Z, r = 0.84, P(intercept) <0.0005, P(slope) <0.0005 Equation 9-3

Gelatine gel: In{ds)=1.11-0.0%, r = 0.72, P(intercept) <0.0005, P(slope) <0.000%quation 9-4

There was a significant difference in the interc@pt0.005) but not the slope (P>0.05)
between the chocolate and gelatine gel for dbe of peanut particles (Figure 9-2)

according to the multiple regression.

With the exception of the boli expectorated at simallow point, thedsy of the peanut
particles was smaller in the chocolate bolus thHan gelatine gel bolus at all other
intervals in the chewing sequence (Figure 9-2).ncéthe bolus was ready for

swallowing,dsp of peanut particles was similar between matrices.

Dynamic changes in the broadness value (b) of the peanut particle size distribution

The broadness valud)(of the peanut particle size distribution increhsggnificantly
with the number of chews according to the relatigps below for chocolate (Equation 9-
5) and gelatine gel (Equation 9-6) using simpledinregression (Figure 9-3) (wheres

the number of chews). The broadness valWief(the chocolate and gelatine gel data sets
were normally distributed according to the KolmageSmirnov test for normality (with

Lillifors significance correction), where P>0.05.

Chocolate:b=0.901 - 0.018, r = 0.70, P(intercept) <0.0005, P(slope) <0.0005 Equation 9-5

Gelatine gel:b=0.847 -0.00%4, r = 0.64, P(intercept) <0.0005, P(slope) <0.0005 Equation 9-6

There was no significant difference in the intetc@p>0.05) but a significant difference
in the slope (P<0.05) for the broadne®&$ (Figure 9-3) according to the multiple
regression. The broadness valbgedf the peanut particle size distribution was leigim

the chocolate matrix than the gelatine gel throughioe chewing sequence, i.e. there was

a narrower spread of particles.
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Dynamic changes in the specific surface area of peanut particles

The specific surface area of peanut particles asmé significantly with the number of
chews according to the relationships below for ofete (Equation 9-7) and gelatine gel
(Equation 9-8) using simple linear regression (FegQ-4) (wherex is the number of
chews) (the data did not follow an exponential gexsmweaker fits were observed when a
natural log transformation was used on the suréaea data). The specific surface area
of the chocolate and gelatine gel data sets wermaity distributed according to the
Kolmogorov-Smirnov test for normality (with Lillife significance correction), where
P>0.05.

Chocolate: SSA=971 + 13Q r = 0.87, P(intercept) <0.0005, P(slope) <0.0005 Equation 9-7
Gelatine gel: SSA=342+84, r = 0.90, P(intercept) >0.05, P(slope) <0.0005 Equation 9-8

Furthermore, there was no significant differencéhimintercept (P>0.05) but a significant
difference in the slope (P<0.05) for the specitidace area (Figure 9-4) according to the
multiple regression. The specific surface aregednut particles inside the chocolate
matrices were greater than inside the gelatinergetices at all intervals in the chewing

pathway until the bolus was ready for swallowingy(ife 9-4).
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Figure 9-1: Cumulative peanut particle size disttbution in the food bolus at different points in thechewing sequence. Chocolate matrix containing peats: e (26+1
chews), Gelatine gel matrix containing peanuts> (43+1 chews) (meanzSE).

168



4.0

3.5 +

3.0

2.5 - q

d., (mm)

1.5

1.0 4

05 T T T T 1
0 10 20 30 40 50

Number of chews
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particles in the food bolus at different points inthe chewing sequence (mean+SE). Chocolate matrix
containing peanuts:e, Gelatine gel matrix containing peanutso. Difference between matrices:
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Figure 9-3: Broadnesslf) of the peanut particle size distribution in the 6od bolus at different points
in the chewing sequence. Chocolate matrix containinpeanuts:e, Gelatine gel matrix containing
peanuts: o (meanzSE). Difference between matrices: P(intercép>0.05, P(slope) <0.05.
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Figure 9-4: The specific surface area of the peahparticles inside the food bolus at different stags
in the chewing sequence. Chocolate matrix containinpeanuts:e, Gelatine gel matrix containing
peanuts: o (meantSE). Difference between matrices: P(interc€p>0.05, P(slope) <0.05.

9.3.2 Peanut retention

Retention of peanuts (on a dry mass basis) deaesgaificantly with the number of
chews, and followed an exponential decay shapei&i§-5) (weaker fits were observed
without the natural log transformation on the drgight data). After natural log
transformation, the chocolate and gelatine gel dasts were normally distributed
according to the Kolmogorov-Smirnov test for nortyalwith Lillifors significance
correction), where P>0.05. The following relatibips were identified for dry weight
retention of peanut particles in the chocolate @igm 9-9) and gelatine gel (Equation 9-

10) using simple linear regression (Figure 9-Rdrex is the number of chews):

Chocolate: In(%Peanut dry weight retention)= 4.21-M3x, r = 0.89, P(intercept) <0.0005, P(slope)
<0.0005 Equation 9-9

Gelatine gel: In(%Peanut dry weight retention)= 4.3-0.0%, r = 0.87, P(intercept) <0.0005, P(slope)
<0.0005 Equation 9-10
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There was no significant difference in intercept@m®5), but a significant difference in
slope (P<0.05) according to the multiple regressidmss from the chocolate matrices
was greater than the gelatine gel throughout tleviity sequence until the bolus was

ready for swallowing.
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Figure 9-5: The dry weight of peanuts remaining iside the boli at different stages in the chewing
sequence. Chocolate matrix containing peanuts:;, Gelatine gel matrix containing peanutso,
(meanz£SE). Difference between matrices: r = 0.90(iRtercept) >0.05, P(slope) <0.05.

9.3.3 Total dry weight of bolus

Total dry weight of the bolus decreased signifibamtith the number of chews for the
chocolate matrix, but not for the gelatine gel matThe chocolate and gelatine gel data
sets were normally distributed according to therf@jorov-Smirnov test for normality,
where P>0.05. The magnitude of dry weight reducticas approximately 11.5 g to
10.5¢g for the chocolate, and appeared unchangddthetgelatine gel (Figure 9-6). The
following relationships were identified for choctda(Equation 9-11) and gelatine gel
(Equation 9-12) using simple linear regression Feg9-5) (wherex is the number of

chews).
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Chocolate: Total dry wt = 11.51 - 0.04, r = 0.86, P(intercept) <0.0005, P(slope) <0.0005
Equation 9-11

Gelatine gel: Total dry wt = 9.03 - 0.0%, r = 0.10, P(intercept) <0.0005, P(slope) >0.05
Equation 9-12

Using multiple linear regression, a significantfelience in the intercept (P<0.0005) and
the slope (P<0.0005) was found between matricesomparison with the loss of peanut

dry weight (Figure 9-5), the total dry weight losfsthe bolus (matrix and peanuts) was

minor (losses were approximately 70% for peanutvaight).
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Figure 9-6: Total dry weight of boli recovered atdifferent points in the chewing sequence. Chocolate
matrix containing peanuts: e, Gelatine gel matrix containing peanutso. Difference between
matrices: P(intercept) <0.0005, and P(slope) <0.08@Note: The difference in initial position is dueto
differences in density and moisture content in thenatrices served (matrices were standardised by
volume)).
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9.3.4 Wet weight of bolus

Dynamic changesin the total retained weight wet of the bolus

Total wet weight of the bolus + debris increasaghigicantly for both matrices (Figure
9-7) with the number of chews. The chocolate geldtine gel data sets were normally
distributed according to the Kolmogorov-Smirnovttésr normality (with Lillifors
significance correction), where P>0.05. Using demimear regression, the following
relationships were obtained (Equation 9-13 and &ou®-14) (wherec is the number of

chews):

Chocolate: Total wet bolus wt =11.79 + 0.X3r = 0.91, P(intercept) <0.0005, P(slope) <0.0005
Equation 9-13

Gelatine gel: Total wet bolus wt = 12.88 + 0.%2r = 0.96, P(intercept) <0.0005, P(slope) <0.0005
Equation 9-14

A significant difference in the intercept (P<0.090Bbut no significant difference in the
slope (P>0.05), was found according to multipleresgion. Figure 9-7 shows a similar

linear increase in the total dry weight of bothibol

Dynamic changes in the bolus weight

Bolus weight increased significantly for the geiatigel but not for the chocolate (Figure
9-8) with the number of chews. The chocolate dsgd was normally distributed
according to the Kolmogorov-Smirnov test for nontya(with Lillifors significance

correction), where P>0.05, however the gelatinedged was not normally distributed,
P=0.005. Using simple linear regression, the Wity relationships were obtained

(Equation 9-15 and Equation 9-16) (wh&rie the number of chews):

Chocolate: Bolus wt =11.21 +0.08, r = 0.31, P(intercept) <0.0005, P(slope) >0.05Equation 9-15

Gelatine gel: Bolus wt =12.55 + 0.09 r = 0.93, P(intercept) <0.0005, P(slope) >0.0&quation 9-16

For bolus weight the intercept (P<0.0005) and tlopes (P<0.0005) were significantly

different between matrices according to the mudtipkgression (Figure 9-8). Bolus
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weight during the chewing sequence was greategdtatine than the chocolate matrix,

and increased by a greater amount per chew.

Dynamic changes in the weight of debris

The weight of debris increased significantly fottbanatrices with the number of chews
(Figure 9-9). The chocolate and gelatine gel ds#ts were normally distributed
according to the Kolmogorov-Smirnov test for nontya(with Lillifors significance

correction), where P>0.05. Using simple linearresgion, the following relationships

were obtained (Equation 9-17 and Equation 9-18kfekis the number of chews):

Chocolate: Rinse wt = 0.58 + 0.20Q r = 0.79, P(intercept) <0.05, P(slope) <0.0005 Equation 9-17
Gelatine gel: Rinse wt = 0.45 + 0.04r = 0.70, P(intercept) <0.0005, P(slope) <0.00@quation 9-18

According to the multiple regression there was mgmiicant difference in intercept
(P>0.05) between matrices, however there was ®isthpe (P<0.0005). The weight of
debris was greater for the chocolate matrix thagelatine gel matrix throughout the
chewing sequence, and increased by a greater apeuahew (Figure 9-9).
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Figure 9-7: Total wet weight of the bolus recove (bolus expectorated + debris recovered via a
rinse) at different points in the chewing sequenceChocolate matrix containing peanuts:e, Gelatine
gel matrix containing peanuts:o (mean+SE). Difference between matrices: P(interc€p<0.0005,
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Figure 9-8: Weight of boli recovered (from expectition) at different points in the chewing
sequence. Chocolate matrix containing peanut®;, Gelatine gel matrix containing peanutsio
(meanz£SE). Difference between matrices: P(intercep&0.0005, P(slope) <0.0005.
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Figure 9-9: Weight of debris recovered from rinsimg of the mouth after expectoration. Chocolate

matrix containing peanuts: e, Gelatine gel matrix containing peanutso (mean+SE). Difference
between matrices: P(intercept) >0.05, P(slope) <@05.

9.3.5 Bolus moisture content

The moisture content of the bolus increased sicamfily with the number of chews for
both matrices (Figure 9-10). The chocolate anidtipe gel data sets were normally
distributed according to the Kolmogorov-Smirnovttésr normality (with Lillifors
significance correction), P>0.05. Using simpleeén regression, the following
relationships were obtained (Equation 9-19 and &ou#®-20) (wherec is the number of

chews):

Chocolate: %moist = -3.0 + 1.8, r = 0.97, P(intercept) >0.05, P(slope) <0.0005 &agtion 9-19
Gelatine gel: %omoist = 43.1 + 0.9, r = 0.89, P(intercept) <0.0005, P(slope) <0.000&quation 9-20

There was a significant difference in the interc€px0.0005), but no significant
difference in the slope (P<0.05) between matricesming to the multiple regression.
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The moisture content of the gelatine gel matrix wasch greater than the chocolate
matrix early in the chewing sequence. This diffieeeremained throughout the chewing
sequence. The final moisture content of the gedabiolus ready for swallowing was
approximately twice the moisture content of theathate bolus (Figure 9-10).
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Figure 9-10: The moisture content of the boli at ifferent points in the chewing sequence. Chocolate
matrix containing peanuts: e, Gelatine gel matrix containing peanutso. Difference between
matrices: P(intercept) <0.0005, and P(slope) <0.05.
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9.4 Discussion

9.4.1 The pathway of peanut particle breakdown

The exponential decline in tlig, of the peanut particle size distribution is typicadata
that has been obtained using homogenous foods hElsi been shown in previous studies
involving peanuts (Kawashima et al., 2009), bramits, and carrots (Lucas & Luke,
1986), and an atrtificial test food, Optosil (Olthef al., 1984). An exponential decline in
dsp is likely to occur because large particles are measily broken into small particles
than small particles are broken into fine partidlescas, 2004). Once patrticles reach a
certain size the chewing process becomes lesseetfinn further reducing particle size.
This can be seen from 20 chews to the swallow pioirthe chocolate matrix (26x1
chews, mean+SE) and from 25 chews to the swalloint po the gelatine gel matrix
(43+1 chews, mean+SE) (Figure 9-2).

The trends in the broadness vall ¢how that the spread of the peanut particle size
distribution is reducing throughout the chewingsatce. This was seen for peanuts
inside both matrices. This result is an agreemetit work by Lucas & Luke (1986)
where cumulative distributions of raw carrot bokne plotted after 5, 10, 15, 20, 25 and
30 chews. However, work with Optosil has foundlighs decrease in the broadness
value p) between 10-50 chews, before an increase in ¢tytdes between 50-200 chews
(Olthoff et al.,, 1984). The broadness valu® ¢f cornflake particles also steadily
decreased throughout the natural chewing sequénd® ¢hews) (Yven et al., 2010).
Trends in the broadness are likely to be depenalatite type of food (or combination of
foods in the case of this study) that is servedicas (2004) explains that after a few
chews the long tail of the distribution is usuabiyt to the left, and later moves right as
particles get smaller with further chewing (wheeganted as a probability distribution).
As the chewing process goes on, the fracture mehamange because it is more
difficult to break smaller particles than largeresn

Changes in specific surface area were expectedctedase exponentially as peanuts are

masticated andso declines. However, the large losses in peanughwe€and volume) in
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the bolus (Figure 9-5) are likely to have causpdcHic surface area trends to follow

more of a linear shape (Figure 9-4).

9.4.2 The influence of the matrices on the rate of peanut particle size
reduction

The type of matrix served has influenced the brgekaattern of the peanut particles in
the bolus (Figure 9-1, Figure 9-2, Figure 9-3-i§ure 9-4). Particle size (in termsdaf
and broadnes%)) and specific surface area differed between wedriat each chewing
interval, apart from the swallowing point (whedg, was similar). dso of the peanut
particle size distribution was greater inside theatine gel throughout the chewing
sequence. The broadneb} alue of the distribution and specific surfaceaaof peanut

particles was greater inside the chocolate througtie chewing sequence.

This strongly suggests that the selection functiifiers between matrices. The selection
function is typically measured by colour markingpafrticles of a certain size range, and
determining how many particles of that size rangefeactured after a given number of
chews. Large particles have been found to havglteehselection function than small

particles (Lucas & Luke, 1983; van der Glas etk887).

One possible explanation is that the matrix infeesnhow easily the molar surface of the
teeth can encounter the peanuts for fracture (@apve peanuts from the matrix and then
encounter). The TPA parameters of cohesivenessriieng the strength of internal
bonds within a food), chewiness (a measurementhefwork required to masticate a
food), and springiness (a description of the eataptioperties of the food) were all
substantially higher in the gelatine gel (Szczdsrl&63; Pons & Fisman, 1996; Bourne,
2002). Consequently, it is likely to be more difiit for the molar teeth to break through
the gelatine gel to encounter the peanut piecemparison with the chocolate. The
chocolate is also likely to soften and melt at temapures found inside the mouth (Do et
al., 2007) to aid how easily teeth can encountepanut particles.

An alternative explanation is that the gelatine gejuires greater masticatory work.

Peanut pieces may be isolated from both matricdg eathe chewing sequence, but are
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masticated intermittently while the matrix is beimgasticated. Given the large
differences in cohesiveness, chewiness, and atgsiicis possible that more time must
be spent breaking down the gelatine gel matrix tt@nchocolate matrix to produce a
swallow-safe bolus. As a result, less time is spegisticating the peanuts in the case of

the gelatine gel, and consequently the particle ®duction rate is slower.

However, it cannot be disregarded that differentrices could change the breakage
function of the peanuts rather than the selectiorction. The breakage function is a
measure of particle fragmentation per chew (Ludasle 2002). As differences in

textural properties exist between the matricess likely that the pathway of the molars

differs depending on the matrix. It is well knowrat chewing trajectories (in terms of
vertical, lateral, and anterior-posterior movemeatnge from food to food (Hiiemae et
al., 1996). Furthermore, tougher foods tend tohmved with greater lateral motion than
softer foods (Proschel & Hoffman, 1988) (the gelatgel may require greater lateral
motion during mastication that the chocolate). <&muently, differences in molar

trajectories could influence manner by which thdarecontact the peanut pieces, and

influence the degree of fragmentation to take phdter contact.

9.4.3 Losses in dry weight during the chewing sequence

Peyron et al. (2004b) measured particle retentiter ane quarter, one half, and a full
chewing sequence with peanuts, almonds, pistacaii® parrots, radish, and cauliflower.

A significant reduction from one quarter to onefludla sequence, and from one half to a
full sequence was found for all six foods. In tbispter a reduction in total peanut dry
weight was also found during the chewing sequenbere total peanut dry weight in the

gelatine matrix was greater than in the chocoladrisnat each chewing interval, while

the final total peanut dry weight was similar (Fig®-5). Surprisingly, losses in total dry
weight of the boli were small compared to lossepeadnut dry weight. No significant

losses of gelatine bolus total dry weight, and $rhat significant losses in chocolate

bolus total dry weight were observed (Figure 9-6).

Similar peanut losses have been reported in bothatend of the chewing sequence

(Jalabert-Malbos et al., 2007; Flynn et al., 20109sses are suggested to take place due
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to intermediate swallowing (Jalabert-Malbos et &#007), fat loss into saliva,
transportation to the oropharynx (where particléds wot be collected using a rinse after
expectoration), and sieving (Flynn et al., 201@)is probable that the loss of peanut dry
weight in this study has been caused by movemergeahut particles into the oro-
pharynx and during sieving across the 385 sieve to isolate peanut particles from the
matrix. Loss has also been shown to take placeglimage analysis when the peanut

particles are stored in ethanol (Section 3.1.4).

Greater peanut dry weight losses in the chocolatepared to the gelatine gel during the
chewing sequence (but not at the swallow point) i@ function of a smaller particle
size at each interval. Smaller particles are yikel be shifted more easily into the oro-
pharynx, will exhibit greater loss through the 3%% sieve during washing, and will

release a greater quantity of fat into ethanolrdunmage analysis (Section 3.1.4).

It is unclear why losses of total bolus dry weiglgre small in comparison with total
peanut dry weight in this study, and in compariseith other published literature

assessing peanut retention (Peyron et al., 20@ddhert-Malbos et al., 2007; Flynn et al.,
2010). It is possible that the mouth is able tbcieintly retain the matrices more
efficiently throughout the chewing sequence, wherpaanut particles are lost more
readily from the matrix into the oro-pharynx. Hoxge peanut dry weight retention is
reduced by other sources of loss during washingsacthe 355um sieve and image

processing.

9.4.4 Changes in bolus properties throughout the chewing sequence
as particles are broken down

There was a significant linear increase in theltbtdus weight and moisture content
during the chewing sequence (Figure 9-7 & FiggHED) due to saliva addition. Saliva
content has been shown to increase in severalestutliring the chewing sequence
(Mioche et al., 2002a; Loret et al., 2009). Thenikr rates of increase in total bolus
weight and moisture content (Figure 9-7 & FigOr&0) between matrices suggest that

saliva flow was comparably stimulated between roasti However, given the difference
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in the number of chews (and hence chewing time)ensaliva would have been

incorporated into the gelatine gel bolus prioru@kowing.

Significant differences between matrices in thg@slof the bolus weight and debri weight
plots suggest differences exist in rheological prips between matrices throughout the
chewing sequence (Figure 9-8 & Figure 9-9). a&nwount of debris was greater and
increased at a greater rate for chocolate thagetetine gel. This is likely to be due to
the chocolate adhering to the walls of the mouthenso than the gelatine gel.

9.5 Conclusion

Embedding peanuts inside two different matrice®¢ohate and gelatine gel) resulted in
different peanut particle breakdown pathways betwewtrices. Dynamic changes
during the chewing sequence in tiig the broadnessh), and specific surface area of
peanut particles were significantly different betwwematrices. Contrasting matrices also
induced different patterns of weight loss in tewhthe peanut and total bolus dry weight,
and wet bolus and debri weight. However, dynanhianges in total bolus wet weight

and bolus moisture content were unaffected byyte of matrix.
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Chapter 10 : The influence of peanuts and food
matrices on mastication and the peanut particle
size distribution of the bolus in a population
(multiple subject study)

10.1 Introduction

The main results from the four separate single esailbgtudies (Chapters 6-9), which
have investigated mastication and the food boluketerogeneous systems, could be

summarised as:

1. The properties of the matrices determine tieawing behaviour, whereas the
properties of the peanuts appear to have almosifinence.

2. The properties of the peanuts (modified usimgstare) influence the final
dsp of the peanut particle size distribution and weryhd volume retention
in the bolus, and the breakage properties of thiiches.

3. The properties of the matrices influence thalfspread (broadneds), of the
peanut bolus particle size distribution, and the the peanut particles break
down.

4. Interactions between peanuts and matrices tsayba influencing

mastication and bolus properties.

However, the single subject approach has the obMiauitation that results cannot be
concluded for a population. Significant varialgilih chewing behaviour (Lassauzay et
al., 2000; Peyron et al., 2002) and particle simécame (Mishellany et al., 2006;
Jalabert-Malbos et al., 2007) is shown throughoastioation literature. The sources of
variability in mastication include age (Peyron &t 2004a; Mishellany-Dutour et al.
2008), gender (Youssef et al.1997; Peyron et &4aJ) dental condition (van der Bilt
et al. 1993c; Fontijn-Tekamp et al. 2004a), andvag} flow (Engelen et al., 2005b).
Effective screening measures can reduce the effetitese variables, but will never
eliminate significant variation. Moreover, the ext of variability in heterogeneous

food systems is unknown.
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Hence these results required validation and ctatibn with a multiple subject study.
This would also provide an understanding of thaamlity of mastication and food
bolus data between subjects for foods used thraughes thesis, to give perspective to
the single subject results. A multiple study weaaretully designed, where 4
heterogeneous test foods (2 matrices variants goebAut variants) were served to 8

subjects (4 male and 4 female).

Therefore, the aim of this study was to investigaeiation among a population in
mastication and particle size outcome when differeterogeneous foods are chewed.
In particular, to compare the effects of two tymdssolid test pieces with different
physical properties (moist and dry peanuts) embeddside two types of matrices
(chocolate and gelatine (250 bloom)) on masticatind the final peanut particle size

distribution in the food bolus.

Much of this chapter, including many figures anbies, is based on work which has
been published (Appendix H) (Hutchings et al., 2011
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10.2 Methodology

10.2.1 Subject selection

Eight subjects (4 male and 4 female, 25.6+4.3 yeaexe selected for this study

according to guidelines outlined in Section 5.3heTprocess of selection was not as
strict as in previous chapters given that a popraivas selected rather than a single
subject. However, several volunteers that dematestr unusual oral processing
behaviour in terms of the bite size and the nundfechews applied to the standard

Fruit and Nut bar were screened out.

Potential subjects were assessed by asking thebhitdép chew and expectorate the
standard Fruit and Nut bar on three separate aotasi The selection procedure also
assisted in familiarising subjects with the proceSsxpectorating a food bolus for the
trial. Selected subjects also met strict dentiédrga. All subjects had class 1 occlusion,
no significant tooth crowding, no obvious tooth agcand a healthy periodontal
condition. They had no functional disturbance ddstication evidenced by pain or
clicking during chewing, and no other known oralgameral health issues that could
influence oral processing. This study was reviewaed approved by the Massey
University Human Ethics Committee: Southern A (Apation 09/24).

10.2.2 Experimental procedure

Following the screening session, each subject @gtkione experimental session. Two
types of matrix (gelatine gel (250 bloom) or ch@te) containing one of two types of
peanut (moist (22.21+0.18 @B/100g total mass) or dry (1.99+0.20 H00g)

(meanxSD)) were served in a randomised order. Faplicates of each food type (16

samples in total) were served for each subject.

Experimental conditions and protocol followed tbatlined in Section 3.2.1.
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10.2.3 Assessment of natural bite size and selection of serving size

Serving size was determined by the assessmene afatural bite length of the subjects
(and hence natural bite volume) as discussed ipt€hd. Each subject was asked to
take 2 natural bites from chocolate bars (contgidih.3% peanut quarters (v/v)) with a
constant shape (20 mm height, 30 mm width, 100 emgth). A mean bite length of
16£6 mm (meantSD) was determined from the 8 sealestéjects, and therefore a
constant volume serving size of 9600 MR0x30x16 mm) for matrices (containing
11.3% peanut pieces (v/v), 4-5 quarter pieces) adapted, wher@(moist peanuts) =
1.06 g/lcni and p (dry peanuts) = 1.08 g/én The weights of the servings were
determined (Table 10-1). The weight of dry peamss slightly greater than moist
peanuts to ensure the volume of peanuts servedheasame (given the small density
differences).

Table 10-1: Serving weights of the test foods (meaSD).

Test component Serving weight (g)
Chocolate matrix (g) 11.26+0.20
Gelatine matrix (g) 12.30+0.21
Dry peanuts (g) 1.14+0.03
Moist peanuts (g) 1.12+0.03

10.2.4 Preparation of the test foods

Matrices were prepared without peanuts inside aiegrito methods outlined in Section
3.1.3. Peanuts were manually inserted into theixnamediately before each sample
was served to the subject to ensure no unwantedtunei migration took place.
Roasted, unsalted peanuts were used in all matriddgpeanut pieces (quarters) were
sieved across a 4.75 mm sieve prior to insertida the matrix to ensure no small
particles were included. Moist peanuts were pregary soaking the peanut quarters in

water for 2 h and equilibrating in a water tighhtainer for 46 h in a refrigerator (4 °C).
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10.2.5 Analysis of the physical properties of the matrices and
peanuts

Analysis of the physical properties of the matricasd peanuts were undertaken
according to methods described in Section 3.2.@ur Feplicates were used for peanut
moisture content, 10 replicates were used for pelaaaness, and 6 replicates used for

peanut density. Textural analysis of the matrineslved 12 replicates.

TPA and stress-strain curves from compression efrtiatrices and peanuts are also
presented to enhance an understanding of the athysioperties. The stress-strain
curves were obtained from single uni-axial compogssising the same test conditions
outlined for the TPA procedure (Section 3.2.2) fiwaitrices and peanuts respectively.
Given that the cross sectional area of peanutsnatknown, a cross sectional area of 1
cn’was assumed for both dry and moist peanuts to legdcstress.

10.2.6 Analysis of the food bolus

Analysis of the peanut particle size distributiarthe bolus was conducted according to
methods Section 3.1.4.

10.2.7 Statistical analysis

Statistical analyses were performed using SPSSe®sipon 16.0 for Windows) (SPSS
Inc., USA). The fit of the cumulative distributidanction of particle area by the Rosin
Rammler equation was determined for each bolus®@yt values.

The distributions of the parameters (number of cheehewing time, mastication
frequency, dso, broadness b, dry weight retention, and volume retention) were
considered to be normally distributed when the lBevavas greater than 0.05 according
to the Kolmogorov-Smirnov test for normality (withllifors significance correction).

A two-way repeated measures ANOVA, with matrix tygped peanut type as within

subject factors, was used to assess the signifcahthe differences in results between
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matrices and peanuts. The following transformatiosere made to normalise the data

(conversion from x to y):

. The number of chews and chewing time were normdiliyributed following
logip transformation, and the mastication frequency m@snally distributed following
exponential function transformation’)e

. dsp was normally distributed following a Johnson tfansation in MINITAB

(version 15, Minitab Inc.) with the following forrfau

y =-2.23950 + 1.51986*Asinh(x-0.918140)/0.143034) Equation 10-1
. The broadness valub)(was normally distributed without transformation.
. Dry weight retention of peanuts was normally disited following Johnson

transformation in MINITAB (version 15, Minitab Infcwith the following formula:
y = 0.318810 + 0.847683 * In((x - 8.67778 )73.5068 - x)) Equation 10-2

. Peanut volume retention was normally distributedlofang Johnson
transformation in MINITAB (version 15, Minitab Incwith the following formula:
y =-0.215711 + 0.635957 * In((x - 707.488 )/(208% - X)) Equation 10-3
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10.3 Results

10.3.1 Physical properties of the test food components

As in previous chapters the physical parameterferdd between the matrices and
between the peanuts (Table 10-2). The cohesiverspssiginess (elasticity), and

chewiness were all greater in the gelatine gel tharchocolate matrix. The chocolate
matrix was harder than the gelatine gel matrix, taeddry peanuts were harder than the

moist peanuts.

Figure 10-1 and Figure 10-2 are curves obtainedn ffbPA and single uni-axial
compression of the matrices respectively, showingintt differences in texture

between the chocolate and gelatine gel.

The gelatine gel demonstrated highly elastic priog®r whereas the chocolate
demonstrated plastic properties (Figure 10-1). fbhee-time profile of the gelatine gel
is similar in the first compression compared togbkeond compression, showing almost
complete recovery to its original state. The peobf the chocolate differs markedly
between compressions, showing significant unreablerdeformation after the first
compression. This is shown most clearly by theetohelay in the second compression
between the chocolate and the gelatine gel, haiss evident by the differences in area
under the curve from the first to second compressi®tress of the chocolate and
gelatine gel matrices also differed in responsed&formation during a single
compression (Figure 10-2). The slope (Young's nugjudiffers markedly between

matrices.

A stress-strain curve of the single uni-axial coaggron of the peanuts (to the point of
fracture) is also presented (Figure 10-3). Drynpgswere subject to fracture at a lower
strain. The slope (Young’'s modulus) is signifidgrgmaller in the moist peanut.

However, the area under the curve until fractukegaplace appears similar between

peanut types (the toughness, see Section 2.7.7).
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Table 10-2: Properties of the test foods (me&SE) (Note: The hardness of the matrices and
peanuts were undertaken using different TPA condions).

Matrices Peanut piece (quarter)
Hardness | Cohesiveness| Springiness | Chewiness Moisture Hardness
(N) (mm) (mJ) content (N)
(gH,0/100g
total mass)
Gelatine gel| 252+8 0.89+0.01 10.1+0.1 227090 Dry 1.99+0.10 78.04+9.27
(250 peanut
bloom)
Chocolate 400+8 0.17+0.01 2.03+0.23 150+2¢ Moist 22.21+0.09 | 51.63+6.93
peanut
400 -
300 -
2 200 -~
@ i
o i
o %
L i
100 -
N N |
0 10 20 30 40 50 60 70
Time (S)

Figure 10-1: TPA curve of the chocolate matrix (dal line) and the gelatine gel matrix (250 bloom)
(dotted line).
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Figure 10-2: Stress-strain curve of the chocolatmatrix (solid line) and gelatine gel matrix
(250 bloom) (dotted line).
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Figure 10-3: Stress-strain curve of the dry peanugsolid line) and moist peanut (dotted line) to the
point of fracture (cross sectional area of peanutwas assumed to be 1 c¢in
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10.3.2 Parameters of mastication

A. Variation in mastication between subjects

Large variation in mastication parameters occutvetiveen subjects. The number of
chews (F(1,7) = 971.3, P<0.0005), chewing time ,(B(x 676.0, P<0.0005), and
mastication frequency (F(1,7) = 228.2, P<0.000%)d#dfered significantly between
subjects according to the repeated measures ANQ@VAhE effect of matrix type and

the type of peanut piece inside each matrix.

B. The effect of the type of matrix and peanut type on mastication

Compared to chocolate, the gelatine gel was mastickor a significantly greater
number of chews (F(1,7) = 98.8, P<0.0005) and apnsetly chewing time (F(1,7) =
54.2, P<0.0005), and at a significantly higher measbn frequency (F(1,7) = 10.8,
P<0.05) (Table 10-3). For moist and dry peanutgsen a given matrix, there were no
significant differences either in the number of wegF(1,7) = 4.4, P>0.05), chewing
time (F(1,7) = 2.2, P>0.05), or mastication freque(F(1,7) = 0.8, P>0.05) (Table 10-
3). Interactions between matrix and the type @inpg piece were not significant for the
number of chews (F(1,7) = 3.7, P>0.05), chewingeti(f(1,7) = 1.2, P>0.05), or
mastication frequency (F(1,7) = 2.2, P>0.05). Te#atine gel was chewed 37.8 and
40.5 times on average when containing the dry antstnpeanut pieces respectively.
The chocolate was chewed 23.8 and 23.9 times aag@evhen containing the dry and

moist peanut pieces respectively.
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10.3.3 Food bolus particle size

A. Variation in peanut particle size in the bolus between subjects

There was large variation between subjects in #enpt particle size distribution of
individual boluses (Figure 10-4). Hendg (F(1,7) = 294.8, P<0.0005), and broadness
(b) (F(1,7) = 2873.4, P<0.0005) of the peanut patisize distribution differed
significantly between subjects on a repeated meastiNOVA for the effect of matrix

type and type of peanut piece.
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Figure 10-4: Cumulative peanut particle size distbutions obtained from the boli of all subjects for
chocolate containing dry peanuts (A) and moist pearts (B), and gelatine gel containing dry
peanuts (C) and moist peanuts (D). Subject J, Subject 2:0, Subject 3: ¥, Subject 4:A,
Subject 5:m, Subject 6:0, Subject 7:4, and Subject 8:0 (meanSE).
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B. The effect of matrix type and peanut type on the bolus peanut particle size
distribution

The mean peanut particle size distribution curvessaown in Figure 10-5. There was
significant variation between matrix and betweemme types in the particle size
parameters. Whilstso (F(1,7) = 4.0, P>0.05) did not vary significanthetween
matrices, thelsy value for moist peanut particles was significadélsger than that for
the dry peanut particles (F(1,7) = 147.5, P<0.000R)e average€s, of the dry peanut
particle size distribution was 1.14 mm and 1.18 with the gelatine gel and chocolate
matrices respectively, whereas the average of the moist peanut particle size
distribution was 1.37 mm and 1.43 mm with the geé&gel and chocolate matrices
respectively. There was no significant interactomtween matrix and peanut type for
dso (F(1,7) = 0.251, P>0.05) (Figure 10-6, Table3)0-

The broadnes®) values of the peanut particle size distributi(l(7) = 8.9, P<0.05)
were significantly higher for boli with a chocolateatrix than those with a matrix of
gelatine gel, showing the spread in the size tstion of peanut particles in the
gelatine gel matrix was greater than that in thecolate matrix. Peanut type did not
affect the broadness valub) (F(1,7) = 0.0, P>0.05), however the interactidnthe
effects of the matrices and peanut type on broadfsesvas significant (F(1,7) = 11.0,
P<0.05) (Figure 10-6, Table 10-3). The inteatitan be seen in Table 10-3, whiere
values were higher in peanut particle size distiims of the moist peanuts compared to
dry peanuts in the gelatine gel, and higher forgginuts compared to moist peanuts in
the chocolate. On average, the broadnasgalues of the moist and dry peanut particle
size distributions inside the gelatine gel were3lanhd 1.17 respectively, and the
broadnessh) values of the moist and dry peanut particle sistributions inside the

chocolate matrix were 1.23 and 1.19 respectively.
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Figure 10-5: Mean cumulative peanut particle sizéistribution obtained from the bolus of gelatine
gel containing dry (¥) or moist peanuts {), or chocolate containing dry @) or moist (o) peanuts
(meanzSE).
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Figure 10-6: Mean broadnessh) against meands, of the peanut particle size distribution obtained
from the bolus of gelatine gel containing dry ¥) or moist peanuts (), or chocolate containing
dry (e) or moist (o) peanuts (mean+SE).
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10.3.4 Retention of peanuts in the bolus

A. Variation in peanut retention between subjects

Dry weight retention of peanut particles (F(1,7)3%8.7, P<0.0005) and volume of
peanut particles in the bolus (F(1,7) = 789.5, Pe05) varied significantly between
subjects on a repeated measures ANOVA for the teffematrix type and peanut type.

B. The effect of matrix type and peanut type on peanut retention

Dry weight retention of peanut particles (F(1,724, P>0.05) and volume of peanut
particles in the bolus (F(1,7) = 0.8, P>0.05) did differ significantly between matrices
on repeated measures ANOVA (Table 10-3). Howedmrweight retention of peanut
particles (F(1,7) = 40.1, P<0.0005) and volume eamut particles (F(1,7) = 216.8,
P<0.0005) was significantly greater when moist péganvere chewed than when dry
peanuts were chewed (Table 10-3). There was grofisant interaction between the
effect of matrix and peanut type for dry weightergton (F(1,7) = 0.0, P>0.05) or
volume of peanuts in the bolus (F(1,7) = 0.0, P5Pdh repeated measures ANOVA.

Table 10-3: The effect of food matrices and peanuype on the mastication and bolus parameters

(meantSE).
Matrix Gelatine gel Chocolate Gelatine gel Chocolat
Peanut type Dry Dry Moist Moist
Number of chews 37.8+2.1 23.8+1.1 40.5+2.4 23.9+1.2
Chewing time (s) 27.66+1.53 18.58+1.12 28.77+1.61 8.56+1.06
Mastication frequency (Hz) 1.38+0.04 1.32+0.04 1#0L03 1.32+0.04
dso (area) (mm) 1.14+0.04 1.18+0.04 1.37+0.05 1.4340.0
b 1.13+0.02 1.23+0.02 1.17+0.02 1.19+0.01
% Peanut weight retention 24.52+1.64 26.13+1.43 46.84+1.64 50.42+1.42
(drywt/drywt)
Volume of peanuts in bolus (nfn 1120+50 1150+40 178020 1800+20
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10.4 Discussion

10.4.1 Variation between subjects

Variation between subjects was large in terms efntfastication parameters and particle
size distributions despite efforts to select a pajan without unusual oral processing
characteristics. Significant variation betweenjscits has also been reported previously
in homogeneous foods in terms of the parametemsastication (Peyron et al., 2004b;
Foster et al., 2006) and particle size (Mishellabyal., 2006; Jalabert-Malbos et al.,
2007). However, literature does suggest that tianian the particle size distribution of
the food bolus is small in comparison with thatle# parameters of mastication, and in
some cases is not always found to be significanalat(Peyron et al., 2004b).
Differences in the peanut particle size distribotod the bolus between subjects may be
exaggerated when heterogeneous food systems suble ases used in this study are
chewed (Figure 10-4).

Interestingly, the magnitude of differences betwesmjects was greater than the
magnitude of differences between food variablespdrtantly, the results largely reflect
the trends observed in Chapters 6-9. This studytlcarefore serve as some form of

validation of the results in the single subjectigta in this thesis.

10.4.2 The influence of the matrix and the peanuts on mastication

The significant differences in chewing behaviourewldifferent matrices were chewed
reflects reports of similar variation when diffetemomogeneous foods are chewed
(Hiiemae et al., 1996; Brown, et al., 1998; Matlewaiet al., 2000). This is also typical
of results presented in Chapters 6-9, where gelagiel matrices were chewed for
greater periods of time and subjected to more amgwiycles than the chocolate
matrices. This confirms that the matrix affectéé warious modalities of sensation
during mastication and caused different chewingtsgiies to form a suitable bolus
(Table 10-3). In this trial, the properties of gheanuts embedded inside the matrix did

not appear to alter the chewing behaviour evenghaleir different physical properties
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did influence the peanut particle size outcomehm bolus, which was also found in
Chapters 6-9.

The TPA curve (Figure 10-1) suggests that the egptin of stress by the molars
during mastication will result in permanent defotima of the chocolate matrices (due
to plastic behaviour) but significantly less permaindeformation in the gelatine gel
(due to elastic behaviour). Flow of the matrices also likely to be different in
response to stress (Figure 10-2). When the difft&s® in cohesiveness and chewiness
(Table 10-2) are also considered, it is probabte qaggested in Section 9.4.2) that
molar trajectories differ between matrices. Witlajectories, particularly in terms of
lateral grinding and cutting, would be expectedthe gelatine gel compared to the
chocolate.

10.4.3 The influence of the type of peanut on the particle size
distribution of the food bolus

Matrices containing moist peanut pieces yieldedhdrigsy's in the peanut particle size
distribution than those containing dry peanut pecespite no significant difference in
parameters of mastication (as also shown in Chayptend 8). This shows the patrticle
size that is required to prepare a safe-to-swaboius is larger with the moist peanuts.
Uptake of water has been widely reported to infagethe textural properties of foods
(Roos, 1995), and nuts in particular (Visvanathbale 1996; Paksoy & Aydin 2004;
EIMasry et al., 2009). Harder particles are alsbielved to be detected as larger than
soft particles of the same size inside the moutiyéen et al., 2005c¢). Results indicate
that changing the physical properties of the pesahas caused differences in the rate of
particle breakdown (as shown in Chapter 6 and 8)chvis likely to be induced by

differences in fracture propagation.

It is therefore highly likely the breakage functiohthe peanuts has changed by the
addition of moisture. The breakage function depeonl the physical properties of the
food, where brittle foods that fracture into greatember of smaller particles have a

higher breakage function (Agrawal et al., 1997).appears that moist, soft peanuts
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break into larger pieces during contact with trethewhere as dry peanuts shatter into

smaller pieces.

A comparison in the slope of the stress-strain esifFigure 10-3) shows the Young’s
modulus (E) of the moist peanuts is markedly smafian the dry peanuts. Assuming
the toughness (R) of the material is similar betwe®ist and dry peanuts (as suggested
in Figure 10-3 where the total area under the cis\aike for both peanut types), the
reduction in Young’'s modulus of the moist peanuats explain the change in breakage
function. According to Agrawal et al. (1997), whethe breakage function was
described by a highly negatively correlated retsthip with (R/E¥® (Lucas et al.,
2002), a decrease in E will increase (F/B)and hence decrease the breakage function.
Thus when the dry peanut is shattered, more fratatien takes place in comparison
with the moist peanut. Lucas et al. (2002) presdata showing the breakage function
of white bread soaked in water is smaller than white bread, and the breakage
function of raw peanuts is smaller than roastechpesa Raw peanuts also shattered into
larger pieces than roasted peanuts following aanidl compression test in Section
8.3.1, Figure 8-2.

10.4.4 The influence of the matrix on the particle size distribution of
the food bolus

The two matrix types exhibited significant chewinghaviour differences but this did
not affect thedsp for any one peanut type. This indicates the ladgferences in

breakdown rates between matrices (likely to be tualifferences in the selection
function, the probability that particles of a giveize present themselves to the
occlusion zones (Lucas et al., 2002)) is validddarger population. The properties of
the matrix (such as those shown in Figure 10-1 &) @re likely to influence the

selection function of peanuts that lie within. f@rences in flow, plastic-elastic
deformation, and chewiness may all be influenciray hreadily particles can be
encountered by the teeth inside the matrices. i®ec®.4.2 presented several

hypothesises to describe differences in breakdates hetween matrices.

The type of matrix that was chewed also affectesl spread of the resultant peanut

particle size distribution (broadneds)((similar differences in broadneds) (vere also
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found between matrices in Chapters 6, 8, and @ higher broadnesb)(values from
boli containing chocolate (showing peanut part&lee in the chocolate had a smaller
spread) may reflect the differences that are saethe rate of particle breakdown.
Chocolate is renowned for melting rapidly in the utio (Do et al., 2007), had
considerably lower values of cohesiveness and ctessi(Table 10-2), and exhibited
plastic deformation (Figure 10-1). Consequentlymay be that larger particles are
more likely to be selected over smaller particlkeshie chocolate matrix, resulting in a
tightening of the particle size distribution whéges spread is observed. Alternatively,
differences in broadness could be attributed tdrasting molar trajectories inside the
matrices (see Section 9.4.2). A more lateral nmotimough the gelatine gel may result

in fracture propagation where the particle sizéridhistion has a greater spread.

Moreover, the significant interaction for broadnélk between matrices and peanut
type (Section 3.3.2) shows the ability of the mslar uniformly masticate the peanut
particles depends not only on the matrix, but ow hloe peanuts behave inside that
matrix. The manner by which the peanut surfacésract with the matrix could

contribute to adhesion to the matrix, and thusragdluence how easily the molars can

encounter the peanuts for fracture.

Despite differences in broadne$s, (the observation that thi, of the peanut particle
size distributions are statistically similar betwewatrices challenges current literature.
A bolus is deemed to be safe to swallow when ithiea a certain particle size,
cohesion, and lubrication (Hutchings and LillfortQ88; Prinz & Lucas, 1997). It
therefore would be expected that different matriwesld induce sufficient differences
in cohesion and lubrication of the bolus (Sectidh®strongly suggests this is the case)

to change théso of the particles size distribution.

As discussed in Section 7.4.1, it is possible tee¢ptors inside the mouth can precisely
detect the texture and size of the peanut partwitsn all the different matrices, where
particle size is considered pivotal in preparingae bolus. As a result, the cohesion
and lubrication of the surrounding matrix may hawe influence on the finadls.
Receptors on the tongue and oral mucosa can detege particles as small as 2 mm
(Ringel & Eawonski, 1965; Lucas, 2004), and paggchs small as 2 um (Engelen et al.,

2005a) can influence textural sensations.
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An alternative hypothesis, linked to a two compantintheory introduced by Flynn et
al. (2010), may also offer an explanation for thmilarity observed irdse. In this case
the peanuts could be separated from the matriy éarthe chewing sequence, and
would be broken down and determined suitable foallwing independently of the

matrix (by being stored in different compartmeritshe mouth during mastication).

10.4.6 The influence of the matrix and the peanut on retention in the
food bolus

No more than 50% of the dry weight of peanuts mithitial sample was retained in the
bolus for each test food. Such losses have bgmortesl in previous studies involving
peanuts (Peyron et al., 2004b; Jalabert-Malbo$.,e2@07; Flynn et al., 2010), and were
similar in Chapters 7-9 at the swallowing pointoskes are expected to be high given the
number of steps involved in the experimental praced As explained in Section 9.4.3
losses may take place by particles shifting in® @ahopharynx, during washing through
the 355um sieve, and from fat migration into ethanol durintage analysis (Section
3.1.4).

The weight and volume retention of the moist pegauticles was significantly greater
than for the dry peanut particles (Table 10-3psdes are likely to be higher in boluses
containing a greater proportion of finer partio{esthe case of the dry peanuts) as finer
particles may be more readily lost into the orogharand through the sieve, and will

loose more fat into ethanol.

Despite differences between matrices in chewingbielr, deformation in response to
stress, particle breakdown rates, and broadnesbkeoparticle size outcome, peanut
retention (in terms of dry weight and volume) isffacted by the type of matrix (Table
10-3). The reasons for this are unclear, but nmajcate that peanut particle loss is
simply a function of average particle size ¢ig). This may even suggest again that
matrices and peanuts are stored in different coimeerts of the mouth during

mastication, where peanut communition and lossdependent of the matrix.
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10.5 Conclusion

This multiple subject study showed the masticatddnmoist and dry peanut pieces
inside gelatine gel and chocolate matrices, and rdseilting peanut particle size
distribution of the food bolus, was significantlyffdrent between subjects. Results
have clarified among a population that when hetemegus test foods are chewed, the
properties of one food component can influence bheakdown of another food
component. More specifically, when matrices (pregaas gelatine gel or chocolate
matrices containing either moist or dry peanut @@cwere chewed, the matrix
influenced mastication (in terms of the numberlwws, chewing time, and mastication
frequency) and broadnesb) (of the peanut particle size distribution in thelus.
However, the matrix did not influence thg, of the peanut particle size distribution, or
retention of the peanut particles after masticatidturthermore, the properties of the
embedded peanut piece influenceddisof the peanut particle size distribution but had

no affect on chewing behaviour.
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Chapter 11 : Overall discussion and conclusions

11.1 Overall discussion

This is one of the first pieces of research in@nastication of and resulting food bolus
from heterogeneous food systems, where more thanfaod type (such as a peanut
particle embedded inside a food matrix), is invdl#e the mastication process. Almost
all current mastication literature has looked anbgeneous foods (e.g. Kohyama et al.,
2004b; Peyron et al., 2004b; Foster et al., 20@#)derstanding of how heterogeneous
systems breakdown inside the mouth is importath@bulk of material that is eaten is

heterogeneous in composition.
The project had the following main objectives:

1. To identify the most suitable technique to stand&derving size for
mastication studies.

2. To develop appropriate methods for the selecticsirgfle subjects in
mastication studies.

3. To investigate the effect of matrices of contragtmysical properties on
mastication, the particle breakdown process, aagérticle size distribution of
the bolus in heterogeneous food systems (whereupp@tes are embedded
inside a continuous matrix).

4. To investigate the effect of test pieces of coninggphysical properties on
mastication, the particle breakdown process, aagérticle size distribution of
the bolus in heterogeneous food systems (whereupp@tes are embedded
inside a continuous matrix).

5. To develop a set of food design principles thatlwamsed by food
manufacturers to manipulate chewing behaviour amtigte size in the food
bolus. These design principles should lead tosdeacontrolling digestion and

the sensory appeal of food products.
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To meet these objectives, this research has imgetetl the natural bite size of

manufactured food bars in order to identify a teghe for standardising serving size,
and has developed a methodology for the selectiosingle subjects in mastication

studies where the assessment of food propertiekimgerest. A series of studies have
been undertaken with heterogeneous test foods dtysen mastication and the food

bolus, where peanut test pieces of contrastingepti@s were embedded inside various
food matrices of contrasting properties. Initialdies involved carefully selected single
subjects, and main findings were validated withutiple subject study.

Sandardising serving sizes in mastication studies

It is currently unclear how serving size shouldskendardised in mastication research.
Some studies standardise by weight (Mioche et24lQ2a; Fontijn-Tekamp et al.,
2004a; Hiiemae, 2004) and others by volume (Agraetahl., 1998; Engelen et al.,
2005b; Foster et al., 2006). Serving size is irtgmarbecause it influences the number
of chews and chewing time of the mastication segai€¢Rrontijn-Tekamp et al., 2004a;
Gaviao et al., 2004), and the particle size distidm of the food bolus (Lucas & Luke,
1984; Buschang et al., 1997).

A trial was undertaken using 45 subjects with 6 own food bars of contrasting

physical properties, where variation in bite wejdtite volume, and bite length were
assessed between bars (Chapter 4). It is well Rribat bite size varies significantly
between subjects (Hiiemae et al., 1996; Bratelya&kett, 1999), and between different
food products (Medicis & Hiiemae, 1998; Yagi et &006). Variation in bite length

was much smaller than bite weight or bite voluméwken bars. The process of
acquisition may therefore be limited by the lengtha bite, and hence the physical
shape and density of a bar may be much more imgadtian the textural properties in
determining the size of a bite.

Consequently a serving method was developed wbedsfto be studied were served to
subjects as constant volume bars (with constanemmons and cross sectional area),
and subjects’ asked to take natural bites of tlis. b@&he bite length of each product was
measured. A common bite length was then determitedh fitted within the subject

or subjects’ natural bite range for the foods iat tharticular trial, and hence a standard
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volume sample could be implemented for each tiaséd on the length that was
determined as the original cross sectional ardheobar). Standardising bite size using
this method is recommended for other work in thestioation field, however

researchers must decide on an appropriate servatigosh depending on the particular

objectives of each trial.

Selection of subjects in mastication studies and the use of single subject studies

Large subject studies can be expensive and timsuoaing, and variability between
subjects is widely reported in both masticationdwebur (Lassauzay et al., 2000) and
the properties of the food bolus (Jalabert-Malbbsale 2007). Variability within
subjects is smaller (Mishellany et al., 2006; JataMalbos et al., 2007). For studies
investigating the effects of food variables ratttean human variables, smaller studies
using a single subject can overcome these probledegor findings from a series of
single subject studies can then be validated withutiple subject study. This was the

approach taken in this work.

A selection procedure was developed to select siagbjects from a larger group of
applicants who did not display unusual biting ahdwing characteristics, and who also
met strict dental criteria (Chapter 5). Potendialbjects were asked to bite and chew the
Fruit and Nut bar used in the bite size study. j&ib who were the most consistent in
terms of the spread of bite and mastication data, who also had bite size and
mastication data nearest to the mean of the 4®sison the bite size study (Chapter 4),

were selected.

Single subject studies offer the potential to espla greater range of variables over a
shorter period of time. Initially they are limitb@&cause results cannot be representative
of the broader population, however the most impartaadings can then be validated

with a larger population.
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The influence of changing the properties of internal test pieces (peanuts) in a
heter ogeneous system, wher e peanuts are embedded inside food matrices, on
mastication and peanut particle breakdown

Changing the physical properties of the peanutgsiewas primarily undertaken by
immersing peanuts in water (Chapter 8 and 10).wds also undertaken by using
various forms of heat treatment (Chapter 8), ao# fdace when peanuts were prepared
inside matrices of different physical propertieh@pter 6). A small section of work
also changed the initial size of peanuts insidanth&ix (Chapter 8).

Mastication was not altered by the changes in tlopgrties of the peanuts when the
peanut pieces were embedded in the matrices (Okapend 10) or when peanuts with
differing physical properties were served withowtnces (Chapter 6 and 8). However,
changing the properties of the peanuts had a sgnif effect on the resulting peanut
particle size distribution in the food bolus (Chapt6, 8, and 10). The particle size
distribution of the bolus is known to vary signdittly between different foods (Hoebler
et al., 2000; Peyron et al., 2004b).

Most notably, thelso of the peanut particles was strongly influencedhgyproperties of

the peanuts (Chapters 6, 7, 8, and 10) irrespedifiilhe matrices they were inside.
Mastication of peanuts with a higher moisture cont@vhich reduced the hardness,
fracturability, and Young’s modulus) resulted ipaxticle size distribution with a larger
dso than peanuts with a lower moisture content (Chapéer8, and 10). However the
broadnessh) (spread) of the peanut particle size distributias unchanged (Chapters
8 and 10). Hence the particle size required t@ame a swallow safe bolus of lower
moisture content particles (harder particles) wasaler than for the higher moisture

content particles (softer particles).

Moreover, immersing the products in water, and eguoent changes in physical
properties of the peanuts, appears to have alteeetireakage function of the peanuts
(the breakage function is a measure of the exteait the particle fragments during
contact with the teeth (Lucas et al., 2002)). Mss shown as a significant difference
in dspalongside a lack of significant difference in chegvbehaviour (Chapters 6, 8 and
10). In addition, single compression tests on pehalves resulted in large differences

in the size and number of particles between peasuligected to different treatments
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(Chapter 8), where moist peanuts were broken mitef pieces at a larger size, and dry
peanuts broken into more pieces at a smaller Sibe. change in breakage function can
be explained by the reduction in the Young’'s mod{k) of the moist peanuts (Chapter
10), as the breakage function has been shown tbididy negatively correlated to
(R/IE)®® (Agrawal et al., 1997).

Peanuts which were heat treated under differentlitons resulted in particle size
distributions with different broadness) (values but similadsy values after mastication
Changes in the fracture propagation (Chapter 8)ikety to be responsible for these
differences. Changing the initial size of the pdapieces did not changes, or
broadnessh) (Chapter 8).

The influence of changing the matrix in a heter ogeneous food system wher e peanuts are
embedded inside food matrices, on mastication and peanut particle breakdown

Peanut pieces were embedded inside food matriedatifee gel (250 bloom and 200
bloom), chocolate, scone and brownie) of contrgspinysical properties (Chapter 6, 7,
8, 9, and 10). Mastication (measured in termshefriumber of chews, chewing time,
and mastication frequency) was significantly défer between matrices, as has been
found between different homogeneous foods (Hiierebal., 1996; Mioche et al.,
2002b). Most notably, the gelatine gel (250 blcamd 200 bloom) and scone matrices
were chewed for a significantly greater number lidwes and a longer period of time

than the chocolate and brownie matrices.

Despite differences in mastication between matyicessignificant difference in thio

of peanut particles in the bolus were found betwmairices which contained the same
type of peanut pieces (Chapter 7, 8, 9, and 1@®ceptors inside the mouth appear to
deem a precise particle size of peanuts vital talyce a swallow-safe bolus, regardless
of differences in cohesion or lubrication of thersunding matrices. Receptors on the
tongue and oral mucosa can detect single partiagesmall as 2 mm (Ringel &
Eawonski, 1965; Lucas, 2004), and particles as Isaml2 pum influence textural
sensations (Engelen et al., 2005a). It is alsgiplesthat peanuts are separated from the

matrix early in the chewing sequence, and are braleevn and determined suitable for
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swallowing independently of the matrix. In suchseenario they could be stored

different compartments of the mouth during masiicaefFlynn et al., 2010).

The lack of significant differences olyo alongside a significant difference in chewing
behaviour (Chapter 7, 8, and 10), and the sigmifiadfference in breakdown rates
between matrices (Chapter 9), strongly suggestsrigices influenced the selection
function of the peanuts. The selection functioa rmeasure of the probability of a food
particle coming into contact with the occlusal agds of teeth (Lucas & Luke, 1983;
van der Glas et al., 1987).

The difference in particle breakdown rates was showst clearly between the gelatine
gel (250 bloom) and chocolate matrices (ChapteB,8and 10). The gelatine gel
required significantly greater mastication (in teraf the number of chews and chewing
time) than the chocolate, and ttig of peanut particles in the ready to swallow bolus
was not significantly different (Chapter 8 and 10urthermore, differences in the
breakdown rate of peanuts were shown between th@smatrices at separate chewing

intervals as the chewing sequence progressed (€2t

Significant differences in the broadneds) (spread) of the peanut particle size
distribution were also found between matrices (@dap6-10). This was again shown
most clearly in studies comparing the gelatine @80 bloom) and the chocolate
matrices (Chapter 8, 9, and 10). The broadnessalues of the peanut particle size
distributions in the chocolate were greater tharthie gelatine gel, which showed a
narrower spread in the size of peanut particléberchocolate bolus.

The different breakdown rates between matrices mesult from the matrices
determining how easily the teeth can encountergimove and then access) the peanuts
for particle breakdown. It is also possible thatdifferent matrices require different
amounts masticatory work, the proportion of cydpsnt comminuting peanuts varies

from matrix to matrix.

Differences in broadnesb)(may also be linked to these differences in seectvhere
for example the large patrticles inside the choeotae more easily size selected than

large particles inside the gelatine gel. Consetiy@eanuts inside the chocolate follow
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a finer distribution. Differences in broadneb} ¢ould also have resulted from varying
molar trajectories between matrices leading up dotact with the peanut particles,

causing differences in the fracture propagatiothefpeanuts.

The influence on changing the matrix and type of peanut in a heter ogeneous food
system on peanut retention

Significant losses in peanut dry weight took platevery test food, where no more
than 50% of the initial dry weight was retained §pters 6-10). Similar losses have
been reported in studies using peanuts as a homeogernest food (Peyron et al.,
2004b; Jalabert-Malbos et al., 2007; Flynn et 2010). The type of peanut had a
significant influence on the weight retention armluvne of peanut particles the food
bolus (Chapter 8 and 10), but the type of matrtk bt influence weight retention and
volume of peanut particles at the swallowing p¢@itapter 7, 8, and 10). Interestingly,
peanut dry weight retention differed significantigtween matrices during the chewing
sequence. Total dry weight of the bolus (matrid @eanuts) was largely unchanged

throughout the chewing sequence (Chapter 9).

Peanut losses are likely to be taking place byighest shifting into the oropharynx,
during washing through the 3%8n sieve, and from fat migration into ethanol during
image analysis (Section 3.1.4). Smaller partieles more prone to being lost in such
processes, and therefore peanut retention in bibh smaller peanut particles was
generally less than in boli with larger peanutiges (ie largeds).
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Food design principles

Based on these findings, the following food degignciples have been developed for
food manufacturers to manipulate chewing behawamar particle size in the food bolus.
These design principles are linked to literatureesghchewing behaviour and the
particle size distribution in the food bolus isateld to sensory perception (Brown et al.,
1994; Alfonso et al., 2002) and digestion ratesa(Ret al., 1986; Ranawana et al.,
2010a).

1. Manipulating natural bite size

A regular bite length suggests that natural bixe siould be altered by changing the
density and cross sectional area of bars. Bitls#s been shown to influence chewing
behaviour and the particle size outcome in the fbotus (Buschang et al. 1997,

Fontijn-Tekamp et al., 2004a).

2. Changing the mechanical properties of the foarticle

Where peanuts were subjected to different physreatments such as immersion in
water (which induced differences in the physicabparties of the peanuts), the
breakage properties and particle size distribuirorthe bolus were altered. Food
manufactures could therefore alter the processimgditons (time, heat, moisture
addition or removal) of foods to manipulate theerat particle breakdown (by changing
the breakage function) and the boli particle sizgribution.

3. Embedding food particles inside different nesi

Where peanuts were embedded inside different foadrices the rate of particle
breakdown changed. The physical properties of imattices can therefore be altered
to change the rate of breakdown of particles caoethi within them. Food
manufacturers could use food matrices to devel@aymts with contrasting rates of

flavour release.
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11.2 Conclusions

A series of studies involving heterogeneous testi$p where peanuts were embedded
inside food matrices, showed that the presenceneffood component can alter the
breakdown of another food component. In particuttianging the properties of the
matrix influenced mastication, the rate of pearartiple breakdown, and the broadness
(spread) of the distribution of peanut particlesde the matrix. However, changing the
properties of the matrix did not influence tthg of the peanut particle size distribution
inside the bolus. The same studies also revealadchanging the properties of the
peanut particles did not influence mastication,ibfitenced thealsy of the particle size
distribution, the rate of peanut particle breakdpamd the retention of peanuts in the
bolus. Results show the properties of the pedaugely influence the peanut particle
size required to reach the swallowing thresholtlis postulated that the properties of
the matrices influence the selection function oftipkes, and the properties of the

peanuts influence the breakage function of padicle
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11.3 Recommendations for future research

It is recommended that future research investigdtes difference in rheological
properties of the boli (between different matricesitaining peanuts) at various points
of the chewing sequence and the swallow point.e®the differences idso during the
chewing sequence and similarity once the bolueasly for swallowing, it would be
valuable to determine properties such as cohedidmjcation, adhesion, storage
modulus (G’), and loss modulus (G”) during the sastages. An investigation of the
changes in the surface interaction (particularlyesibn) between peanuts and the
matrices during the chewing sequence would alswabeable. Such work has the
potential to offer important information for theiggers of swallowing and the
importance of particle size to the swallowing ti@d in heterogeneous food systems.
Sensory changes using Temporal Dominance of Sens@bDS) or Time Intensity (TI)
could also be monitored throughout the chewing sege. An understanding of
perception would complement information about rbgaal changes in the bolus

leading up to the swallow point.

Greater understanding of the dynamic movement eftéleth and the bolus during the
mastication of these heterogeneous foods is retjui@etermining the physical and
fracture properties of the matrices using instrut@memeasurements, followed by
investigations of molar trajectories through thetnmas with articulography, may offer
insights into the mechanisms by which the matrexesinfluencing the rate of particle
breakdown. Tracing the movement of the bolus (aedhaps distinguishing between
peanuts and the matrix) using video fluorography-oay techniques could also clarify

how the heterogeneous bolus is prepared and desumitatlle for swallowing.

The relationship between matrix properties, patibreakdown dynamics, and the
particle size distribution of the food bolus is swimat quantitative in this study. It is
therefore recommended that a range of matriceadws specific physical properties
(such as toughness, elasticity, hardness, cohesisgnare trialled with peanuts
embedded inside. Correlations between the numbanews, particle breakdown rates
and the particle size in the ready to swallow foodus could be undertaken to grasp

what particular physical properties are influencitige process.  Furthermore,
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quantifying the effect the current matrices havetloa selection function should be
clarified. This could be undertaken by markingotwed particles of various sizes

which are inserted inside the matrices, as in v&arGlas et al., (1987).

In addition, work with heterogeneous food systenwuld benefit greatly from the
exploration of test pieces beyond peanuts. Relsewdith test pieces such as seeds, oats,
and rice grains, may show that different partiddlebave differently than peanuts inside

the same matrices.

The relationship between changes in physical ptgserof the peanuts (such as
moisture) causing changes in the particle sizeibligton is also somewhat qualitative.
Using peanuts only (without matrices), a large eand specific physical properties
could be induced in the peanut pieces (such aswbssd Young’s modulus, lubrication,
and cohesion of the peanuts, and also adhesidregfdanuts to the oral mucosa) by the
addition of moisture, heat treatment or other temples. The resulting particle size
distribution of the bolus could be measured thrauglthe chewing sequence and at the
point of swallowing. Correlations between such 9t properties and particle size
could be undertaken. This would provide furthesight into the mechanism involved

in initiating swallowing in homogenous foods.

Finally, it is recommended research investigatesdinect influence of embedding test
pieces in contrasting food matrices, or maniputatime physical properties of the test
pieces, on sensory perception and digestion. tticpkar, opportunities exist using
heterogeneous model foods (where test pieces abedeted inside continuous food
matrices) to directly investigate how changing pineperties of matrices can influence
flavour release and texture perception. Opporesitlso exist to investigate how
changing the fracture or breakage properties ofigoocan influence the glycaemic

response.
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Appendix A: Typical photo of peanut bolus using
Flat bed scanner

Below is a typical gray scale image taken by tla fled scanner (Epson Perfection,
3490, Photo) of the peanut particles from the bolua Petri dish.
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Appendix B: Typical bolus after the application
of the black and white threshold

Below is the same photo of the peanut particleghimm bolus from Appendix A,

converted into a black and white threshold usingdenJ.
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Appendix C: Typical output from Image analysis

Below is an example of a typical output from ImageThousands of particles would be
counted, where 2D area (Mymwas determined by the program for each particle.
Information in the area column was sent to Matlal &abview codes for Rosin-
Rammler fitting and cumulative distribution curvesspectively. Radius and volume

were then calculated for estimating volume of thkib.

Volume
Particle | Area(mm? Radius (mm) (mm®)

1 2.0 0.80 2.13
2 0.7 0.47 0.44
3 0.2 0.25 0.07
4 1.4 0.67 1.25
5 0.3 0.31 0.12
6 3.7 1.09 5.35
7 1.1 0.59 0.87
8 4.3 1.17 6.71
9 0.2 0.25 0.07
10 0.1 0.18 0.02
11 0.4 0.36 0.19
12 1.5 0.69 1.38
13 3.1 0.99 4.11
14 0.1 0.18 0.02
15 1.0 0.56 0.75
16 0.2 0.25 0.07
17 0.1 0.18 0.02
18 0.2 0.25 0.07
19 0.2 0.25 0.07
20 0.1 0.18 0.02
21 0.1 0.18 0.02
22 0.1 0.18 0.02
23 0.2 0.25 0.07
24 0.6 0.44 0.35
25 0.2 0.25 0.07
26 0.1 0.18 0.02
27 0.2 0.25 0.07
28 0.3 0.31 0.12
29 0.6 0.44 0.35
30 0.2 0.25 0.07
31 0.1 0.18 0.02
32 0.1 0.18 0.02
33 0.1 0.18 0.02
34 0.6 0.44 0.35
35 0.3 0.31 0.12
n
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Appendix D: Questionnaire for the bite size
study

To select subjects for the bite size study, thdowahg form was used to inform
potential subjects about the research, and quesiem about their health and dental

status.

QUESTIONAIRE

This study will investigate the general feedinghtte of common manufactured food
bars found in New Zealand supermarkets. Understgriédeding trends between people
and between bars will provide useful informationrastication and digestion studies.

You will be asked to fill in a short questionnaabout your age, gender, weight, and
height, prior to the commencement of the study.

During the study you will be given 3 bars on thmstfiday and asked to take 2 separate
bites from each bar. You are then required tornetun the following day to repeat this
procedure. You will be videotaped during biting ahéwing.

We greatly appreciate your interest in taking pathis study. You are welcome to
take part provided you can ansvi¥D to all of the following questions:

Are you missing any teeth?
Y N

Do you experience any regular pain/discomfort wbilewing?
Y N

Have you suffered any serious jaw injuries in thstp
Y N

Do you currently wear braces?
Y N

Are you on any form of a diet to loose weight?
Y N

Do you have a problem with dry mouth or salivapw®
Y N

Are you allergic to any of the following ingredisrit any of the
food bars used in this study ? (an ingredientsés supplied)
Y N

(If you have any food allergies please check tisviery carefully)
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Appendix E: Screening questionnaire used for
single subject trials and multiple subject study

QUESTIONAIRE

We greatly appreciate your interest in taking pathis study. If you can answisiO
to all of the following questions you will be askiedundergo an inspection of your
teeth, and an assessment of your biting and chelwghgviour:

Is your age less than 18 or greater than 30?
Y N

Do you have any missing teeth?
Y N

Do you experience any pain/discomfort while chewing
Y N

Have you suffered any serious jaw injuries in thstp
Y N

Do you currently wear tooth braces?
Y N

Are you on any form of a diet to loose weight?
Y N

Do you have a problem with dry mouth or salivapw®
Y N

Are you allergic to any of the following ingredisrthat will be used in this study?
(This was provided on an information sheet)
Y N

Do you have any known allergies to adhesives cegjtu
Y N

Do you have a cardiac pacemaker or any other bibamcal device that may be
subject to interference by magnetic fields?
Y N

Are you a smoker?
Y N

Do you have a disorder of the mouth?
Y N
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Do you currently have any significant problems wiabth decay or gum disease?
Y N

Have you noticed any tooth grinding or excessiwha@lenching while chewing?
Y N

Are you pregnant?
Y N

Are you aware of any other health problems that mhipit your ability to take part in
this study or put your health at risk in any way?
Y N
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Appendix F: Dental examination form for the
selection of single subjects

This form was used by a qualified dentist to eviuhe state of potential subjects teeth
for the single subject studies. In Chapter 10 {iple! subject study) the same sheet was
used to examine potential subjects teeth, howénemtas undertaken by the author.

Dental Examination
Per sonal Details
Code:
Date of birth (day/mth/yr):
Date of examination:
Part 1: Jaw and articulation examination
Does jaw movement exhibit any of the following?:
Clicking
Cracking
Restriction
Discomfort

Pain

Comments:

Part 2: Teeth and Gums Examination
Full set of natural teeth with no restoration work: YES NO

If no, which teeth are missing, and/or what is ektd the restoration work?
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Class of occlusion
Please circle the appropriate class for this sitbjec

Class 1
Class 2
Class 3

Comments:

Crowding of the teeth

Please describe the extent of teeth crowding {ifaam be seen)

Please briefly describe the presence of any deatas

Please briefly describe the periodontal condition

Please make any other important comments abowbtidition of this subject’s teeth
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Appendix G: Journal article

Hutchings, S.C., Bronlund, J.E., Lentle, R.G., Eg¥K.D., Jones, J.R., & Morgenstern,
M.P. (2009). Variation of bite size with differetypes of food bars and
implications for serving methods in masticationdsds.Food Quality and
Preference, 20, 456-460.
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Acquisition has a considerable influence on the process of mastication. The aim of this study was to
examine variation in the natural bite weight, volume, and length of different food bars, to assess whether
serving constant mass samples, constant volume samples, or alternative methods, are most appropriate

Six types of manufactured food bars were assessed with 45 subjects (21 males and 24 females). Bite
weight was determined and the volume and length of each bite were calculated using the density and
dimensions of each bar. Natural bite weight, volume, and length varied significantly between bars. Bite
length varied least. The results suggest that food bite size is not controlled by weight nor volume, but
by bite length, when food bars are being consumed.

No ideal serving method exists however the relative regularity of bite length suggests constant volume

servings may represent normal feeding behaviour more so than constant mass.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Acquisition, commonly known as biting, involves external
assessment by sensory organs, the use of the incisors, and the de-
posit of a unit of food in the oral cavity on the tongue. Once food is
acquired it is assessed by sensory organs where it is either rejected
or completely ingested (Bourne, 2002; Hiiemae, 2004; Thexton &
Hiiemae, 1997). The bite is conducted by forcible occlusion of the
opposing edges of the upper and lower incisors (Okada, Honma,
Nomura, & Yamada, 2007). The speed of biting, in particular during
late phase contact with the food, depends on food toughness (Ang,
Lucas, & Tan, 2006). The force applied during biting is likely to pro-
vide an initial evaluation of the work required during subsequent
mastication (Ang et al., 2006), and be useful in evaluating the hard-
ness (Boyd & Sherman, 1975; Brandt, Skinner, & Coleman, 1963;
Vickers & Christensen, 1980) and the thickness of food (Peyron,
Maskawi, Woda, Tanguay, & Lund, 1997).

Literature on bite size in humans is limited, however it is clear
that the natural size of the bite that people take varies between
foods. Yagi, Matsuyama, Mitomi, Taguchi, and Noda (2006) found
differences between subjects natural bite weights of bread, rice,
sausage, and apple, and Medicis and Hiiemae (1998) found

* Corresponding author. Tel.: +64 9 414 0800x41142; fax: +64 9 443 9640.
E-mail address: s.hutchings@massey.ac.nz (S.C. Hutchings).

0950-3293/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodqual.2009.04.007

differences between banana, apple, cookies, and peanuts. Hiiemae
et al. (1996) also discovered differences between banana, biscuit,
and apple. The major variables which influence bite size are largely
unknown, however studies of biting in herbivores suggests that
cross sectional area has a large affect (Forbes, 1988), whilst work
on human subjects sipping liquids suggests that volume is impor-
tant (de Wijk, Zijlstra, Mars, De Graaf, & Prinz, 2008).

Bite size is important in the design of masticatory studies when
selecting and standardising serving size. It is important in such
studies where food is served rather than bitten, to ensure that
the quantity of food served falls within the range of what would
be naturally acquired. Serving size influences the number of chew-
ing strokes and chewing time, (Fontijn-Tekamp et al., 2004a; Gavi-
ao, Engelen, & Van Der Bilt, 2004), and the particle size distribution
of the food bolus (Buschang, Throckmorton, & Travers, 1997; Lucas
& Luke, 1984).

A number of mastication studies have compared foods or food
properties on a basis of standardised mass (Fontijn-Tekamp, Van
Der Bilt, Abbink, & Bosman, 2004b; Hiiemae, 2004; Mioche, Bour-
diol, Monier, & Martin, 2002) others have standardised volume
(Agrawal, Lucas, Bruce, & Prinz, 1998; Engelen, Fontijn-Tekamp,
& Van Der Bilt, 2005; Foster, Woda, & Peyron, 2006). However, it
is unclear whether serving samples standardised with a constant
weight, constant volume, or using alternative serving methods,
provides the most accurate basis for mastication studies.
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The aim of this study was to examine variation in the bite
weight, volume, and length of bar acquired, between subjects
and between food bars, with a view to determine which parameter
is most useful as a basis of standardisation in masticatory studies
comparing different foods.

2. Materials and methods
2.1. Subjects

Forty five subjects (24 females, and 21 males, aged 27.8 +7.4
years) were selected on the basis of having good oral and general
health with no pain during chewing, a complete natural dentition,
no history of recent orthodontic treatment or jaw injuries, and who
were currently not on medication that could effect mastication or
ensalivation.

The study was registered as a low risk category application with
the Massey University Ethics Committee. All subjects gave in-
formed consent following an explanation of the study. The subjects
were not informed that bite size was being investigated in an effort
to maintain the natural character of acquisition.

2.2. Experimental procedure

Six food bars commonly available in New Zealand were used for
the study: Moro (chocolate and nougatine whip, Cadbury), Crun-
chie (hokey pokey and chocolate, Cadbury), Fruit and Nut Bar (Tasti
Products Ltd.), Muesli Bar (Flemings), Apricot Pie (doughy bar with
an apricot filling, Tasti Products Ltd.), and Pixie Caramel (hard
chocolate and caramel, Nestle). The bars were chosen on the basis
of their distinctive physical properties.

Each subject attended two experimental sessions, in which
three types of bars were served in a randomised order. Hence each
subject took bites from a given bar on only a single occasion. The
subjects were asked to bite and chew in a manner which felt nat-
ural and comfortable, and instructed to take a single bite from the
bar and to take a subsequent bite from a second bar of the same
type once the first bite had been completely chewed and swal-
lowed. This was designed to ensure that every subject had short
term knowledge of the products sensory properties for the second
bite, as during the first bite only some subjects had prior knowl-
edge of the product.

The bars were weighed before and after the bite. The cross sec-
tional area of the end of the bars was derived by dividing the aver-
age volume by the average length of each bar. Dimensions were
taken from five replicates of each bar. The volume and length of
bar bitten off were derived from the bite weight, and the average
density and average dimensions of the bars. Each sequence of
acquisition and chewing was video taped on a Quick Cam 8.48
(Logitech Asia Pacific Ltd, Hong Kong). The number of chews be-
tween acquisition and swallowing of each bite was subsequently
determined manually from the recordings.

The average density of each bar was determined using a dry vol-
ume displacement method. A bar of known weight was submerged
in rapeseed inside a measuring cylinder. Hence the volume of the
bar was calculated from the difference in the level of rapeseed in
the cylinder when the bar was completely covered. Five replicates
were conducted on each type of bar and the mean volume used in
subsequent calculations. Density was calculated as the average bar
weight divided by the average bar volume.

Textural analysis was undertaken using a Texture Analyser TA-
XT2 (Stable Microsystems, Surrey, UK) using cuboid samples of
each bar (1.2 cm x 1 cm x 0.7 cm). Compression and incision tests
were used to evaluate hardness and work done. Data acquisition
was carried out using a 50 kg load cell and a sample frequency of

40 Hz. Four replicates were conducted for each test and each bar.
Compression tests were based on principles from Bourne (2002),
and were conducted to 75% strain at a test speed of 2 mm/s using
a cylindrical shaped probe 61 mm in diameter. Hardness was taken
as the maximum force measured during a compression test. Work
was taken as the area under the force-displacement curve from
start to 75% compression.

An incision test was also conducted using the Texture Analyser
to assess incision hardness and work using bars cut to 4 cm length
and 3 cm width. An ‘axe’ shaped probe was allowed to penetrate
half way down each bar at a perpendicular angle to its length, until
it reached 3 mm from the base. Hardness was taken as the maxi-
mum force during incision, and the work for incision as the area
under a force-displacement curve until the maximum force was
reached. This test was devised by the authors to simulate the phys-
ical process of biting.

2.3. Statistical analysis

Statistical analyses were performed using SPSS® (version 15.0
for Windows). To assess normality a Kolmogorov-Smirnov test
(with Lillifors significance correction) was conducted on the data
set for the first and the second bite. The bite size data were all
normally distributed (P> 0.05) except for the second bite of the
pixie caramel bar (P=0.04 for weight, volume, and length). The
number of chews were not normally distributed, however after a
log transformation, all data were normally distributed, except for
the number of chews from the first bite of the apricot pie bar
(P=0.02).

Two-way repeated measures ANOVAs, with bar and bite as the
within subject factors, found significant interactions between bite
number and bar type for weight, volume, and length of bite. This
significant interaction indicated changes in biting behaviour from
bite 1 to bite 2. Consequently, all results presented and subsequent
statistical analysis used only the second bite data. Statistical anal-
ysis involved one-way repeated measures ANOVAs with bar as the
only within subject factor.

When repeated measures ANOVA indicated significant differ-
ences between bar quantities, post-hoc Bonferroni tests were
undertaken to compare individual bars. Where the assumption of
specificity had been broken, degrees of freedom were adjusted
using Greenhouse-Geisser estimates of sphericity.

The similarities in the various parameters of bite quantities
(weight, volume and length), as well the number of chews, were
compared overall by plots of raw data in cumulative form.

3. Results
3.1. The physical properties of the bars

The food properties varied across the bars (Table 1). The follow-
ing differences were noted:

e The Crunchie bar was the least dense and required the lowest
level of incision work.

e The Fruit and Nut bar had the largest cross-sectional area and
was relatively high in the level of incision work.

e The Muesli bar had one of the smallest cross sectional areas, was
relatively hard and required a relatively high compression and
incision work.

e The Apricot Pie bar was the softest product having the lowest
compression hardness and work.

e The Pixie Caramel bar was the hardest and densest bar requiring
the highest levels of incision and compression work. It also had a
relatively small cross sectional area.
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Table 1
Food properties of the bars (mean * SE).

Moro Crunchie Fruit and nut Muesli bar Apricot pie Pixie caramel
Density (g/cm?) 0.95+0.01 0.58 +0.01 0.75+0.02 0.85+0.04 0.75+0.02 1.27 £0.03
Cross sectional area (cm?) 5.7+0.1 54+0.1 6.3+0.2 3.6+0.1 5.9+0.1 3.5+0.2
Compression hardness (N) 201 41+2 52+13 82+16 8+1 238+16
Incision hardness (N) 2.7+0.1 5.9+0.3 54+0.1 6.8+0.3 2.1+0.1 9.8+0.6
Work for compression (m]) 52+3 153+16 122 £32 243 +44 38+4 1108 + 68
Work for incision (m]) 297 +25 91+9 528 +26 486 + 26 202+ 89 670 52

3.2. Interaction between bite 1 and bite 2

A significant interaction term for bite weight between bite
number and bars (F(2.8,122.95) = 5.01, P < 0.01) was found. A sim-
ilar pattern of significance occurred with bite volume (F(4.02,
176.79) = 3.83, P<0.05) and bite length (F(2.99, 131.53)=4.57,
P<0.05).

3.3. Bite weight

There was a noticeable spread between the cumulative distribu-
tion curves of the bite weights for each of the bars, particularly
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between the Crunchie and the Moro (Fig 1A). Significant variation
between subjects (F(1,44)=418.6, P<0.0005) and between bars
(F(3.44,151.2)=22.3, P<0.005) was found. Post-hoc Bonferroni
tests found the Moro to be significantly different from all bars ex-
cept the Apricot Pie bar (Table 2).

3.4. Bite volume

There was a noticeable spread between the cumulative distribu-
tion curves of the bite volumes for each of the bars, particularly
between the Pixie Caramel and Muesli bar from the other bars
(Fig 1B). Again significant overall variation between subjects
(F(1,44) = 436.1, P < 0.0005) and between bars (F(4,178.2) = 36.32,

Number of chews

Fig. 1. Cumulative distribution of bite weight (A), volume (B), length (C) and number of chewing cycles (D) for the second bite. Moro: @, crunchie: O, fruit and nut: ¥, muesli

bar: A, apricot pie: M, pixie caramel: [J.
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Table 2

Bite size (weight, volume, and length) and the corresponding number of chews from six food bars for the second bite (mean # SE).

Parameter Moro Crunchie Fruit and nut Muesli bar Apricot pie Pixie caramel
Weight (g) 7.66 + 0.54% 4.63+027° 6.02 +0.32%¢ 5.17 +0.25° 6.60 +0.32% 5.48 +0.36
Volume (cm?) 8.04 £ 0.57° 7.48 £ 0.45% 8.02 £ 0.43? 6.07 +0.30° 8.75 £ 0.42° 432 +0.28¢
Length (cm) 1.41+0.10° 1.39+0.08 * 1.28 £0.07 * 1.7+0.08 ° 1.46 £0.07 * 1.26 +0.08 *
Number of chews 24.64 +1.68* 17.49 + 0.96° 34.8+2.41°¢ 28.80 +2.00¢ 17.80  1.49° 44.53 +2.94¢

Different letters (a,b,c,d,e) across each row indicate a significant statistical difference after a one-way repeated measures ANOVA using post-hoc Bonferroni tests (P < 0.05).
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Fig. 2. The relationship between bite weight and the number of chews for the
second bite. Moro: @, crunchie: O, fruit and nut: ¥, muesli bar: A, apricot pie: W,
pixie caramel: O (moro(a): r* = 0.002, P=0.771, crunchie(b): r? =0.134, P=0.366,
fruit and nut(c): r*=0.038, P=0.200, muesli bar(d): r* = 0.007, P =0.585, apricot
pie(e): 1?=0.019, P=0.366, pixie caramel(f): r* = 0.148, P = 0.009).

P < 0.005) was seen. Post-hoc Bonferroni tests identified the Pixie
Caramel and the Muesli bar to be significantly different from each
other and all other bars (Table 2).

3.5. Bite length

Distinctly less spread was observed between the cumulative
distribution curves of bite length (Fig 1C). Significant overall vari-
ation between subjects (F(1,44) = 440.4, P < 0.0005) and between
bars (F(4.32,190)=9.5, P<0.005) was indentified. The post-hoc
Bonferroni reflected these results, as only the Muesli bar was sig-
nificantly different from the other bars (Table 2).

3.6. The number of chews per bite

Significant differences, even greater than those observed for bite
weight and bite volume, were observed in the cumulative distribu-
tion curve (Fig 1D). Significant overall variation between subjects
(F(1,44) =3479.4, P<0.0005) and between bars (F(3.87,158.7) =
120, P < 0.005) was seen. Post-hoc Bonferroni tests showed a high
number of significant differences between bars (Table 2).

Fig. 2 reports a plot of the number of cycles against bite weight.
A weak positive correlation was seen between bite size and the
number of chews. Only the correlation with the Pixie caramel bar
was significant.

4. Discussion
4.1. Variation in bite size

Results demonstrate that natural bite size varies greatly be-
tween subjects (Fig. 1). Such spread in bite size within subjects

has been found in every food so far examined in literature, from
bananas to biscuits. Bratley and Hackett (1999) observed similar
variation in carrots, and Yagi et al. (2006) in apples. It is likely that
individuals develop distinctive overall biting strategies depending
on their physical and behaviour characteristics.

Interestingly, the variation in bite size is likely to be greater
than what would be expected due to physical dimensions alone,
such as variation in jaw size. Further work is required to identify
what causes this variation. Behavioural factors may be far more
important than physical factors.

4.2. The influence of first bite vs. second bite

The significant interaction between bar type and bite number
showed that the bite size changed between the first and second
bite according to bar type. This indicates that properties of the bars
induce assessment and readjustment. Prior to the first bite many
subjects had limited knowledge of the products properties, how-
ever prior to the second bite subjects could take a bite knowing
what to expect. For example the high hardness and work values
of the Pixie caramel (Table 1) may have resulted in readjustment
to a smaller second bite for many subjects.

4.3. Variation in bite size between bars

These results show that each subject’s bite size was not based
on acquiring a particular mass or volume across different bar types,
however bite size may be based on acquiring a particular length
across different bar types. There were significant differences be-
tween the bars in terms of all measured bite size variables (weight,
volume, and length), but the difference in bite length between bars
was not as great as seen for weight and volume (Fig. 1). Post-hoc
analysis showed that only the Muesli bar was significantly differ-
ent from the other bars in terms of length (Table 2). Interestingly,
the bars which produced the greatest separation by weight differed
from those which produced greatest separation by volume.

The regularity in natural bite length may mean the physical
shape and the density of the food bar may have a stronger influ-
ence on bite size than textural properties such as hardness and
work during compression. This is an area which requires further
research.

Previous studies have found significant differences in mean bite
weight between different foods (Hiiemae et al., 1996; Medicis &
Hiiemae, 1998; Yagi et al., 2006). Previous research has not com-
pared natural bite volume or bite length between solid foods,
although some information on sip volume for liquids is available
(de Wijk et al., 2008; Lawless, Bender, Oman, & Pelletier, 2003;
Medicis & Hiiemae, 1998).

4.4. Variation in the number of chews between bars

Results showed the 6 food bars differed greatly in the way they
were chewed (Fig. 1, Table 2). Hiiemae et al. (1996) has also shown
differences in chew number between foods acquired from natural
bites.
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Interestingly, weak positive correlations were seen between the
number of chewing cycles and the bite size of the population
(Fig. 2). As highly significant differences were seen between sub-
jects for bite size, and the raw data indicated, in general, that a par-
ticular subject makes comparable bite sizes for all the bars (e.g.
small biters take small bites for all bars tested), this figure suggests
that large biters do not compensate for a larger mouth fill by using
a greater number of chewing cycles.

4.5. Applications for standardising serving size

These results have interesting applications for standardising
portions in mastication studies. Despite the finding that neither
bite mass nor bite volume were consistent between food bars for
each subject, the regularity in bite length between bars suggests
constant volume servings may be more appropriate to represent
typical feeding. If bite length is consistent between many bar
shaped food products (where the cross sectional area does not lim-
it acquisition), bite volume should also be as consistent if the cross
sectional area across for the different bars (area of the end of the
bar) is kept constant (length x cross SA = volume). A study using
bars of the same cross sectional area could be undertaken to con-
firm regularity of bite volume with regular cross sectional area.

The significant differences between products in terms of bite
mass, as also shown by Hiiemae et al. (1996), Medicis and Hiiemae
(1998), and Yagi et al. (2006), and significant differences in bite
volume and to a lesser extent bite length, highlights the impor-
tance of researchers carefully selecting a serving size. While sam-
ple size is not chosen at random, studies rarely provide details
on how it is selected. Assessing the subjects natural bite size for
the foods of interest could be a simple method of choosing a serv-
ing size before undertaking a mastication study. Even brief details
explaining the reasoning for the selection of a particular sample
size could be useful in publications.

An alternative option is to allow subjects to take natural bites
for mastication studies, which reflects typical feeding more so than
serving constant sized samples. Taking natural bites from food bars
of the same cross sectional area could be particularly effective, gi-
ven the regularity in bite length.

5. Conclusions

The results of this study show that the bite size varies signifi-
cantly between subjects but that bite size also varies with food
even when different foods are presented in a similar shape (as food
bars). Variation between bars was high in terms of bite weight and
bite volume, but considerably lower in terms of bite length. Conse-
quently, constant volume samples may represent natural feeding
more so than constant mass, as volume differences will match
length differences if the cross sectional area is constant.

These results highlight the importance of considering the man-
ner in which foods are served to subjects in mastication studies.
The administration of a chosen weight of food is likely to produce
different results from a chosen volume of food. It may be useful for
mastication studies to provide greater details on how sample size
was chosen.

Ultimately, an ideal method for serving size in mastication stud-
ies is yet to be identified and researchers need to carefully consider
what particular serving method will most effectively match the
requirements of their work.
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1. Introduction

ABSTRACT

We investigated chewing behaviour and particle size outcome in the oral processing of heterogeneous
foods using peanuts embedded within two types of food matrices. Eight subjects, selected according to
strict dental and mastication criteria, were served four different model foods. Each model food comprised
one of two matrices of different physical properties (chocolate and gelatine gel) which were embedded
with one of two physically different particles (peanuts with low moisture or high moisture content). A
standard volume of each model food was chewed to the point of swallowing and expectorated and the
number of chews and chewing time was recorded. The matrix of the expectorated bolus was washed
away to isolate the peanut fragments, and the particle size distributions of the peanut fragments were
determined using image analysis. A Rosin—-Rammler function was fitted to the cumulative distribution
data of each bolus to derive particle size parameters (dso and broadness (b)).

Results showed the properties of one food component (the matrix) can influence the breakdown of
another food component (the peanuts) in a heterogeneous system. The properties of the matrix caused
differences in mastication (measured in terms of the number of chews, chewing duration, and frequency)
and broadness of the peanut particle size distribution, but did not influence the final dsq of the peanut
particle size distribution. Conversely the physical properties of the embedded peanut influenced the
dso of the particle size distribution but had no effect on chewing behaviour. It is likely that properties
of the matrix influenced the rate at which particles of various sizes were selected for chewing (known
as the selection function), whereas the physical properties of the peanuts influenced extent of breakage
when the teeth made contact with the particles (known as the breakage function).

© 2010 Elsevier Ltd. All rights reserved.

oats, raisins, and nuts are chewed together. The consumption of a
meal also often involves the mastication of multiple foods at once.

Investigations into the mechanism of mastication have typically
employed relatively homogenous foods to simplify the dynamics of
fracture and the measurement of the food bolus particle size distri-
bution. Hence the mastication of foods such as peanuts (Jalabert-
Malbos, Mishellany-Dutour, Woda, & Peyron, 2007), carrots (Lucas
& Luke, 1986), and pasta (Hoebler, Devaux, Karinthi, Belleville, &
Barry, 2000) are well described. Work has studied the influence
of the gross physical properties of such foods on mastication
(Hiiemae & Palmer, 1999; Hiiemae et al., 1996) and on the final
properties of the food bolus (Hoebler et al., 2000; Jalabert-Malbos
et al., 2007). However, mastication often involves the breakdown
of more than one food type in the mouth. Many commercially
available foods are heterogeneous, such as a muesli bar, where

* Corresponding author. Tel.: +64 9 414 0800x41260; fax: +64 9 443 9640.
E-mail address: s.hutchings@massey.ac.nz (S.C. Hutchings).

0950-3293/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodqual.2010.12.004

Currently, little is known about physiological responses or the
mechanical outcome when heterogeneous foods are masticated
and swallowed. In particular, different particles may be interposed
between the occluding surfaces of the teeth at the same time. It is
not known how the simultaneous interposition of particles that
differ in their physical properties will influence the duration and
force applied in the chewing cycle, or the particle size distribution
of the food bolus. Foods that exhibit structural heterogeneity (such
as apples where the shape and size of cells and spaces vary from
the surface through to the core) will fracture differently according
to their orientation with respect to the dental array (Khan &
Vincent, 1993; Wang, 2003).

An understanding of the dynamics and particulate outcome of
the oral processing of heterogeneous foods may allow food manu-
facturers to develop foods for sensory and nutritional benefits. It is
possible that optimising chewing behaviour and the particle size
distribution of the food bolus can benefit the glycaemic response
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(Ranawana, Henry, & Pratt, 2010; Read et al., 1986; Suzuki et al.,
2005), amino acid assimilation (Remond et al., 2007), texture per-
ception (Brown & Braxton, 2000; Brown, Langley, Martin, & Mac
Fie, 1994), and the extent of flavour release (Alfonso, Neyraud,
Blanc, Peyron, & Dransfield, 2002; Taylor, 1996).

The aim of this study was therefore to investigate mastication
and particle size outcome when a series of simple heterogeneous
foods are chewed. In particular, to compare the effects of two types
of solid particle with different physical properties (moist and dry
peanuts) embedded inside two types of matrix (chocolate and gel-
atine gel) on mastication and the final particle size distribution in
the food bolus.

2. Methodology
2.1. Subject selection

Eight subjects (four male and four female) were selected for this
study (25.6 +4.3 years, mean +SD). Subject selection involved
screening subjects in terms of biting and chewing characteristics,
and also dental criteria. Potential subjects were asked to bite and
masticate a standard ‘Fruit and Nut’ bar (Tasti Products Ltd., Auck-
land, New Zealand) (as used by Hutchings et al. (2009) with a large
population). Subjects who showed highly unusual behaviour, such
as large variability in terms of bite weight and the number of
chews, or large differences in the mean bite weight or the number
of chews compared to the population in Hutchings et al. (2009),
were screened out. The selection procedure also assisted in famil-
iarising subjects that were selected with the process of expectorat-
ing a food bolus.

Dental screening involved selecting only subjects with class 1
occlusion, no significant tooth crowding, no obvious tooth decay,
and a healthy periodontal condition. They had no functional distur-
bance of mastication evidenced by pain or clicking during chewing,
and no other known oral or general health issues that could influ-
ence oral processing. This project was reviewed and approved by
the Massey University Human Ethics Committee: Southern A
(Application 09/24).

2.2. Assessment of natural bite size and selection of serving size

Serving size was determined by the assessment of the natural
bite length of the subjects (and hence natural bite volume). Each
subject was asked to take 2 natural bites from chocolate bars (con-
taining 11.3% peanut quarters (v/v)) with a constant shape (20 mm
height, 30 mm width, 100 mm length). A mean bite length of
16 £+ 6 mm (mean + SD) was determined from the eight selected
subjects, and therefore a constant volume serving size of
9600 mm? (20 x 30 x 16 mm) for matrices (containing 11.3% pea-
nut quarters (v/v)) was adopted. The weights of the servings were
then determined (Table 1). The concept of standardising by a com-
mon bite length is discussed in Hutchings et al. (2009).

2.3. Experimental procedure

Four different test foods were served in a randomised sequence
with four replicates of each food type (16 samples in total per sub-
ject). Two types of matrices (gelatine gel or chocolate) were used,
which were embedded with moist or dry peanuts (2 matrices x 2
peanut types =4 test foods). The subjects were allowed to chew
each sample for as long as necessary until they felt the impulse
to swallow, at which point they expectorated the bolus into a con-
tainer. Following expectoration each subject rinsed their mouth
with 25 mL distilled water and expectorated this into a separate
container. Both the bolus and the washings were weighed and

Table 1
Serving weights of the test foods.
Avg. serving weight Avg. density
(g) (+SD) (g/cm®) (£5D)
Chocolate matrix (g) 11.26 £0.20 1.36 £0.02
Gelatine matrix (g) 12.30+0.21 1.49+0.03
Dry peanuts (g) 1.14+0.03 1.08 £ 0.01
Moist peanuts (g) 1.12+0.03 1.06 £ 0.01

frozen (-18°C), as done with meat boli by Mioche, Bourdiol,
Monier, and Martin (2002). The number of chews and chewing
time of each sample were recorded by the researcher. Each exper-
imental session was conducted in a room at 20 °C, with test foods
equilibrated at 20 °C at least 1 h before serving.

2.4. Preparation of the test foods

Roasted unsalted peanuts sourced from Prolife Foods Ltd.
(Hamilton, New Zealand) were used in all trials. Peanuts kernels
(halves) were cut into quarters, and sieved across a 4.75 mm
sieve prior to inclusion into the matrices to ensure no small par-
ticles were included. Moist peanuts were prepared by soaking the
peanut quarters in water for 2 h and equilibrating in a water tight
container for 46 h in a refrigerator (4 °C). Peanut quarters were
inserted into each matrix during the experimental session (imme-
diately prior to serving a particular sample to the subject) to en-
sure no unwanted moisture migration took place. Fig. 1 illustrates
the test foods and sample dimensions, with peanuts inside the
matrix.

The chocolate matrix was prepared by melting chocolate (Dairy
Milk®, Cadbury confectionary©, Dunedin, New Zealand) in a micro-
wave, pouring the chocolate into an aluminium mould (20 mm
height, 30 mm width, 100 mm length), and allowing it to set in a
refrigerator (4 °C). The gelatine gel matrix was prepared with gel-
atine (250 bloom, Gelita, Christchurch, New Zealand) using the
procedure described by Lassauzay, Peyron, Albuisson, Dransfield,
and Woda (2000). The mixture was poured into an identical mould
as used with the chocolate matrix, and left to set at 20 °C.

2.5. Analysis of the physical properties of the matrices and peanuts

The density of the peanuts was measured by volume displace-
ment in toluene as this is reported to give more precision than
water (Aydin, 2007). Analytical grade toluene was used (Scharlau,
Barcelona, Spain).

The moisture content of peanuts was determined by drying for
24 h at 105 °C in an air dry oven (Labserv®, Biolab, Auckland, New
Zealand) (4 replicates of ~10 g samples).

Texture analysis of the matrices (without peanuts), and of the
peanuts, was conducted on a Texture Analyzer TA-XT2 (Stable
Microsystems, Surrey, UK), using two successive uni-axial com-
pression tests with a flat cylindrical probe (diameter: 50 mm) (Tex-
ture profile analysis, TPA). Data acquisition was carried out using a
50 kg load cell at a sample frequency of 40 Hz.

Analysis of the peanuts was conducted by compressing peanut
halves to 50% strain (automatic trigger force of 0.1 N, test and post
test speed: 1.67 mmy/s, 10 replicates). Analysis of the matrices was
conducted by TPA compression of samples to 80% strain
(13 x 20 x 15 mm, where the 20 x 15 mm side was facing the
compression probe, automatic trigger force of 0.1 N, test and post
test speed: 0.8 mm/s, 24 replicates). Dimensions were smaller than
the test samples so forces were within the limit of the 50 kg load
cell during TPA analysis. The parameters were each calculated
according to standard methods (Bourne, 2002), and all tests were
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Fig. 1. (A) The gelatine gel matrix (left), the chocolate matrix (right), and peanut quarters. (B) An illustration of the test food, with peanut quarters embedded inside the food

matrix.

undertaken at 20 °C. As measurements were undertaken using
different test conditions for peanuts and matrices, results are only
compared between matrices and between peanuts. Different con-
ditions were used for matrices and peanuts to optimise the level
of compression within the limit of the 50 kg load cell, and to min-
imise variability.

2.6. Analysis of the food bolus

The bolus and washings were thawed at 20 °C for 30 min, before
being combined. Each complete bolus (original bolus and wash-
ings) was sieved across a 355 pm sieve with water at 45 °C for
4 min. This process caused the bulk of the matrix to pass through
the sieve and the majority of peanut particles to be retained. Hence
particles less than this sieve aperture in size were discarded. The
retained peanut particles were then placed on a Petri dish
(140 mm diameter) (Biolab, Auckland, New Zealand) and 60 ml of
ethanol (absolute) (Polychem Marketing Ltd., Auckland, New Zea-
land) added to assist in particle separation and to prevent fat glob-
ules forming. Particles were dispersed with a plastic spatula prior
to scanning.

The contents of the Petri dish were scanned at 800 dpi (Epson
Perfection, 3490 Photo, Epson, China) in grayscale (Fig. 2A) and
the scan repeated following re-dispersal of the contents. Processing

of the 4300 x 4300 pixel images was conducted using Image J®
(1.37a, National Institute of Health, USA). A black and white
threshold was applied to obtain binary images (Fig. 2B). A nucleus
counter in conjunction with a watershed algorithm was used to
separate any abutting particles.

The particle size output from Image | (area in mm? for each
counted particle) was exported to Labview™ (National Instru-
ments©, USA) in order to create cumulative particle size distribu-
tions in terms of area. It was assumed the area of each particle
represents a circle, and the diameter was derived. Each particle
was then allocated to one of a series of classes based on particle
width. Particles were categorized into 8 width classes that follow
a well-known power series: 0.355-0.5, 0.5-0.7, 0.7-1, 1-1.4, 1.4-
2,2-2.8,2.8-4, >4 mm.

To ensure no changes in particle size were taking place dur-
ing storage in ethanol (which was rarely longer than 24 h), and
to assess repeatability of the image analysis procedure, a peanut
bolus was analysed immediately after being placed in ethanol,
and after 7 days of storage in ethanol. The cumulative area dis-
tributions of the two boluses did not change after this treatment
(Fig. 3).

The cumulative particle area distribution of the peanut particles
in each bolus was fitted to a Rosin—-Rammler distribution function

(Eq. (1)):

Fig. 2. The image analysis process. A gray-scale photo was taken using a flatbed scanner (A), and a black and white threshold was applied (B). (Note: This is a zoomed image

showing a portion of a typical peanut bolus.)
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Fig. 3. Cumulative area distribution of a peanut bolus analysed on day 1 (®) and
day 7 (O) during storage in ethanol. The cumulative percentage area (+SD) in each
class is based on determining a particle width assuming each particle is spherical.

x—0.354\°
Q=1-exp {_<dsoo354> .IDZ}

(1)
where x is the sieve class (mm), dsq is the theoretical sieve size
through which 50% of the 2 dimensional particle area will fall
(mm), b is the broadness of the cumulative area distribution (the
slope of the cumulative curve, where increasing values correspond
to particle size distributions that are less broad), and Q the area
fraction of particles that have a smaller diameter (assuming circular
particles) than x. The value of the baseline constant, 0.354 was cho-
sen, rather than calculated from the curve fit, since all particles be-
low 0.355 mm had been removed from the bolus. This method was
based on a similar function presented by Olthoff, van der Bilt, Bos-
man, and Kleizen (1984).

Following particle size analysis, the mass of particles in each bo-
lus was determined by decanting the ethanol, and drying the pea-
nuts for 24 h at 105°C in an air dry oven (Labserv®, Biolab,
Auckland, New Zealand) (thus determining dry weight). The per-
centage of the dry mass retained was calculated by estimating
the dry weight of peanuts in the original food portion (as the mois-
ture content of peanuts and total weight of each peanut serving
was known). Comparative loss of material from different boli was
also estimated by comparing the total volume of peanuts remain-
ing in each bolus after sieving from the photos taken during image
analysis. Each particle was assumed to be spherical and of a diam-
eter equal to the maximum diameter of the particle. The volumes
of constituent particles were summed to derive a figure for the to-
tal volume of particles in each bolus. Mass and volume retention
were both determined as it was likely that loss of fat from the pea-
nuts into the ethanol during the imaging procedure would influ-
ence the results based on proportion of mass retained.

2.7. Statistical analysis

Statistical analyses were performed using SPSS® (version 15.0 for
Windows) (SPSS Inc., USA). The fit of the cumulative distribution
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function of particle area by the Rosin—-Rammler equation was deter-
mined for each bolus by the R? values.

A two-way repeated measure ANOVA, with matrix type and
particle type as within subject factors, was used to assess the sig-
nificance of the differences in results between matrices and parti-
cle type. The distributions of the parameters (number of chews,
chewing duration, frequency, dso, broadness (b), dry weight reten-
tion, and volume retention) were considered to be normally dis-
tributed when the P value was greater than 0.05 according to the
Kolmogorov-Smirnov test for normality (with Lillifors significance
correction). The following transformations were made to normalise
the data (conversion from x to y):

e The number of chews and chewing time were normally distrib-
uted following logio transformation, and the frequency was
normally distributed following exponential function transfor-
mation (e¥).

e dso was normally distributed following a Johnson transforma-
tion in MINITAB (version 15, Minitab Inc.) with the following
formula:
y=-2.23950 + 1.51986+Asinh(x — 0.918140)/0.143034)

e The broadness parameter b was normally distributed without
transformation.

e Dry weight retention of peanuts was normally distributed fol-
lowing Johnson transformation in MINITAB (version 15, Minitab
Inc.) with the following formula:
y=0.318810 + 0.847683xIn((x — 8.67778)/(72.5068 — x))

e Peanut volume retention was normally distributed following
Johnson transformation in MINITAB (version 15, Minitab Inc.)
with the following formula:
y=-0.215711 + 0.635957+In((x — 707.488)/(2035.88 — x))

3. Results
3.1. Physical properties of the test food components

The physical parameters differed between the matrices and be-
tween the peanuts (Table 2). The cohesiveness, springiness, gum-
miness, and chewiness were all greater in the gelatine gel than
the chocolate matrix. The chocolate matrix was harder than the
gelatine gel matrix, and the dry peanut was harder than the moist
peanut.

3.2. Parameters of mastication

3.2.1. Variation in mastication between subjects

Large variation in chewing parameters occurred between sub-
jects. The number of chews (F(1,7)=971.3, P<0.0005), chewing
duration (F(1,7)=676.0, P<0.0005), and frequency (number of
chews/chewing duration) (F(1,7)=228.2, P<0.0005) all differed
significantly between subjects according to the repeated measures
ANOVA for the effect of matrix type and particle type.

3.2.2. The effect of matrix type and peanut type on mastication

The gelatine gel matrices (containing either moist or dry pea-
nuts) were masticated for a significantly greater number of chews
(F(1,7)=98.8, P<0.0005) and consequently chewing duration

Table 2
Properties of the test foods (mean + SE). (Note: The hardness of the matrices and peanuts were undertaken using different TPA conditions).
Matrices Particle
Hardness Cohesiveness Springiness Gumminess Chewiness Moisture content Hardness
(N) (mm) (N) (m]) (gH,0/100g total weight) (N)
Gelatine gel 252 +8 0.89 +0.01 10.1£0.1 225+8 2270+ 90 Dry peanut 1.99+0.10 78.0+9.3
Chocolate 400+8 0.17 £ 0.01 2.03+0.23 702 150+ 20 Moist peanut 22.21+£0.09 51.6+6.9
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Table 3
The effect of food matrices and particle type on the mastication and bolus parameters (mean + SE).
Matrix Gelatine gel Chocolate Gelatine gel Chocolate
Particle type Dry Dry Moist Moist
Number of chews 37.75+2.11 23.75+1.14 40.50 +2.44 23.91+1.21
Chewing duration (s) 27.66 +1.53 18.58 £ 1.12 28.77 £1.61 18.56 £ 1.06
Frequency (Hz) 1.38 £ 0.04 1.32 £ 0.04 1.41+0.03 1.32£0.04
dso (area) (mm) 1.14 £ 0.04 1.18£0.03 1.37£0.05 1.43 £0.04
b 1.13£0.02 1.23 £0.02 1.17 £ 0.02 1.190.01
% Peanut weight retention (g drywt/100g initial drywt) 2452 +1.64 26.13+1.43 46.84 +1.64 50.42 +1.42
Estimated volume of peanuts in bolus (mm?) 1123 £47 1154+ 38 1776 £ 24 1801 +23
100 - no significant interaction between matrix and particle type for
dso (F(1,7)=0.251, P> 0.05) (Fig. 7, Table 3).
The broadness (b) (F(1,7)=8.9, P<0.05) of the peanut parti-
80 - cles in the bolus was significantly higher for peanuts chewed in-
_ side a chocolate matrix than those in the gelatine gel, showing
& the spread in the distribution of peanut particles in the gelatine
8 60 gel matrix was greater than that in the chocolate matrix. Peanut
o type did not affect the broadness (b) (F(1,7) = 0.0, P> 0.05), how-
'(% ever the interaction between the matrices and particle type on
2 407 broadness (b) was significant (F(1,7)=11.0, P<0.05) (Fig. 7,
a3 Table 3). While peanut particles in the chocolate bolus had
greater (b) value than in the gelatine gel, the values tended to
201 be higher for moist peanuts compared to dry peanuts inside
the gelatine gel, and higher for dry peanuts compared to moist
0 _' . . . . . . peanuts inside the chocolate.
0 1 2 3 4 5 6

Particle diameter (mm)

Fig. 4. A typical cumulative area distribution of bolus peanut particles, with the
Rosin-Rammler fit. Raw area data from a typical bolus: @, Rosin-Rammler fit: —.

(F(1,7)=54.2, P<0.0005), and at a significantly higher frequency
(F(1,7)=10.8, P<0.05), than the chocolate matrices (containing
either moist or dry peanuts). There were no significant differences
either in the number of chews (F(1,7) = 4.4, P> 0.05), chewing dura-
tion (F(1,7)=2.2, P> 0.05), or frequency (F(1,7)=0.8, P> 0.05) be-
tween the type of peanut that was embedded in the matrices.
Interactions between matrix and particle type were not significant
for the number of chews (F(1,7) = 3.7, P> 0.05), chewing duration
(F(1,7)=1.2, P> 0.05, or frequency (F(1,7) = 2.2, P> 0.05) (Table 3).

3.3. Food bolus particle size

Fig. 4 shows the fit of the Rosin—-Rammler curve to a typical bo-
lus particle size distribution. Values for R?> were greater than 0.99
for all particle size distributions.

3.3.1. Variation in bolus particle size between subjects

There was large variation between subjects in the particle size
distribution of individual boluses (Fig. 5). Hence dsq (F(1,7) = 294.8,
P <0.0005), and broadness (b) (F(1,7) = 2873.4, P < 0.0005) differed
significantly between subjects on a repeated measures ANOVA for
the effect of matrix type and particle type.

3.3.2. The effect of matrix type and peanut type on the bolus particle
size distribution

The mean particle size distribution curves are shown in Fig. 6.
There was significant variation between matrix and between parti-
cle types in the particle size parameters. Whilst dso (F(1,7) = 4.0,
P> 0.05) of peanut particles in the bolus did not vary significantly
between matrices they were inside, the dso value for moist parti-
cles was significantly larger than that for the dry particles
(F(1,7)=147.5, P < 0.0005) within each type of matrix. There was

3.4. Retention of peanuts in the bolus

3.4.1. Variation in particle retention between subjects

Dry weight retention (F(1,7)=318.7, P<0.0005) and volume
retention (F(1,7) = 789.5, P < 0.0005) of peanuts were significantly
different between subjects on a repeated measures ANOVA for
the effect of matrix type and particle size.

3.4.2. The effect of matrix type and peanut type on peanut
retention

Dry weight retention (F(1,7) = 2.1, P> 0.05) and volume reten-
tion (F(1,7) = 0.8, P> 0.05) of peanuts did not differ significantly be-
tween matrices which peanuts were embedded inside on repeated
measures ANOVA. However, dry weight retention (F(1,7)=40.1,
P <0.0005) and volume retention (F(1,7)=216.8, P <0.0005) were
significantly greater in moist than in dry particles within each ma-
trix. There was no significant interaction between the effect of ma-
trix and particle type for weight (F(1,7) = 0.0, P> 0.05) or volume
retention (F(1,7) = 0.0, P> 0.05) (Table 3).

4. Discussion
4.1. Variation between subjects

Variation between subjects was large in terms of the mastica-
tion parameters and the particle size distribution despite the selec-
tion procedures employed. Significant variation between subjects
has been reported in homogeneous foods in terms of the parame-
ters of mastication (Foster, Woda, & Peyron, 2006; Kohyama &
Mioche, 2004) and particle size (Jalabert-Malbos et al., 2007;
Mishellany, Woda, Labas, & Peyron, 2006). However, literature
does suggest variation in the particle size distribution of the food
bolus is small in comparison with parameters of mastication, and
in some cases is not found to be significant at all (Peyron, Mishel-
lany, & Woda, 2004). Differences in the particle size distribution
between subjects may be exaggerated in heterogeneous food sys-
tems (Fig. 5).
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4.2. The influence of the matrices and the peanuts on mastication

The significant differences in chewing behaviour between
matrices are similar to results with homogeneous foods (Brown,
Eves, Ellison, & Braxton, 1998; Hiiemae et al., 1996; Mathoniere,
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Fig. 7. Mean broadness (b) against mean ds, of the peanut particles obtained from
the bolus of gelatine gel containing dry (V) or moist peanuts (A), or chocolate
containing dry (@) or moist (O) peanuts (means + SE).

Mioche, Dransfield, & Culioli, 2000). This indicates that the matrix
caused different chewing strategies to form a suitable bolus
(Table 2). Interestingly, the properties of the peanuts embedded in-
side the matrix did not alter the chewing behaviour even though
their different physical properties did influence the peanut particle
size outcome (Table 2, Fig. 7).
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4.3. The influence of the matrices and the peanuts on the particle size
distribution of the food bolus

Matrices containing moist peanuts yielded higher dso’s than
those containing dry peanuts. Uptake of water has been widely
reported to influence the textural properties of foods (Roos,
1995), particularly in nuts (EIMasry, Radwan, EIAmir, & ElGamal,
2009; Paksoy & Aydin, 2004; Visvanathan, Palanisamy, Gothanda-
pani, & Sreenarayanan, 1996). Interestingly, harder particles are
believed to be detected as larger than soft particles of the same
size inside the mouth (Engelen et al., 2005). As a greater dsq in
the moist peanuts is accompanied by no significant difference
in mastication between moist and dry peanuts within the matri-
ces, the changing physical properties of the peanuts have resulted
in different breakage functions, which is likely to be induced by
differences in fracture propagation. The breakage function de-
pends on the physical properties of the food, notably its resis-
tance to fragmentation (Agrawal, Lucas, Prinz, & Bruce, 1997),
where brittle foods fracture into a greater number of smaller
particles.

The two matrix types exhibited significant chewing behaviour
differences but did not affect the dso for any one peanut type. This
indicates that the properties of the matrix may influence the selec-
tion function, which is the probability that particles of a given size
present themselves to the occlusion zones (Lucas, Prinz, Agrawal, &
Bruce, 2002). It is possible the gelatine gel matrix limits how easily
particles of different size can be removed from the matrix and
moved to the occlusal plane. In comparison, peanuts are likely to
be more easily removed from the chocolate matrix for the molars
to access (chocolate is renowned for melting rapidly in the mouth,
and had considerably lower values of gumminess, chewiness, and
springiness than the gelatine gel (Table 2)).

The type of matrix also affected the spread of the particle size
distribution. The higher broadness values from boli containing
chocolate (showing peanut particle size in the chocolate had a
smaller spread) may reflect the differences that are seen in selec-
tion function. Larger particles are more likely to be selected over
smaller particles in the chocolate matrix than the gelatine matrix,
resulting in a tightening of the particle size distribution (less
spread).

Moreover, a significant interaction for broadness between
matrices and particle type (Section 3.3.2) shows the ability of the
molars to uniformly masticate the particles depends not only on
the matrix, but on how the particle behaves inside that matrix.
The manner by which the particle surfaces interact with the matrix
could affect adhesion to the matrix, and thus influence how easily
the particles can be broken down.

4.4. The influence of the matrices and the peanuts on peanut retention
in the food bolus

No more than 50% of the initial dry weight of peanuts in the ini-
tial sample was retained in the bolus for each test food. Such losses
have been reported in previous studies involving peanuts (Jalabert-
Malbos et al., 2007; Peyron et al., 2004). Losses are expected to be
high given the number of steps involved in the experimental pro-
cedure. Hence solids losses may occur during mastication, expecto-
ration, washing to remove matrices (across a 355 pm sieve), and
dissolution of fat in ethanol.

The weight and volume retention of the moist particles was sig-
nificantly greater than for dry particles, however these losses were
not influenced by the surrounding matrix (Table 3). Losses are
likely to be higher in boluses containing a greater proportion of fi-
ner particles (in the case of the dry peanuts) as finer particles may
be more readily lost during chewing and washing.

5. Conclusion

This study shows that when heterogeneous test foods are
chewed, the properties of one food component can influence the
breakdown of another food component. More specifically, when
matrices (prepared as gelatine gel or chocolate matrices containing
either moist or dry peanuts) are chewed, the matrix influences
mastication (in terms of the number of chews, chewing duration,
and frequency) and broadness of the peanut particle size distribu-
tion in the bolus. However, the matrix does not influence the dsq of
the peanut particle size distribution. Furthermore, the properties of
the embedded peanut influence the dsq of the peanut particle size
distribution but have no affect on chewing behaviour. We postu-
late that physical properties of the ingested food matrix influence
the selection function whilst the physical properties of the embed-
ded peanut fragments influence the breakage function.
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