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• The developed model properly describes aroma release from masticated foods 

Highlights: 

• The mechanistic model includes both physiological and physical mechanisms. 

• The most influent parameters for the intensity and the dynamics of the release were 

identified. 

• The modelling approach highlighted aroma retention by lubricated mucosa. 

 

*Highlights (for review)
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A mechanistic model predicting flavour release during oral processing of masticated foods 17 

was developed. The description of main physiological steps (product mastication and 18 

swallowing) and physical mechanisms (mass transfer, product breakdown and dissolution) 19 

occurring while eating allowed satisfactory simulation of in vivo release profiles of ethyl 20 

propanoate and 2-nonanone, measured by Atmospheric Pressure Chemical Ionization Mass 21 

Spectrometry on ten representative subjects during the consumption of four cheeses with 22 

different textures. Model sensitivity analysis showed that the main parameters affecting 23 

release intensity were the product dissolution rate in the mouth, the mass transfer coefficient 24 

in the bolus, the air-bolus contact area in the mouth and the respiratory frequency. Parameters 25 

furthermore affecting release dynamics were the mastication phase duration, the velopharynx 26 

opening and the rate of saliva incorporation into the bolus. Specific retention of 2-nonanone 27 

on mucosa was assumed to explain aroma release kinetics and confirmed when gaseous 28 

samples were consumed.  29 

Abstract 16 

Keywords

  32 

: dynamic model; aroma compounds; food oral processing; physiology; mass 30 

transfer 31 
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1. 

The release of aroma compounds from food products during eating is a key step for their 34 

perception and ultimately for the acceptance of the product by the consumer. Food oral 35 

processing is complex [1] and flavour release induced by this processing depends on both the 36 

physiology and experience of subjects and on product properties. To identify what are these 37 

main properties explaining flavour release, it is necessary to develop an approach allowing the 38 

dissociation of mechanisms occurring during food oral processing. Mathematical modelling 39 

can help improving the understanding of the limiting mechanisms by pointing out the most 40 

important parameters related to the product and to the individual and allowing quantitative 41 

predictions of release dynamics. Therefore, models can help design the food products in a 42 

rational way, possibly targeted towards particular consumer groups such as young children, 43 

elderly or people with specific disorders. 44 

Introduction 33 

The mechanistic modelling of aroma compound release during food consumption allows one 45 

to calculate, from known physical laws, the amount of aroma compounds transferred over 46 

time in each anatomical compartment involved during food oral processing (mouth, nasal 47 

cavity, pharynx).  48 

The first mechanistic models have focused on predicting the release of aroma compounds 49 

from a two-phase emulsion (water, oil) in contact with gas [2]. They were based on physico-50 

chemical principles governing the release of volatile molecules from a food matrix: (i) the 51 

mass conservation of volatile compound, (ii) the mass transfer at the emulsion-gas interface 52 

(interfacial penetration theory), (iii) equilibrium properties at the emulsion-gas interface [3]. 53 

First-order chemical kinetics have also been included in some models to describe reversible 54 

interactions between aroma compounds and non-volatile compounds such as macromolecules 55 

[2]. However, these first models are not really representative of in vivo phenomena because 56 

the geometry of the system (surfaces and volumes) is assumed constant (which is not the case 57 
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during food consumption) and they do not consider dynamic phenomena such as the dilution 58 

with salivary flow or the cyclic breathing of the subject. In addition, some of these models do 59 

not include any comparison with experimental data release [2]. 60 

Further development of these pioneering models has led to a better representation of in vivo 61 

conditions occurring during food consumption, by including notably parameters related to 62 

individual physiology, such as salivary flow, periodic breath, etc. [4, 5]. In addition, one of 63 

the major improvements in these models was to consider the aroma persistence phenomenon 64 

i.e. aroma release from bolus deposit covering the pharyngeal mucosa after swallowing. These 65 

models showed the relative roles of product and consumer characteristics and were validated 66 

against experimental data.  67 

The first model including physiological data was proposed by Normand et al. [4] in the case 68 

of liquid products and highlighted two main release regimes: (i) release due to equilibrium 69 

batch extraction (only pertinent for few breaths after swallowing) and (ii) release from 70 

lubricated mucosa (persistence phenomena). In the case of semi-liquid food, the most 71 

comprehensive model to date is the one developed by Tréléa et al. [6] and further developed 72 

by Doyennette et al. [7] coupling aroma release in the mouth and in the pharynx. 73 

Mechanistic models describing aroma release from masticated foods are far less available in 74 

the literature, mostly because of the difficulty to understand the complex mechanisms which 75 

are involved during the consumption of those foods. Compared to liquid products, mass 76 

transfer occurs through several interfaces (product/saliva, saliva/air) in “solid” matrices 77 

(needing mastication) [8, 9]. Also, additional phenomena have to be considered: product 78 

dissolution and melting due to intraoral manipulations (chewing, saliva incorporation, 79 

warming) and the generation of a dynamic exchange interface between product and saliva. 80 

Existing models describing aroma release from solid food are not complete since they do not 81 

take breathing into account [5, 10]. Furthermore, the assumptions used are not always 82 
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transferable to other types of food matrices and to associated food oral processes than those 83 

studied (e.g. candy) or to other consumption patterns (e.g. sucking mechanism studied by 84 

Wright et al. [5]). 85 

Hills and Harrison [10] also highlighted the importance of modelling the variation in the 86 

contact surface between the product and saliva, whose change in time plays a central role in 87 

the aroma compounds release. In their model, they suggest a multi-fragmentation theory to 88 

represent the chewing of a candy (assimilated to a cube). This approach provides a law of 89 

time change in the contact surface between product and saliva, using only two parameters: the 90 

number of bites and the duration of chewing. One might expect, however, that chewing real 91 

products, like cheeses for instance, will not always produce cubes and multiply the area by a 92 

factor of 2 after each bite. Other studies have also investigated the fragmentation of solids 93 

placed in the mouth under the action of chewing. The degree of fragmentation of a food can 94 

be determined by different types of experimental measurements such as the analysis of 95 

particle size distribution in the bolus [11]. These experimental data allow the determination of 96 

the laws of fragmentation depending on the type of food: deterministic analytic laws of 97 

product fragmentation over time [12], or probabilistic laws [8, 13-15]. While these approaches 98 

can be very comprehensive, they have several limitations. For example, some of them require 99 

complex experimental protocols that are difficult to implement (bolus spitting after a variable 100 

number of bites). Other approaches need the determination of many parameters (such as the 101 

number of chews, the number or the size of food particles after each chew, etc…), usually 102 

unknown, and which may depend on the product and/or on the individual. 103 

From this literature review, it appears that modelling the release of aroma compounds during 104 

solid food consumption remains a challenging task and that the results of published studies 105 

are difficult to extrapolate to other experimental conditions. In this context, the present study 106 

proposes a model simulating the release of aroma compounds, applicable to different food 107 
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matrices and different individuals with a wide range of physiological characteristics. With this 108 

mechanistic model, our main objective was to understand the mechanisms and parameters 109 

governing the release of aroma compounds during the intra-oral manipulation and swallowing 110 

of “solid” food (needing chewing). 

2. Mathematical modelling of in vivo aroma compound release  116 

To do so, simulations issued from the model were 111 

compared to in vivo release data of two aroma compounds, measured by atmospheric pressure 112 

chemical ionization mass spectrometry (APCI-MS) on ten panelists, during the consumption 113 

of four sorts of cheese, varying in composition and texture. Model assumptions are presented 114 

and their validity is discussed.  115 

2.1.Principles of the model 117 

The aroma release model described in this study applies to food products requiring 118 

mastication. It is an extension of the model developed for liquid and semi-liquid foods by 119 

Doyennette et al. [7]. The new insight is the consideration of the mastication process. The 120 

global eating process involves several steps shown in figure 1: the initial state of the system 121 

(product introduction in mouth), the intra-oral manipulation of the product, which consists in 122 

several masticatory cycles, one or more swallowing events and the resting phase (release 123 

during the post-mastication stage) which occurs when there is no more product in the mouth. 124 

The intra-oral manipulation phase usually lasts until the first swallow. However, in some 125 

cases (particularly for firm products), it can extend beyond the first swallow. 126 

Similarly to the model of Doyennette et al. [7], the present description of the swallowing step 127 

includes simultaneous contractions of the oral cavity and of the pharynx, leading to air and 128 

product expulsion, followed by relaxation and filling with fresh air. This will cause the 129 

expulsion of the bolus formed in the mouth into the pharynx. Each swallowing step leads to 130 

the deposit of a small part of the in-mouth liquid phase of the bolus on the pharyngeal walls. 131 
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A residual amount of the solid part of the bolus remains in the mouth and is chewed again and 132 

mixed with saliva in order to form a new food bolus suitable for swallowing. 133 

A schematic representation of the four compartments involved in the model design, as well as 134 

their connections and the mechanisms responsible for flavour release, are given in figure 2. 135 

All variables and parameters of the interconnected compartments required for the model 136 

simulation are specified in this figure. 137 

Compared to the previous model [7], two main differences can be observed: first, the presence 138 

of three instead of two sub-compartments in the mouth (the non-dissolved food product, 139 

which is the solid part of the bolus, the liquid phase of the bolus, made of saliva and dissolved 140 

food product and the air phase) and secondly, the opening of the velopharynx during chewing, 141 

allowing the transport of aroma compounds between the air phases of mouth and pharynx 142 

(figure 2). 143 

Concerning the food bolus fragmentation under mastication, the particle size distribution in 144 

the bolus after each bite has already been described in literature [8, 11, 13-15]. However, 145 

these approaches require the knowledge of parameters such as food particle size after each 146 

chew, which is difficult to determine experimentally, particularly for pasty products like 147 

cheese used in the present study. The relevant parameter for aroma compound release is not 148 

the particle size itself, but the contact area between the solid and the liquid phase of the bolus. 149 

In this study, we focus on the generation of this area, as previously done in literature [16]. 

2.2.Mathematical description of mass transfer in mouth during the eating of masticated foods 153 

In 150 

the following paragraphs, the main differences with the previously published model for liquid 151 

products [7] are emphasized. 152 

The solid food product placed in the mouth is broken down during intra-oral manipulation. 154 

Two concurrent phenomena can occur: 155 
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• the transfer of aroma compounds from the non-dissolved product into the liquid phase of the 156 

bolus,  157 

• the melting (dissolution) of the product in the liquid phase of the bolus due to the combined 158 

action of the mastication, the saliva incorporation and the warming of the product in the 159 

mouth. This also leads to the release of aroma compounds contained in the dissolved product 160 

towards the liquid phase of the bolus. 161 

In practice, it is very difficult to distinguish between the relative contributions of each 162 

mechanism. Moreover, the phenomena of transfer and of dissolution can be described by very 163 

similar equations. Considering the studied products (cheeses), we arbitrarily chose to assign 164 

the release of aroma compounds into saliva to a single mechanism (dissolution) while being 165 

aware that the transfer also contributes to this process. 166 

2.2.1. Air/bolus interfacial conditions in the oral cavity 167 

Similarly to Doyennette et al. [7], the transfer resistance on the air side 1/𝑘𝑂𝐴was assumed to 168 

be negligible when compared to the transfer resistance on the product side 1/𝑘𝑂𝐿 (the orders 169 

of magnitude of the mass transfer coefficients, representing the reciprocal of the resistances, 170 

are 10−2 and 10−6 m/s respectively [17]. 171 

Therefore, the interfacial aroma compound concentration on the liquid bolus side, using the 172 

partition conditions at the interface, is given by: 173 

𝐶𝑂𝐴𝐿
∗ (𝑡) = 𝐶𝑂𝐴(𝑡)

𝐾𝑂𝐴𝐿(𝑡)
          (1) 174 

The volatile mass flux between the air and the liquid bolus in the oral cavity φOAL is mainly 175 

determined by the resistance located on the bolus side and is given by the difference between 176 

the liquid bolus concentration (COL) and the interfacial concentration (C*
OAL

𝜙𝑂𝐴𝐿(𝑡) = 𝑘𝑂𝐿(𝑡) × 𝐴𝑂𝐴𝐿(𝑡) × (𝐶𝑂𝐿(𝑡) − 𝐶𝑂𝐴𝐿
∗ (𝑡))     (2) 178 

): 177 

2.2.2. Air in the oral cavity 179 
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In addition to the aroma compound flux from the liquid bolus, the air in the mouth can also 180 

exchange aroma compounds with the air in the pharynx. Jaw movements during mastication 181 

induce velopharynx opening and cyclic air flow between the pharynx and the mouth [18]. 182 

The variation of aroma concentration in the air in the oral cavity COA is thus due to the 183 

volatile flux from the liquid food bolus and from the air coming from the pharynx (QOA

𝑉𝑂𝐴(𝑡) × 𝑑𝐶𝑂𝐴(𝑡)
𝑑𝑡

= 𝜙𝑂𝐴𝐿(𝑡) + �
𝑄𝑂𝐴(𝑡) × (𝐶𝐹𝐴(𝑡) − 𝐶𝑂𝐴(𝑡)) 𝑖𝑓 𝑄𝑂𝐴(𝑡) ≥ 0
0 𝑖𝑓𝑄𝑂𝐴(𝑡) < 0

�  (3) 186 

≥0 184 

means that the air flows in the direction shown by the arrow in figure 2): 185 

Little is known on the real change in VOA. It was assumed that the masticatory movements 187 

create a cyclic variation of the air volume VOA around a mean value VOA mean

𝑉𝑂𝐴(𝑡) = 𝑉𝑂𝐴 𝑚𝑒𝑎𝑛 + Δ𝑉𝑂𝐴 × sin ( 2 × 𝜋 × 𝑓𝑟𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × 𝑡)    (4) 190 

 as it has been 188 

observed by Matsuo et al. [18]. In this case: 189 

Therefore, the air flow rate coming from the mouth QOA

𝑄𝑂𝐴(𝑡) = 𝑑𝑉𝑂𝐴(𝑡)
𝑑𝑡

= 2 × 𝜋 × 𝑓𝑟𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × Δ𝑉𝑂𝐴 × cos ( 2 × 𝜋 × 𝑓𝑟𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × 𝑡)  (5) 192 

 is calculated as follows: 191 

It is expected that Δ𝑉𝑂𝐴can be highly variable among individuals, but no quantitative data was 193 

found in the literature. A fair estimation of Δ𝑉𝑂𝐴seems to be 20% of 𝑉𝑂𝐴 𝑚𝑒𝑎𝑛, value which 194 

was used in our model. Based on observations from Matsuo et al. [18], we assumed that 195 

fropening can vary among individuals, within a defined range. We supposed that the highest 196 

opening frequency was coordinated with the masticatory frequency (frmasticatory), and that the 197 

lowest opening frequency was coordinated with the respiratory frequency (FR

2.2.3.  Product in the oral cavity 200 

). This 198 

assumption will be further discussed in the results and discussion section. 199 

In line with the assumption of the dissolution rather than transfer mechanism discussed above, 201 

the aroma compound concentration in the solid (undissolved) food product fraction remains 202 

constant in time: 203 
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𝐶𝑂𝑃(𝑡) = 𝐶𝑂𝑃(0)          (6) 204 

Due to dissolution and fragmentation processes, the volume of the solid food product 205 

decreases over time, while its contact area with the liquid phase of the bolus increases and 206 

then abruptly decreases due to swallowing.  207 

The dissolution of the product at a rate v gives the following equation: 208 

𝑑𝑉𝑂𝑃(𝑡)
𝑑𝑡

= −𝑣 × 𝐴𝑂𝐿𝑃(𝑡)         (7) 209 

Due to fragmentation induced by mastication, the contact area between the solid product 210 

present in the mouth and the liquid bolus increases in time. The exact rate of change of this 211 

contact area is not known for pasty products, like cheeses used in this study. In absence of 212 

more detailed information we assumed that, as long as some solid product is present in the 213 

mouth and a regular mastication behaviour were considered, its contact area with the liquid 214 

bolus evolves linearly over time. This simplifying hypothesis might be refined in the future 215 

based on more detailed studies, however. With this assumption:  216 

𝑑𝐴𝑂𝐿𝑃(𝑡)
𝑑𝑡

= �
𝐴𝑂𝐿𝑃𝑑𝑒𝑔−𝐴𝑂𝐿𝑃𝑖𝑛𝑖

𝑡𝑑𝑒𝑔−𝑡0
if  𝑉𝑂𝑃(𝒕) > 𝟎

0 if  𝑉𝑂𝑃(𝒕) = 𝟎
�      (8) 217 

with the index "deg" meaning “at the current deglutition moment”, and the index "ini" 218 

meaning “at food product introduction in mouth” (at t0

2.2.4.  Liquid bolus in the oral cavity 221 

) or “just after the previous 219 

deglutition”. 220 

The liquid bolus compartment has a composition which evolves over time. It is initially 222 

composed of pure saliva, and is progressively flavoured by the addition of dissolved product. 223 

Its volume increases with the addition of saliva (salivary flow) and with the incorporation of 224 

dissolved product, and periodically decreases after swallowing. 225 

The volume of the bolus 𝑉𝑂𝐿(𝑡) can be thus divided into two parts: 226 

𝑉𝑂𝐿(𝑡) = 𝑉𝑂𝑆(𝑡) + 𝑉𝑂𝑃𝐷(𝑡)         (9) 227 
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In that case, we have: 228 

𝑑𝑉𝑂𝑆(𝑡)
𝑑𝑡

= 𝑄𝑂𝑆           (10) 229 

with 𝑑𝑉𝑂𝑃𝐷(𝑡)
𝑑𝑡

 the product dissolution rate, defined as 230 

 𝑑𝑉𝑂𝑃𝐷(𝑡)
𝑑𝑡

= 𝑣 × 𝐴𝑂𝐿𝑃(𝑡)         (11) 231 

The mass balance for a given aroma compound in the bolus leads to the following equation: 232 

𝑑𝑉𝑂𝐿(𝑡)×𝐶𝑂𝐿(𝑡)
𝑑𝑡

= 𝜙𝑂𝐿𝑃(𝑡) − 𝜙𝑂𝐴𝐿(𝑡)        (12) 233 

with the volatile mass flux φOLP

𝜙𝑂𝐿𝑃(𝑡) = 𝑣 × 𝐴𝑂𝐿𝑃(𝑡) × 𝐶𝑂𝑃(𝑡)        (13) 235 

 coming from product dissolution: 234 

The mass flux φOAL is given by the difference between the aroma concentration in the liquid 236 

phase of the bolus (COL) and the interfacial concentration (C*
OAL

The properties of the liquid bolus relevant for aroma compound transfer, namely the air/bolus 238 

partition coefficient (K

) (Eq. 2). 237 

OAL, Eq. 1) and the mass transfer coefficient (kOL

2.3.Mathematical description of aroma release during the pharyngeal step 242 

, Eq. 2) change with 239 

the relative fraction of the saliva and dissolved product in the liquid bolus. This dependence 240 

was previously established [19] and included in the model simulations. 241 

2.3.1.  Bolus in the pharynx  243 

Phenomena governing flavour release from the bolus in the pharynx are similar to the ones 244 

described for liquid products [7]. 245 

2.3.2.  Air in the pharynx  246 

The air in the pharynx exchanges aroma compounds with the bolus in the pharynx, and with 247 

the other compartments: the mouth (air flow 𝑄𝑂𝐴(𝑡)), the nose (air flow 𝑄𝑁𝐴(𝑡)) and the 248 

trachea (air flow 𝑄𝑇𝐴(𝑡)). Compared to the model of Doyennette et al. [7], air flows to and 249 

from the mouth have been modified (due to the velopharynx opening during mastication). By 250 
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convention, the air flow rates indicated in figure 2 are positive if they follow the direction of 251 

the arrow. The air balance in the pharynx at any time gives the following relationship: 252 

𝑄𝑁𝐴(𝑡) = −𝑄𝑇𝐴(𝑡) + 𝑄𝑂𝐴(𝑡)        (14) 253 

For the considered aroma compound, the mass balance in the air of the pharynx gives the 254 

equation: 255 

𝑉𝐹𝐴 × 𝑑𝐶𝐹𝐴(𝑡)
𝑑𝑡

= 𝜙𝐹𝐴𝐿(𝑡) + �
−𝑄𝑂𝐴(𝑡) × (𝐶𝑂𝐴(𝑡) − 𝐶𝐹𝐴(𝑡)) 𝑖𝑓 𝑄𝑂𝐴(𝑡) < 0
𝑄𝑁𝐴(𝑡) × (𝐶𝑁𝐴(𝑡) − 𝐶𝐹𝐴(𝑡)) 𝑖𝑓 𝑄𝑁𝐴(𝑡) ≥ 0
𝑄𝑇𝐴(𝑡) × (𝐶𝑇𝐴(𝑡) − 𝐶𝐹𝐴(𝑡)) 𝑖𝑓 𝑄𝑇𝐴(𝑡) ≥ 0

�  (15) 256 

2.4.Conditions of the system after each deglutition 257 

The deglutition step is very short compared to product residence time in mouth. It is thus 258 

described as quick contraction and relaxation events (figure 1). 259 

2.4.1.  Product and bolus in the oral cavity after deglutition 260 

Aroma compound concentrations in the product and in the bolus are unchanged during 261 

deglutition. The volume of product in the oral cavity just after deglutition (VOPdeg+) decreases 262 

and corresponds to the volume of product just before swallowing (VOPdeg-) multiplied by the 263 

fraction of liquid bolus remaining in the mouth after deglutition (rL

V

), i.e. :  264 

OPdeg+= VOPdeg-×rL

Similarly, the liquid bolus/product contact area in the oral cavity after swallowing is 266 

calculated as: 267 

          (16) 265 

AOLPdeg+= AOLPdeg-×rL

The volumes of saliva (V

         268 

 (17) 269 

OSdeg+) and of dissolved product (VOPDdeg+

V𝑂𝑆𝑑𝑒𝑔+ = V𝑂𝑆𝑑𝑒𝑔− × V𝑆𝑎𝑙𝑖𝑣𝑎𝑑𝑒𝑔+

V𝑂𝑆𝑑𝑒𝑔−+V𝑂𝑃𝐷𝑑𝑒𝑔−
, and   V𝑂𝑃𝐷𝑑𝑒𝑔+ = V𝑂𝑃𝐷𝑑𝑒𝑔− × V𝑆𝑎𝑙𝑖𝑣𝑎𝑑𝑒𝑔+

V𝑂𝑆𝑑𝑒𝑔−+V𝑂𝑃𝐷𝑑𝑒𝑔−
(18) 273 

) in the oral cavity 270 

decrease after swallowing. We assume that the bolus liquid part (saliva and dissolved product) 271 

is uniformly swallowed. Therefore, we have: 272 

with VSalivadeg+ being the volume of saliva usually present in the oral cavity after swallowing. 274 
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2.4.2. Aroma compound retention by lubricated mucosa 275 

To take the reservoir effect of lubricated mucosa into account, additional compartments were 276 

included into the model. We assumed that air in the mouth, in the pharynx and in the nose was 277 

in contact with lubricated mucosa layers within the corresponding compartment. For example, 278 

in the nose, the volatile mass flux φNAM

𝜙𝑁𝐴𝑀(𝑡) = 𝑘𝑁𝑀 × 𝐴𝑁𝐴𝑀 × (𝐶𝑁𝑀(𝑡) − 𝐶𝑁𝐴 (𝑡)
𝐾𝑁𝐴𝑀

)      (19) 280 

 between the air and the mucosa is given by: 279 

The mass balance of aroma compound in air contained in nasal cavity leads to: 281 

𝑉𝑁𝐴 × 𝑑𝐶𝐹𝐴(𝑡)
𝑑𝑡

= 𝜙𝑁𝐴𝑀(𝑡) + �
𝑄𝑁𝐴(𝑡) × (0 − 𝐶𝑁𝐴(𝑡)) 𝑖𝑓 𝑄𝑁𝐴(𝑡) ≥ 0
𝑄𝑇𝐴(𝑡) × (𝐶𝐹𝐴(𝑡) − 𝐶𝑇𝐴(𝑡)) 𝑖𝑓 𝑄𝑇𝐴(𝑡) ≥ 0

�  (20) 282 

and in nasal mucosa: 
283 

𝑉𝑁𝑀 × 𝑑𝐶𝑁𝑀(𝑡)
𝑑𝑡

= −𝜙𝑁𝐴𝑀(𝑡)         (21) 284 

Here, VNM

𝑉𝑁𝑀 = 𝑒𝑁𝑀 × 𝐴𝑁𝐴𝑀          (22) 287 

 is the volume of lubricated mucosa which is involved in the interaction with the 285 

aroma compound. It can be expressed as 286 

Similar equations were added in the mouth and in the pharynx to take the effect of the 288 

lubricated mucosa present in these compartments into consideration. In the absence of more 289 

detailed information, the contact area between lubricated mucosa and air was arbitrarily set to 290 

half of the contact area between the bolus and the air in the mouth, as well as in the pharynx. 291 

Little information is available in the literature concerning values to be considered in the 292 

aroma retention model. The contact area between air and lubricated mucosa in the nose ANAM 293 

was set to 160 cm² [20]. In literature, values comprised between 5.6×10-5 and 4.8×10-1 were 294 

mentioned for air/mucus partition coefficient of butanol and octanol in bullfrog [21]. Thus, a 295 

typical value of 1×10-3 was selected here. Concerning the mucosa layer thickness, Shojaei 296 

[22] gave values between 500 and 800 µm in mouth and 100 to 200 µm for the gingival 297 

mucosa. It is expected, however, that the aroma compound will not necessarily have time to 298 
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diffuse in the whole epithelium thickness, and these values are considered as upper limits for 299 

mucosa layer thickness involved in aroma retention. 300 

3. Material and Methods 301 

3.1. Flavoured cheese products 302 

Four industrial cheese products (melt-cheese technology) varying in composition and texture 303 

(two fat levels and two firmness levels) and flavoured with ethyl propanoate and 2-nonanone 304 

were studied [23]. They were coded according to their characteristics, with a combination of 305 

letters as following: S or F for Soft or Firm respectively and l or h for low-fat or high-fat 306 

respectively.  307 

Panelist selection and their physiological characterization at rest 308 

Ten individuals were selected from a large panel composed of 44 subjects: they were verified 309 

to be representative of the whole panel (mean and standard deviation) concerning 310 

physiological data, masticatory behavior and APCI-MS release kinetics [23].  311 

The volumes of oral, nasal and pharyngeal cavities of subjects were measured with the 312 

Eccovision Acoustic Rhinopharyngometer from Eccovision (Sleep Group Solutions, North 313 

Miami Beach, FL 33162). A software was developed to calculate automatically the 314 

air/product areas of oral and pharyngeal cavities for each individual [7]. 315 

The tidal volume of each individual was measured with a spirometer (Pulmo System II, MSR, 316 

Rungis, France) [23]. The respiratory frequency FR

3.2. In-nose measurements of aroma release by Atmospheric Pressure Chemical Ionization–319 

Mass Spectrometry (APCI-MS) and data processing 320 

 used in the model was calculated directly 317 

from the acetone signal measured by APCI-MS. 318 

Aroma release was measured using APCI-MS [23]. For each product, each panelist and for 321 

the three replicates, a mean curve and an envelope curve (representing the standard deviation 322 

of the replicates) were determined based on the peak lines (curve linking the maxima of 323 
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aroma release profile ) [7]. Release kinetics were divided in two different phases: “phase 1” 324 

corresponded to the chewing phase before the first deglutition and “phase 2” corresponded to 325 

the rest of the chewing phase (if present) and to the resting phase. The end of phase 2 was set 326 

when less than 10% of the maximal intensity was reached. Areas under curve (AUC) were 327 

determined for each phase. 328 

3.3. Physiological characterization of individuals during cheese consumption 329 

Chewing activity, bolus saliva content and mouth coating were determined for each panelist 330 

as described in Repoux et al. [23].  331 

It has been demonstrated from various studies [24, 25] that salivary flow during food 332 

consumption is much higher than the salivary flow at rest or artificially stimulated. Therefore, 333 

an average rate of saliva incorporation in the bolus during food product consumption (QOS

𝑄𝑂𝑆  =  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒  𝑜𝑓 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑠𝑎𝑙𝑖𝑣𝑎 ×𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑜𝑜𝑑 𝑖𝑛𝑔𝑒𝑠𝑡𝑒𝑑
100 ×𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒 1

    (23) 336 

) 334 

was estimated with the following equation: 335 

with the amount of food ingested = 6g, and phase 1 being the chewing phase before the first 337 

swallow. The percentage of incorporated saliva (relative to the product) was calculated as 338 

follows, based on moisture content of the initial cheese and of the bolus: 339 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒  𝑜𝑓 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑠𝑎𝑙𝑖𝑣𝑎 =  𝐻𝑀𝑏𝑜𝑙𝑢𝑠
100−𝐻𝑀𝑏𝑜𝑙𝑢𝑠

× (100 − 𝐻𝑀𝑐ℎ𝑒𝑒𝑠𝑒) − 𝐻𝑀𝑐ℎ𝑒𝑒𝑠𝑒  (24) 340 

The percentage of incorporated saliva and the duration of phase 1 were determined during two 341 

separate experimental sessions, which can induce biased calculation (the salivary flow rate is 342 

known to vary daily and with the physiological state of the individual). Therefore, the average 343 

rate of saliva incorporation in the bolus during food consumption calculated with Eq. 23 was 344 

only indicative and we preferred to use this parameter as a degree of freedom of the model for 345 

simulations.  346 

In this study, neither the frequency nor the displacement amplitude of the soft palate during 347 

food consumption could be experimentally measured in a non-invasive way. Due to the 348 
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uncertainty on the actual values of these parameters and to the fact that they have a similar 349 

effect on the air flow rate (Eq. 5), the volume variation of the oral cavity during the 350 

consumption of cheese was arbitrarily fixed to a reference value of 20% of the mean volume 351 

and the opening frequency of the velopharynx was a degree of freedom of the model. 352 

The contact area between the liquid bolus and the product just before swallowing (AOLPdeglu

A𝑂𝐿𝑃𝑑𝑒𝑔𝑙𝑢 = 3×VOPini
R

          (25) 355 

) 353 

was calculated with the assumption of spherical particles: 354 

The particle radius R was estimated with a compression device designed by the Laboratoire 356 

de Rhéologie (Grenoble, FRANCE) [26].  357 

3.4. Air/bolus partition and mass transfer coefficients of aroma compounds in cheese bolus 358 

The modification of the air/bolus partition coefficients of ethyl propanoate and 2-nonanone, 359 

due to modification of the bolus composition, was determined by the static phase ratio 360 

variation method (PRV) [27]. The mass transfer coefficients of aroma compounds into the 361 

bolus were obtained by non-linear regression from dynamic headspace experiments 362 

performed with Proton Transfer Reaction-Mass Spectrometry (PTR-MS) [7]. From those in 363 

vitro measurements, the relationships describing the modifications of air/bolus partition and 364 

the mass transfer coefficients of ethyl propanoate and 2-nonanone in bolus as a function of 365 

cheese/saliva mass ratio were integrated into the model. The cheese/saliva mass ratio rcs

𝑟𝑐𝑠 = 𝑉𝑂𝑃𝐷
𝑉𝑂𝑃𝐷+𝑉𝑂𝑆

          (26) 368 

 used 366 

in the equations is given by: 367 

3.5. Estimation of cheese dissolution rate in artificial saliva 369 

Considering the previously mentioned assumption of product dissolution, the dissolution rate 370 

was estimated from measurements of the release of ionic species into warm artificial saliva, 371 

using a conductivity probe. This measurement was chosen for its simplicity and for the 372 

possibility to perform on-line measurements. The release of salts is considered here as a 373 
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marker of the matrix dissolution. The conductivity probe was calibrated at 35°C, with 374 

aqueous NaCl solutions prepared with deionised water. Concentrations were measured in g/L 375 

NaCl equivalent. A 6g-cylinder of cheese matrix, cut with a 24-mm punch, was placed in a 376 

beaker containing 400 ml of artificial saliva (including 0.216 g of mucin (from porcine 377 

stomach type II, SIGMA-ALDRICH) per 100g) and a magnetic stirrer. The monitoring of salt 378 

release (actually all species contributing to the conductivity signal) was made during two 379 

minutes using a conductivity meter (MPC HEITOLAB 350) and a probe (DCP 4). Product 380 

dissolution rate was determined by nonlinear regression using Matlab 7 (Natick, MA), using 381 

Eq. 27. 382 

𝜙𝑠𝑎𝑙𝑡(𝑡) = 𝑣 × 𝐴(𝑡) × (𝐶𝑃𝑠𝑎𝑙𝑡 − 𝐶𝑆𝑠𝑎𝑙𝑡 (𝑡))      (27) 383 

where φsalt is the salt mass flux between the product and saliva, A(t) the product/saliva contact 384 

area and CPsalt and CSsalt

3.6. Measurements of aroma compound retention by lubricated mucosa using Proton Transfer 387 

Reaction-Mass Spectrometry (PTR-MS)  388 

 the salt concentrations in the solid product and in artificial saliva 385 

respectively. 386 

Flavoured solutions were prepared with mineral water (Evian), ethyl propanoate and 2-389 

nonanone (final concentration of 4.8mg/L for each). 134.8cm3

Five panelists were recruited for this specific measurement and were instructed to suck up a 393 

mouthful of vial headspace with a straw, to swallow it and to continue to breathe normally 394 

through the nose. A minimum of three replicates was performed for each individual. During 395 

this experiment, the dynamic release of aroma compounds was measured online using Proton 396 

Transfer Reaction Mass Spectrometry (PTR-MS, Ionicon Analytik, Innsbruck, Austria). The 397 

PTR-MS inlet was connected to the subject’s nose via a 1/16" PEEK tube maintained at 60°C. 398 

 Schott vials, equipped with 390 

caps fitted with two valves (Interchim SCAT or InterchimOmnifit, England), were half-filled 391 

with flavoured solutions and left at 35°C for 2 h to allow thermal equilibrium. 392 
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Air was sampled from the subject’s nose at a flow rate of 35 cm3/min via two inlets of a 399 

stainless nosepiece placed in both of the assessor's nostrils. The PTR-MS instrument drift tube 400 

was thermally controlled (Tdrift=60°C) and operated at Pdrift=200 Pa with a voltage set of 401 

Udrift=600 V. Measurements were performed with the multiple ion detection mode on specific 402 

masses with a dwell time per mass of 50 ms. Ethyl propanoate and 2-nonanone were 403 

respectively monitored at m/z 103 (molecular ion) and m/z 143 (molecular ion). In addition, 404 

m/z 59 (acetone) was monitored as a breath marker and m/z 21 (signal for H3
18O+) and m/z 37 405 

(signal for water clusters H2O-H3O+

3.7. Statistical analysis 408 

) were monitored to check the instrument performances 406 

and cluster ion formation.  407 

Due to the small size and the non-normal characteristic of the dataset, classical analysis of 409 

variance was not appropriate (univariate procedure using SAS/Stat® software). Instead, 410 

Friedman tests were performed with an Excel program (available at www.Anastats.fr). 411 

Rankings of samples were then obtained by the non-parametric test of multiple comparisons 412 

(Bonferroni method, level of significance set at 5%). For the correlation test, the Spearman 413 

test was performed, with a level of significance set at 5% (www.Anastats.fr

4. Results and Discussion 415 

). 414 

4.1. Model simulations: insights in non-measured variables and assumptions on governing 416 

mechanisms 417 

Figure 3 shows the time variation of 9 out of the 15 model variables for the release of ethyl 418 

propanoate during consumption of the cheese matrix FFl. Values of physiological parameters 419 

were fixed to the panel mean. 420 

The volume of product present in the mouth VOP decreases slightly during the chewing period 421 

before swallowing due to dissolution phenomenon (figure 3.a). Then, it decreases sharply at 422 

the moment of swallowing. After that, only a small product portion remains in the mouth. The 423 
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main phenomenon responsible for product volume variations appears to be the swallowing 424 

event, the dissolution having only a minor contribution. The change in saliva volume in 425 

mouth VOS is dependent on the rate of saliva incorporation in the liquid phase of the bolus 426 

QOS (assumed constant) (figure 3.b). Therefore, the longer the chewing period before 427 

swallowing, the larger this volume is. Each swallow brings the volume of saliva in the mouth 428 

down to the baseline. The volume of product dissolved in the liquid phase of the bolus VOPD 429 

(figure 3.c) has a minor contribution in the total volume of the liquid phase of the bolus VOL, 430 

compared to the volume of incorporated saliva VOS

The contact area between the solid and liquid phases of the bolus in the mouth A

. 431 

OLP

The concentration of aroma compounds in the air in the oral cavity C

 increases 432 

rapidly before the first swallow because of product fragmentation during the chewing process 433 

(figure 3.d). Then, the contact area decreases sharply at swallowing. Its variation between 434 

secondary swallows is small, because of the small amount of product remaining in the mouth. 435 

OA increases until 436 

swallowing due to mass transfer from the liquid bolus to the air (figure 3.e). The velopharynx 437 

opening causes small cyclical depressions. Then, swallowing creates a renewal of air and 438 

therefore a sharp decrease in concentration. Before the first swallowing, the concentration of 439 

aroma compound in the liquid phase of the bolus COL increases due to the supply of aroma 440 

compounds from product (figure 3.f). This increase is promoted by a large contact area 441 

between the solid product and the liquid bolus. After swallowing, little product remains in the 442 

mouth; the transfer of aroma compound to the air and saliva dilution become dominant, which 443 

explain the overall decrease in aroma compound concentration in the liquid phase of the 444 

bolus. Globally, the change in concentration of aroma compounds in the air in the oral cavity 445 

COA follows the concentration in the liquid phase of the bolus COL. The concentration of 446 

aroma compounds in the pharyngeal deposit CFL is null during the consumption stage 447 

preceding the first swallow (figure 3.g). After swallowing, a portion of the liquid fraction of 448 
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the bolus is deposited in the pharynx, which causes a sharp increase in the concentration. 449 

Then, aroma compounds in the pharyngeal deposit are gradually released to the air phase. 450 

During secondary swallowing events, the deposit is renewed by the food bolus coming from 451 

the oral cavity. However, the new layer is already depleted in aroma compounds, which leads 452 

to a general decrease in CFL. The air in the pharynx (CFA) receives aroma compounds from 453 

the pharyngeal deposit and from the air of the oral cavity at each velopharynx opening (minor 454 

peaks observed on the curve) (figure 3.h). Overall, the kinetics of concentration in the 455 

pharynx CFA follow the one in oral cavity COA, up to a dilution factor. The concentration of 456 

aroma compounds in the air in the nasal cavity CNA evolves similarly to the one of the air in 457 

the pharynx CFA (figure 3.i). However, each inspiration of fresh air, which is aroma-free, 458 

makes the signal of the concentration in the nasal cavity CNA

As illustrated in figure 3, modelling provided insight in the change in non measured variables. 460 

An important outcome was an improved understanding of mechanisms governing aroma 461 

release kinetics and of the underlying assumptions. 462 

 decrease to zero. 459 

4.2.Comparison of model predictions with experimental data for ethyl propanoate 463 

As no interaction with lubricated mucosa was assumed for ethyl propanoate, simulations were 464 

performed using the model without lubricated mucosa compartment. To compare model 465 

simulations with experimental in vivo release data for ethyl propanoate, the air flow rate 466 

resulting from the frequency of velopharynx opening was adjusted to fit the simulated release 467 

kinetics before the first swallowing. The rate of saliva incorporation into the food bolus was 468 

also adjusted so that the simulated release kinetics after the first deglutition fitted the decay 469 

phase of the experimental curve. 470 

All simulations have been satisfactorily fitted to experimental data (the average error of the 471 

model, for all cheeses and all individuals, was only 5.88%±2.81). The two unknown 472 
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parameters of the model (the average rate of saliva incorporation into the bolus and the 473 

frequency of velopharyngeal opening) could be estimated.  474 

Figure 4 presents some comparisons of simulations and experimental data for panelists S001 475 

and S101. We can observe that these two individuals present diversified consumption and 476 

aroma release behaviours: for example, panellist S001 exhibits a consistently longer 477 

mastication time before the first swallow than panellist S101, and both panellists have longer 478 

mastication times for firm matrices, as one could expect. In spite of this diversity, the model 479 

correctly described the in vivo release profiles. Some slight deviations can be noticed, as for 480 

instance on figures 4.a and 4.b at about 10s and 30s respectively. A possible explanation 481 

could be that individuals have more complex behaviour during food consumption than 482 

currently assumed in the model; for example, the amplitude of jaw movement related to 483 

parameter ΔVOA

The mean rate of saliva incorporation into the bolus Q

 in Eq. 5 may vary in the course of the mastication process. This cannot be 484 

correctly represented by the model with constant values of physiological parameters. One 485 

should also bear in mind that panellists’ behaviour is not fully reproducible and the greyed 486 

area in Figure 4 represents an interval of ±1 standard deviation of 3 replicate experiments, 487 

which is statistically expected to contain less than 58% of the data. 488 

OS (for all cheeses and all panelists), 489 

experimentally determined using the percentage of saliva incorporated in the bolus and the 490 

average chewing time, is 7.88±4.39 mL/min (figure 5, bar B). Its value remains similar to the 491 

one of QOS 

Overall, the average rate of saliva incorporation into the bolus, either measured directly or 495 

estimated by fitting simulations to experimental data, was statistically much higher than the 496 

salivary flow measured with mechanical stimulation (9.00±3.65 mL/min vs. 2.65±0.87 497 

estimated by fitting simulations to experimental data (9.00 ± 3.65 mL/min, bar C 492 

in figure 5). These values are also comparable (mean and standard deviation) to the salivary 493 

flow values measured experimentally during food consumption by other authors [28-30].  494 
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mL/min, bar A in Figure 5) as already observed by Gaviao et al. [25] (7.82±4.53 mL/min vs. 498 

1.40±0.67 mL/min), meaning that the salivary flow obtained with a mechanical stimulus is 499 

not representative of the actual one during product consumption.  500 

When products are compared (table 1), it appears that the average rate of saliva incorporation 501 

into the bolus for the cheese matrix Fh (firm with a high-fat content) is statistically lower than 502 

for the others cheese matrices (2-fold factor between cheese matrix Fh and cheese matrices Sh 503 

and FFl), probably due to a longest consumption duration of cheese matrix Fh, as already 504 

observed in previous studies [23]. Indeed, the rate of incorporation of saliva into the bolus can 505 

be expressed as: 𝑄𝑂𝑆  =  𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑙𝑖𝑣𝑎 
𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑤𝑎𝑙𝑙𝑜𝑤𝑖𝑛𝑔

+ 𝑠𝑎𝑙𝑖𝑣𝑎𝑟𝑦 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒, with the initial 506 

volume of saliva in mouth being the same whatever the consumption duration. If we assume 507 

that the salivary flow rate is constant during time, it follows that the longer the consumption 508 

duration, the smaller QOS

4.3. Comparison of model predictions with experimental data for 2-nonanone 513 

 will be. The presence of fat can also induce a decrease in salivary 509 

flow, as already observed during the consumption of model cheese matrices [31]. In the 510 

present study, it is likely that the low value of the average rate of saliva incorporation into the 511 

bolus for the cheese matrix Fh is the result of the two phenomena mentioned above. 512 

In vivo observations highlighted that ethyl propanoate and 2-nonanone exhibit quite different 514 

behavior in terms of persistence (figure 6): the release amount for 2-nonanone during phase 2 515 

was systematically higher for all individuals and all cheese matrices than for ethyl propanaote 516 

(significant difference between the areas under curve of the two aroma compounds, Friedman 517 

and Bonferroni tests, p<0.05, not shown). We assumed that this phenomenon was the result of 518 

an interaction between this molecule and lubricated mucosa. A specific experiment, based on 519 

swallowing of aromatized air, was performed to check this assumption (see Material and 520 

Method section). An example of standardized release curve is shown in figure 7 for one 521 

panelist. Statistical analysis confirmed that 2-nonanone (solid line) persists much longer than 522 
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ethyl propanoate (dotted line) in the exhaled air. This was observed for all panelists and all 523 

replicates. Measurements by PTR-MS of the in vitro release of these two molecules by 524 

diluting the headspace of a vial containing the same aqueous flavoured solution excluded a 525 

retention effect of the PTR-MS transfer line. All these results confirmed the existence of a 526 

significant retention of the 2-nonanone by oral, pharyngeal and/or nasal lubricated mucosa. 527 

This phenomenon has already been highlighted for other volatile compounds such as ethanol 528 

or menthol [4, 32]. 529 

Simulations performed with the model including lubricated mucosa compartments were 530 

compared to in vivo release data for 2-nonanone for cheese matrices FFl and Sl. No data was 531 

available for the two others cheese matrices since 2-nonanone was not detected because of its 532 

high hydrophobicity and of retention by fat. The frequency of velopharynx opening and the 533 

rate of saliva incorporation into the food bolus which were previously found for ethyl 534 

propanoate were kept identical. Results showed that all simulations satisfactorily fitted 535 

experimental data if a mucosa layer thickness of 100 µm and a transfer coefficient of 536 

1×10-1

4.4. Velopharynx opening 541 

cm/s were fixed for all individuals (figure 8). The average error of the model was 537 

13.16%±6.80, for the two cheese matrices tested and for the ten individuals. These results will 538 

have to be refined in the future, through dedicated experiments to measure aroma compound 539 

retention by lubricated mucosa.  540 

The results of the model fitting suggested that velopharynx opening can be different between 542 

individuals. We found that in 53% of cases, the velopharynx opening was synchronized with 543 

chewing frequency; in 37% of cases, it was synchronized with respiratory frequency and in 544 

the 10% remaining cases, subjects had an intermediate behavior. Although little data is 545 

available on this topic in the literature, these results are consistent with observations from 546 

Matsuo et al. [18], who studied the velopharynx opening of 9 persons by videofluorography 547 
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during the consumption of various foods (banana, cookie, meat). They found that the opening 548 

frequency varied widely among subjects, but that the opening time was related to jaw 549 

movements. A link between breathing and velopharynx movements was also highlighted.  550 

4.5. Analysis of model sensitivity  551 

An analysis of model sensitivity was performed to evaluate the effect of some physiological 552 

or physicochemical parameters on the variation of nasal concentration with time. A standard 553 

nasal concentration curve was determined using mean values for panellist characteristics. 554 

Then, each parameter was multiplied or divided by a factor of two (which is representative of 555 

the typical variability of physiological parameters). 556 

To assess the effect of each parameter on release intensity, each simulated kinetic was scaled 557 

by the maximum of the standard nasal concentration curve. Three parameters were found to 558 

have a strong positive effect on release intensity: the product dissolution rate in the mouth, the 559 

mass transfer coefficient of aroma compound in the bolus and the air-bolus contact area in the 560 

mouth. The respiratory frequency had a significant negative effect on nasal aroma 561 

concentration by increasing aroma compound removal. 562 

To assess the effect of each parameter on release dynamics, independently from global 563 

intensity, each simulated kinetic was scaled by its own maximum intensity. Results showed 564 

that only three out of the twenty parameters of the model had a major influence on the overall 565 

kinetics (results not shown): the rate of saliva incorporation into the bolus during food 566 

consumption QOS, the duration of the mastication before the first swallowing and the 567 

velopharynx opening (amplitude Δ𝑉𝑂𝐴 and frequency fropening). For example, an increase in 568 

the rate of saliva incorporation into the bolus during food consumption resulted in a decrease 569 

in the nasal concentration after the first swallow, due to the renewal of liquid phases present 570 

in the mouth and pharynx (supply of fresh saliva). These results from sensitivity analysis and 571 

the high level of uncertainty and of variability among individuals for physiological parameters 572 
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explained why the rate of saliva incorporation into the bolus during food consumption QOS 573 

and the frequency of the velopharynx opening fropening

5. Conclusions 576 

 were selected as the two degrees of 574 

freedom of the model. 575 

In conclusion, it appears that the proposed model adequately simulated ethyl propanoate 577 

release during the consumption of masticated matrices by a panel of ten individuals. The 578 

estimation of the average rate of saliva incorporation into the bolus and the frequency of 579 

velopharyngeal opening were in agreement with literature data. This study pointed out the 580 

role of mastication on the release of aroma compounds during consumption of solid food, by 581 

notably impacting the residence time of products in mouth and the opening of velopharynx 582 

during product intra-oral manipulation, which ensures a continuous supply of aroma 583 

compounds in the nose. Model sensitivity analysis highlighted that the parameters having a 584 

major impact on flavour release when eating a solid food product are partly different from the 585 

ones highlighted in the case of liquid or semi-liquid food [7]: in that case, the mass transfer 586 

coefficient in the bolus, the breath flow rate and the thickness of post-deglutition pharyngeal 587 

residue were the three key factors governing the release of aroma compounds. Differences 588 

with previous work on liquid and semi-liquid food products mainly come from the duration of 589 

food residence in the mouth.  590 

The release of 2-nonanone highlighted the existence of retention phenomenon of this 591 

molecule by lubricated mucosa. The model successfully accounted for this phenomenon. 592 

Further work could help clarifying the binding mechanisms and come up with a satisfactory 593 

quantitative description of the retention phenomenon [33, 34]. 594 

Overall, experimental release studies combined with mechanistic modelling help gaining new 595 

insight into the complex phenomena of in vivo aroma compound release during the 596 
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consumption of a solid food, by understanding the relative contributions of product properties, 597 

of individual characteristics and of their interactions. 598 

599 
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Symbol 

Nomenclature 600 

Unit Parameter 

A cm² Product/saliva contact area 

A cm² FAL Air/liquid bolus contact area in the pharynx 

A cm² OAL Air/ liquid bolus contact area in the oral cavity 

A cm² NAM Air/lubricated mucosa contact area in the nasal cavity 

A cm² OLP Liquid bolus/product contact area in the oral cavity 

C g/cmFA Aroma concentration in the air in the pharynx 3 

C g/cmFL Aroma concentration in the liquid bolus in the pharynx 3 

C* g/cmFL Aroma concentration at the air/liquid bolus interface in the pharynx 3 

C g/cmNA Aroma concentration in the air in the nasal cavity 3 

C g/cmNM Aroma concentration in the lubricated mucosa in the nasal cavity 3 

C g/cmOA Aroma concentration in the air in the oral cavity 3 

C* g/cmOAL Aroma concentration at the air/ liquid bolus interface in the oral cavity 3 

C g/cmOL Aroma concentration in the liquid bolus in the oral cavity 3 

C g/cmOP Aroma concentration in the product in the oral cavity 3 

C g/cmP_salt Salt concentration in the solid product 3 

C g/cmS_salt Salt concentration in artificial saliva 3 

C g/cmTA Aroma concentration in the trachea 3 

E cm Residual bolus layer thickness in the pharynx 

e cm NM Layer thickness of the lubricated mucosa in the nasal cavity 

F Number of cycles/s R Respiratory frequency 

fr Number of chews/s masticatory Masticatory frequency 

fr Occurrence number/s opening Opening frequency of the velopharynx 

HM % bolus Moisture content of the bolus 

HM % cheese Moisture content of cheese product 

K  FAL Air/ liquid bolus partition coefficient in the pharynx 
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K  NAM Air/ mucosa partition coefficient in the nasal cavity 

K  OAL Air/ liquid bolus partition coefficient in the oral cavity 

k m/s FL Mass transfer coefficient in the liquid bolus in the oral pharynx 

k m/s NM Mass transfer coefficient in the lubricated mucosa in the nasal cavity 

k m/s OA Mass transfer coefficient in the air phase in the oral cavity 

k m/s OL Mass transfer coefficient in the liquid bolus in the oral cavity 

R m Average radius of particles in the bolus. 

r g/g L Mass fraction of liquid bolus remaining in the mouth after deglutition 

r g/g cs Cheese/saliva mass ratio 

t s deg Swallowing moment 

Q cmNA 3 Air flow rate coming from the nasal cavity /s 

Q cmOA 3 Air flow rate coming from the oral cavity /s 

Q cmOS 3 Average rate of saliva incorporation in the bolus /s 

Q cmTA 3 Air flow rate coming from the trachea /s 

v cm/s Product dissolution rate in the saliva 

V cmFA Volume of air in the pharynx 3 

V cmFL Volume of liquid bolus in the pharynx 3 

V cmlung Lung volume 3 

V cmNA Volume of air in the nasal cavity 3 

V cmNM Volume of lubricated mucosa in the nasal cavity 3 

V cmOA Volume of air in the oral cavity 3 

∆V cmOA Amplitude of mouth volume variation during mastication 3 

V cmOL Volume of liquid bolus in the oral cavity 3 

V cmOP Volume of product in the oral cavity 3 

V cmOPD Volume of dissolved product in the bolus of the oral cavity 3 

V cmOS Volume of saliva in the bolus 3 
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V cmSalivadeg+ Volume of saliva usually present in the oral cavity after swallowing 3 

V cmT Tidal volume 3 

φ g/s FAL Volatile mass flux between the air and the liquid bolus in the pharynx 

φ g/s NAM 
Volatile mass flux between the air and lubricated mucosa in the nasal 

cavity 

φ g/s OAL Volatile mass flux between the air and the liquid bolus in the oral cavity 

φ g/s salt Salt mass flux between the product and saliva 

τ s Characteristic time of the aroma release decay 

Remark: The solid part of the bolus consists of the non-dissolved part of the food product. 601 
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Figure 1. Schematic representation of the chronological steps of the consumption of a solid 700 

food product. 701 

Figure captions 699 

Figure 2. Schematic representation of the interconnected compartments and of the 702 

mechanisms involved in flavour release during the consumption of a solid food product. 703 

Figure 3. Time variation of 9 model variables for the release of aroma compounds during the 704 

consumption of a solid product: (a) solid product volume in the mouth VOP, (b) volume of 705 

saliva in the mouth VOS, (c) volume of dissolved product in the liquid phase of the bolus 706 

VOPD, (d) contact area between solid and liquid phases of the bolus in the mouth AOLP, (e) 707 

aroma compound concentration in the air of the oral cavity COA, (f) aroma compound 708 

concentration in the liquid phase of the bolus in the mouth COL, (g) aroma compound 709 

concentration in the pharyngeal deposit CFL, (h) aroma compound concentration in the air in 710 

the pharynx CFA and (i) aroma compound concentration in the air in the nasal cavity CNA

Figure 4. Comparison of simulated and experimental release profiles for ethyl propanoate for 716 

panelists S001 (a-d) and S101 (e-h) and for cheese matrices FFl (a, e), Fh (b, f), Sl (c, g) and 717 

Sh (d, h). For each figure, the simulation is represented by a thick line, the average curve of 718 

the three replicates by a thin line and the envelope curve representing the standard deviation 719 

of three repetitions by the "gray" area. The characteristic moments of consumption (product 720 

introduction in mouth and the successive swallowing events) are represented by vertical lines. 721 

The two graphs in the form of bars at the right of the main figure present the values of two 722 

parameters before and after model fitting. The initial value is symbolized by a square and the 723 

. 711 

Case of the consumption of the cheese matrix FFl and for ethyl propanoate, with typical 712 

values of the physiological parameters. Time 0 corresponds to the moment of the first 713 

swallowing. Vertical lines indicate the time of product introduction in mouth and the 714 

successive swallowing events. 715 
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estimated value after the adjustment of the model by a triangle. The extreme values 724 

(maximum and minimum) give the physiological range of variation for each parameter 725 

(extracted from the initial panel of 50 individuals). 726 

Figure 5. Comparison of the average rate of saliva incorporation into the bolus estimated by 727 

model fitting with literature data. A) Salivary flow rate (parafilm stimulation), B) Average 728 

rate of saliva incorporation in the bolus (determined experimentally by measuring the dry 729 

extract of the bolus), C) Average rate of saliva incorporation in the bolus (estimated by model 730 

fitting), D) Average rate of saliva incorporation in the bolus given by [25]), E) Average rate 731 

of saliva incorporation in the bolus reported in [35]) and F) Average rate of saliva 732 

incorporation in the bolus reported in [24]). 733 

Figure 6. Comparison of in vivo release profiles of ethyl propanoate (thin envelope curve and 734 

dark gray line) and 2-nonanone (thin envelope curve and light gray line) for subject S001, 735 

cheese matrix FFl. The characteristic moments of consumption (product introduction in 736 

mouth and the successive swallowing events) are represented by vertical lines.  737 

Figure 7. Comparison of in vivo release of ethyl propanoate (dotted line) and 2-nonanone 738 

(solid line) following the ingestion of flavoured air (1 panelist, 1 replicate). The data are 739 

normalized to their maximum intensity. 740 

Figure 8. Comparison of simulated and experimental release profiles for 2-nonanone for 741 

panelist S001 for cheese matrices (a) FFl and (b) Sl, and for panelist S101 for cheese matrices 742 

(c) FFl and (d) Sl. For each figure, simulation is represented by a thick line, the average curve 743 

on the three replicates by a thin line and the envelope curve representing the standard 744 

deviation of three repetitions by the "gray" area. The characteristic moments of consumption 745 

(product introduction in mouth and successive swallowing events) are represented by vertical 746 

lines.  747 

  748 
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Table 1. Comparison of the average rates of saliva incorporation into the bolus (in mL/min) 750 

for the 4 cheese matrices. The letters indicate the classification group of the products 751 

(Friedman and Bonferroni tests are significant at the level 5%). 752 

Table captions 749 
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Table 1.  

Rate of saliva incorporation FFl Sh Sl Fh 
Mean value (mL/min) 10.50 10.80 9.43 5.27 

Standard deviation (mL/min) 5.70 4.97 6.16 8.08 
Group A A AB B 
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