Marion M Doyennette 
  
Isabelle Deleris Déléris 
email: isabelle.deleris@grignon.inra.fr
  
Gilles Feron 
email: gilles.feron@dijon.inra.fr
  
Elisabeth E Guichard 
email: elisabeth.guichard@dijon.inra.fr
  
Isabelle I Souchon 
email: isabelle.souchon@grignon.inra.fr
  
Ioan-Cristian I.-C Trelea 
  
G Féron 
  
I C Tréléa 
  
  
Main individual and product

Keywords: dynamic model, aroma compounds, food oral processing, physiology, mass transfer 1

 

Introduction

The mechanistic modelling of aroma compound release during food consumption allows one to calculate, from known physical laws, the amount of aroma compounds transferred over time in each anatomical compartment involved during food oral processing (mouth, nasal cavity, pharynx).

The first mechanistic models have focused on predicting the release of aroma compounds from a two-phase emulsion (water, oil) in contact with gas [START_REF] Harrison | Mathematical models of flavor release from liquid emulsions[END_REF]. They were based on physicochemical principles governing the release of volatile molecules from a food matrix: (i) the mass conservation of volatile compound, (ii) the mass transfer at the emulsion-gas interface (interfacial penetration theory), (iii) equilibrium properties at the emulsion-gas interface [START_REF] Overbosch | Flavor release in the mouth[END_REF].

First-order chemical kinetics have also been included in some models to describe reversible interactions between aroma compounds and non-volatile compounds such as macromolecules [START_REF] Harrison | Mathematical models of flavor release from liquid emulsions[END_REF]. However, these first models are not really representative of in vivo phenomena because the geometry of the system (surfaces and volumes) is assumed constant (which is not the case during food consumption) and they do not consider dynamic phenomena such as the dilution with salivary flow or the cyclic breathing of the subject. In addition, some of these models do not include any comparison with experimental data release [START_REF] Harrison | Mathematical models of flavor release from liquid emulsions[END_REF].

Further development of these pioneering models has led to a better representation of in vivo conditions occurring during food consumption, by including notably parameters related to individual physiology, such as salivary flow, periodic breath, etc. [START_REF] Normand | Modeling the Kinetics of Flavour Release during Drinking[END_REF][START_REF] Wright | Modelling flavour release from a chewed bolus in the mouth: Part II. The release kinetics[END_REF]. In addition, one of the major improvements in these models was to consider the aroma persistence phenomenon i.e. aroma release from bolus deposit covering the pharyngeal mucosa after swallowing. These models showed the relative roles of product and consumer characteristics and were validated against experimental data.

The first model including physiological data was proposed by Normand et al. [START_REF] Normand | Modeling the Kinetics of Flavour Release during Drinking[END_REF] in the case of liquid products and highlighted two main release regimes: (i) release due to equilibrium batch extraction (only pertinent for few breaths after swallowing) and (ii) release from lubricated mucosa (persistence phenomena). In the case of semi-liquid food, the most comprehensive model to date is the one developed by Tréléa et al. [START_REF] Tréléa | Mechanistic mathematical model for in vivo aroma release during eating of semi-liquid foods[END_REF] and further developed by Doyennette et al. [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF] coupling aroma release in the mouth and in the pharynx.

Mechanistic models describing aroma release from masticated foods are far less available in the literature, mostly because of the difficulty to understand the complex mechanisms which are involved during the consumption of those foods. Compared to liquid products, mass transfer occurs through several interfaces (product/saliva, saliva/air) in "solid" matrices (needing mastication) [START_REF] Harrison | Computer simulation of flavor release from solid foods in the mouth[END_REF][START_REF] De Roos | Non-equilibrium partition model for predicting flavour release in the mouth[END_REF]. Also, additional phenomena have to be considered: product dissolution and melting due to intraoral manipulations (chewing, saliva incorporation, warming) and the generation of a dynamic exchange interface between product and saliva.

Existing models describing aroma release from solid food are not complete since they do not take breathing into account [START_REF] Wright | Modelling flavour release from a chewed bolus in the mouth: Part II. The release kinetics[END_REF][START_REF] Hills | Two-film theory of flavour release from solids[END_REF]. Furthermore, the assumptions used are not always transferable to other types of food matrices and to associated food oral processes than those studied (e.g. candy) or to other consumption patterns (e.g. sucking mechanism studied by Wright et al. [START_REF] Wright | Modelling flavour release from a chewed bolus in the mouth: Part II. The release kinetics[END_REF]). [START_REF] Hills | Two-film theory of flavour release from solids[END_REF] also highlighted the importance of modelling the variation in the contact surface between the product and saliva, whose change in time plays a central role in the aroma compounds release. In their model, they suggest a multi-fragmentation theory to represent the chewing of a candy (assimilated to a cube). This approach provides a law of time change in the contact surface between product and saliva, using only two parameters: the number of bites and the duration of chewing. One might expect, however, that chewing real products, like cheeses for instance, will not always produce cubes and multiply the area by a factor of 2 after each bite. Other studies have also investigated the fragmentation of solids placed in the mouth under the action of chewing. The degree of fragmentation of a food can be determined by different types of experimental measurements such as the analysis of particle size distribution in the bolus [START_REF] Peyron | Particle Size Distribution of Food Boluses after Mastication of Six Natural Foods[END_REF]. These experimental data allow the determination of the laws of fragmentation depending on the type of food: deterministic analytic laws of product fragmentation over time [START_REF] Tobitsuka | Retention of a European Pear Aroma Model Mixture Using Different Types of Saccharides[END_REF], or probabilistic laws [START_REF] Harrison | Computer simulation of flavor release from solid foods in the mouth[END_REF][START_REF] Agrawal | Mechanical properties of foods responsible for resisting food breakdown in the human mouth[END_REF][START_REF] Van Der Bilt | A mathematical description of the comminution of food during mastication in man[END_REF][START_REF] Wright | Modelling flavour release from a chewed bolus in the mouth: Part I. Mastication[END_REF]. While these approaches can be very comprehensive, they have several limitations. For example, some of them require complex experimental protocols that are difficult to implement (bolus spitting after a variable number of bites). Other approaches need the determination of many parameters (such as the number of chews, the number or the size of food particles after each chew, etc…), usually unknown, and which may depend on the product and/or on the individual.

Hills and Harrison

From this literature review, it appears that modelling the release of aroma compounds during solid food consumption remains a challenging task and that the results of published studies are difficult to extrapolate to other experimental conditions. In this context, the present study proposes a model simulating the release of aroma compounds, applicable to different food matrices and different individuals with a wide range of physiological characteristics. With this mechanistic model, our main objective was to understand the mechanisms and parameters governing the release of aroma compounds during the intra-oral manipulation and swallowing of "solid" food (needing chewing).

Mathematical modelling of in vivo aroma compound release

To do so, simulations issued from the model were compared to in vivo release data of two aroma compounds, measured by atmospheric pressure chemical ionization mass spectrometry (APCI-MS) on ten panelists, during the consumption of four sorts of cheese, varying in composition and texture. Model assumptions are presented and their validity is discussed.

2.1.Principles of the model

The aroma release model described in this study applies to food products requiring mastication. It is an extension of the model developed for liquid and semi-liquid foods by Doyennette et al. [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF]. The new insight is the consideration of the mastication process. The global eating process involves several steps shown in figure 1: the initial state of the system (product introduction in mouth), the intra-oral manipulation of the product, which consists in several masticatory cycles, one or more swallowing events and the resting phase (release during the post-mastication stage) which occurs when there is no more product in the mouth.

The intra-oral manipulation phase usually lasts until the first swallow. However, in some cases (particularly for firm products), it can extend beyond the first swallow.

Similarly to the model of Doyennette et al. [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF], the present description of the swallowing step includes simultaneous contractions of the oral cavity and of the pharynx, leading to air and product expulsion, followed by relaxation and filling with fresh air. This will cause the expulsion of the bolus formed in the mouth into the pharynx. Each swallowing step leads to the deposit of a small part of the in-mouth liquid phase of the bolus on the pharyngeal walls.

A residual amount of the solid part of the bolus remains in the mouth and is chewed again and mixed with saliva in order to form a new food bolus suitable for swallowing.

A schematic representation of the four compartments involved in the model design, as well as their connections and the mechanisms responsible for flavour release, are given in figure 2.

All variables and parameters of the interconnected compartments required for the model simulation are specified in this figure .    Compared to the previous model [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF], two main differences can be observed: first, the presence of three instead of two sub-compartments in the mouth (the non-dissolved food product, which is the solid part of the bolus, the liquid phase of the bolus, made of saliva and dissolved food product and the air phase) and secondly, the opening of the velopharynx during chewing, allowing the transport of aroma compounds between the air phases of mouth and pharynx (figure 2).

Concerning the food bolus fragmentation under mastication, the particle size distribution in the bolus after each bite has already been described in literature [START_REF] Harrison | Computer simulation of flavor release from solid foods in the mouth[END_REF][START_REF] Peyron | Particle Size Distribution of Food Boluses after Mastication of Six Natural Foods[END_REF][START_REF] Agrawal | Mechanical properties of foods responsible for resisting food breakdown in the human mouth[END_REF][START_REF] Van Der Bilt | A mathematical description of the comminution of food during mastication in man[END_REF][START_REF] Wright | Modelling flavour release from a chewed bolus in the mouth: Part I. Mastication[END_REF]. However, these approaches require the knowledge of parameters such as food particle size after each chew, which is difficult to determine experimentally, particularly for pasty products like cheese used in the present study. The relevant parameter for aroma compound release is not the particle size itself, but the contact area between the solid and the liquid phase of the bolus.

In this study, we focus on the generation of this area, as previously done in literature [START_REF] De Loubens | Mechanistic model of in vitro salt release from model dairy gels based on standardized breakdown test simulating mastication[END_REF].

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

In the following paragraphs, the main differences with the previously published model for liquid products [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF] are emphasized.

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

Two concurrent phenomena can occur:

• the transfer of aroma compounds from the non-dissolved product into the liquid phase of the bolus,

• the melting (dissolution) of the product in the liquid phase of the bolus due to the combined action of the mastication, the saliva incorporation and the warming of the product in the mouth. This also leads to the release of aroma compounds contained in the dissolved product towards the liquid phase of the bolus.

In practice, it is very difficult to distinguish between the relative contributions of each mechanism. Moreover, the phenomena of transfer and of dissolution can be described by very similar equations. Considering the studied products (cheeses), we arbitrarily chose to assign the release of aroma compounds into saliva to a single mechanism (dissolution) while being aware that the transfer also contributes to this process.

Air/bolus interfacial conditions in the oral cavity

Similarly to Doyennette et al. [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF], the transfer resistance on the air side 1/𝑘 𝑂𝐴 was assumed to be negligible when compared to the transfer resistance on the product side 1/𝑘 𝑂𝐿 (the orders of magnitude of the mass transfer coefficients, representing the reciprocal of the resistances, are 10 -2 and 10 -6 m/s respectively [START_REF] Cussler | Mass Transfer in Fluid Systems[END_REF].

Therefore, the interfacial aroma compound concentration on the liquid bolus side, using the partition conditions at the interface, is given by:

𝐶 𝑂𝐴𝐿 * (𝑡) = 𝐶 𝑂𝐴 (𝑡) 𝐾 𝑂𝐴𝐿 (𝑡) (1) 
The volatile mass flux between the air and the liquid bolus in the oral cavity φ OAL is mainly determined by the resistance located on the bolus side and is given by the difference between the liquid bolus concentration (C OL ) and the interfacial concentration

(C * OAL 𝜙 𝑂𝐴𝐿 (𝑡) = 𝑘 𝑂𝐿 (𝑡) × 𝐴 𝑂𝐴𝐿 (𝑡) × (𝐶 𝑂𝐿 (𝑡) -𝐶 𝑂𝐴𝐿 * (𝑡)) (2) 
):

Air in the oral cavity

In addition to the aroma compound flux from the liquid bolus, the air in the mouth can also exchange aroma compounds with the air in the pharynx. Jaw movements during mastication induce velopharynx opening and cyclic air flow between the pharynx and the mouth [START_REF] Matsuo | Effects of Respiration on Soft Palate Movement in Feeding[END_REF].

The variation of aroma concentration in the air in the oral cavity C OA is thus due to the volatile flux from the liquid food bolus and from the air coming from the pharynx (Q OA 𝑉 𝑂𝐴 (𝑡) ×

𝑑𝐶 𝑂𝐴 (𝑡) 𝑑𝑡 = 𝜙 𝑂𝐴𝐿 (𝑡) + � 𝑄 𝑂𝐴 (𝑡) × (𝐶 𝐹𝐴 (𝑡) -𝐶 𝑂𝐴 (𝑡)) 𝑖𝑓 𝑄 𝑂𝐴 (𝑡) ≥ 0 0 𝑖𝑓𝑄 𝑂𝐴 (𝑡) < 0 (3) 

≥0

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

Little is known on the real change in V OA . It was assumed that the masticatory movements create a cyclic variation of the air volume V OA around a mean value V OA mean

𝑉 𝑂𝐴 (𝑡) = 𝑉 𝑂𝐴 𝑚𝑒𝑎𝑛 + Δ𝑉 𝑂𝐴 × sin ( 2 × 𝜋 × 𝑓𝑟 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × 𝑡) (4) 
as it has been observed by Matsuo et al. [START_REF] Matsuo | Effects of Respiration on Soft Palate Movement in Feeding[END_REF]. In this case:

Therefore, the air flow rate coming from the mouth

Q OA 𝑄 𝑂𝐴 (𝑡) = 𝑑𝑉 𝑂𝐴 (𝑡) 𝑑𝑡 = 2 × 𝜋 × 𝑓𝑟 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × Δ𝑉 𝑂𝐴 × cos ( 2 × 𝜋 × 𝑓𝑟 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × 𝑡) (5) 
is calculated as follows:

It is expected that Δ𝑉 𝑂𝐴 can be highly variable among individuals, but no quantitative data was found in the literature. A fair estimation of Δ𝑉 𝑂𝐴 seems to be 20% of 𝑉 𝑂𝐴 𝑚𝑒𝑎𝑛 , value which was used in our model. Based on observations from Matsuo et al. [START_REF] Matsuo | Effects of Respiration on Soft Palate Movement in Feeding[END_REF], we assumed that fr opening can vary among individuals, within a defined range. We supposed that the highest opening frequency was coordinated with the masticatory frequency (fr masticatory ), and that the lowest opening frequency was coordinated with the respiratory frequency (F R

Product in the oral cavity

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

In line with the assumption of the dissolution rather than transfer mechanism discussed above, the aroma compound concentration in the solid (undissolved) food product fraction remains constant in time:

𝐶 𝑂𝑃 (𝑡) = 𝐶 𝑂𝑃 (0) (6) 
Due to dissolution and fragmentation processes, the volume of the solid food product decreases over time, while its contact area with the liquid phase of the bolus increases and then abruptly decreases due to swallowing.

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

𝑑𝑉 𝑂𝑃 (𝑡) 𝑑𝑡 = -𝑣 × 𝐴 𝑂𝐿𝑃 (𝑡) (7) 
Due to fragmentation induced by mastication, the contact area between the solid product present in the mouth and the liquid bolus increases in time. The exact rate of change of this contact area is not known for pasty products, like cheeses used in this study. In absence of more detailed information we assumed that, as long as some solid product is present in the mouth and a regular mastication behaviour were considered, its contact area with the liquid bolus evolves linearly over time. This simplifying hypothesis might be refined in the future based on more detailed studies, however. With this assumption:

𝑑𝐴 𝑂𝐿𝑃 (𝑡) 𝑑𝑡 = � 𝐴 𝑂𝐿𝑃𝑑𝑒𝑔 -𝐴 𝑂𝐿𝑃𝑖𝑛𝑖 𝑡 𝑑𝑒𝑔 -𝑡 0 if 𝑉 𝑂𝑃 (𝒕) > 𝟎 0 if 𝑉 𝑂𝑃 (𝒕) = 𝟎 (8) 
with the index "deg" meaning "at the current deglutition moment", and the index "ini" meaning "at food product introduction in mouth" (at t 0

Liquid bolus in the oral cavity

) or "just after the previous deglutition".

The liquid bolus compartment has a composition which evolves over time. It is initially composed of pure saliva, and is progressively flavoured by the addition of dissolved product.

Its volume increases with the addition of saliva (salivary flow) and with the incorporation of dissolved product, and periodically decreases after swallowing.

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

𝑉 𝑂𝐿 (𝑡) = 𝑉 𝑂𝑆 (𝑡) + 𝑉 𝑂𝑃𝐷 (𝑡) (9) 
In that case, we have:

𝑑𝑉 𝑂𝑆 (𝑡) 𝑑𝑡 = 𝑄 𝑂𝑆 (10) 
with

𝑑𝑉 𝑂𝑃𝐷 (𝑡)
𝑑𝑡 the product dissolution rate, defined as

𝑑𝑉 𝑂𝑃𝐷 (𝑡) 𝑑𝑡 = 𝑣 × 𝐴 𝑂𝐿𝑃 (𝑡) (11) 
The mass balance for a given aroma compound in the bolus leads to the following equation:

𝑑𝑉 𝑂𝐿 (𝑡)×𝐶 𝑂𝐿 (𝑡) 𝑑𝑡 = 𝜙 𝑂𝐿𝑃 (𝑡) -𝜙 𝑂𝐴𝐿 (𝑡) (12) 
with the volatile mass flux φ OLP

𝜙 𝑂𝐿𝑃 (𝑡) = 𝑣 × 𝐴 𝑂𝐿𝑃 (𝑡) × 𝐶 𝑂𝑃 (𝑡) (13) 
coming from product dissolution:

The mass flux φ OAL is given by the difference between the aroma concentration in the liquid phase of the bolus (C OL ) and the interfacial concentration (C *

OAL

The properties of the liquid bolus relevant for aroma compound transfer, namely the air/bolus partition coefficient (K ) (Eq. 2).

OAL , Eq. 1) and the mass transfer coefficient (k OL 2.3.Mathematical description of aroma release during the pharyngeal step , Eq. 2) change with the relative fraction of the saliva and dissolved product in the liquid bolus. This dependence was previously established [START_REF] Doyennette | The dynamics of aroma compound transfer properties in cheeses during simulated eating conditions[END_REF] and included in the model simulations.

Bolus in the pharynx

Phenomena governing flavour release from the bolus in the pharynx are similar to the ones described for liquid products [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF].

Air in the pharynx

The air in the pharynx exchanges aroma compounds with the bolus in the pharynx, and with the other compartments: the mouth (air flow 𝑄 𝑂𝐴 (𝑡)), the nose (air flow 𝑄 𝑁𝐴 (𝑡)) and the trachea (air flow 𝑄 𝑇𝐴 (𝑡)). Compared to the model of Doyennette et al. [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF], air flows to and from the mouth have been modified (due to the velopharynx opening during mastication). By convention, the air flow rates indicated in figure 2 are positive if they follow the direction of the arrow. The air balance in the pharynx at any time gives the following relationship:

𝑄 𝑁𝐴 (𝑡) = -𝑄 𝑇𝐴 (𝑡) + 𝑄 𝑂𝐴 (𝑡) (14) 
For the considered aroma compound, the mass balance in the air of the pharynx gives the equation:

𝑉 𝐹𝐴 × 𝑑𝐶 𝐹𝐴 (𝑡) 𝑑𝑡 = 𝜙 𝐹𝐴𝐿 (𝑡) + � -𝑄 𝑂𝐴 (𝑡) × (𝐶 𝑂𝐴 (𝑡) -𝐶 𝐹𝐴 (𝑡)) 𝑖𝑓 𝑄 𝑂𝐴 (𝑡) < 0 𝑄 𝑁𝐴 (𝑡) × (𝐶 𝑁𝐴 (𝑡) -𝐶 𝐹𝐴 (𝑡)) 𝑖𝑓 𝑄 𝑁𝐴 (𝑡) ≥ 0 𝑄 𝑇𝐴 (𝑡) × (𝐶 𝑇𝐴 (𝑡) -𝐶 𝐹𝐴 (𝑡)) 𝑖𝑓 𝑄 𝑇𝐴 (𝑡) ≥ 0 (15) 

2.4.Conditions of the system after each deglutition

The deglutition step is very short compared to product residence time in mouth. It is thus described as quick contraction and relaxation events (figure 1).

Product and bolus in the oral cavity after deglutition

Aroma compound concentrations in the product and in the bolus are unchanged during deglutition. The volume of product in the oral cavity just after deglutition (V OPdeg+ ) decreases and corresponds to the volume of product just before swallowing (V OPdeg-) multiplied by the fraction of liquid bolus remaining in the mouth after deglutition (r L V ), i.e. :

OPdeg+ = V OPdeg-×r L
Similarly, the liquid bolus/product contact area in the oral cavity after swallowing is calculated as:

A OLPdeg+ = A OLPdeg-×r L

The volumes of saliva (V ( 17)

OSdeg+ ) and of dissolved product (V OPDdeg+ V 𝑂𝑆𝑑𝑒𝑔+ = V 𝑂𝑆𝑑𝑒𝑔-× V 𝑆𝑎𝑙𝑖𝑣𝑎𝑑𝑒𝑔+ V 𝑂𝑆𝑑𝑒𝑔-+V 𝑂𝑃𝐷𝑑𝑒𝑔-
, and

V 𝑂𝑃𝐷𝑑𝑒𝑔+ = V 𝑂𝑃𝐷𝑑𝑒𝑔-× V 𝑆𝑎𝑙𝑖𝑣𝑎𝑑𝑒𝑔+ V 𝑂𝑆𝑑𝑒𝑔-+V 𝑂𝑃𝐷𝑑𝑒𝑔- (18) 
) in the oral cavity decrease after swallowing. We assume that the bolus liquid part (saliva and dissolved product) is uniformly swallowed. Therefore, we have:

with V Salivadeg+ being the volume of saliva usually present in the oral cavity after swallowing.

Aroma compound retention by lubricated mucosa

To take the reservoir effect of lubricated mucosa into account, additional compartments were included into the model. We assumed that air in the mouth, in the pharynx and in the nose was in contact with lubricated mucosa layers within the corresponding compartment. For example, in the nose, the volatile mass flux φ NAM

𝜙 𝑁𝐴𝑀 (𝑡) = 𝑘 𝑁𝑀 × 𝐴 𝑁𝐴𝑀 × (𝐶 𝑁𝑀 (𝑡) - 𝐶 𝑁𝐴 (𝑡) 𝐾 𝑁𝐴𝑀 ) (19) 
between the air and the mucosa is given by:

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

𝑉 𝑁𝐴 × 𝑑𝐶 𝐹𝐴 (𝑡) 𝑑𝑡 = 𝜙 𝑁𝐴𝑀 (𝑡) + � 𝑄 𝑁𝐴 (𝑡) × (0 -𝐶 𝑁𝐴 (𝑡)) 𝑖𝑓 𝑄 𝑁𝐴 (𝑡) ≥ 0 𝑄 𝑇𝐴 (𝑡) × (𝐶 𝐹𝐴 (𝑡) -𝐶 𝑇𝐴 (𝑡)) 𝑖𝑓 𝑄 𝑇𝐴 (𝑡) ≥ 0 (20) 
and in nasal mucosa:

𝑉 𝑁𝑀 × 𝑑𝐶 𝑁𝑀 (𝑡) 𝑑𝑡 = -𝜙 𝑁𝐴𝑀 (𝑡) (21) 
Here, V NM 𝑉 𝑁𝑀 = 𝑒 𝑁𝑀 × 𝐴 𝑁𝐴𝑀 [START_REF] Shojaei | Buccal mucosa as a route for systemic drug delivery: a review[END_REF] is the volume of lubricated mucosa which is involved in the interaction with the aroma compound. It can be expressed as Similar equations were added in the mouth and in the pharynx to take the effect of the lubricated mucosa present in these compartments into consideration. In the absence of more detailed information, the contact area between lubricated mucosa and air was arbitrarily set to half of the contact area between the bolus and the air in the mouth, as well as in the pharynx.

Little information is available in the literature concerning values to be considered in the aroma retention model. The contact area between air and lubricated mucosa in the nose A NAM was set to 160 cm² [START_REF] Levitzky | Pulmonary physiology[END_REF]. In literature, values comprised between 5.6×10 -5 and 4.8×10 -1 were mentioned for air/mucus partition coefficient of butanol and octanol in bullfrog [START_REF] Hornung | Olfactory Mucosa-Air Partitioning of Odorants[END_REF]. Thus, a typical value of 1×10 -3 was selected here. Concerning the mucosa layer thickness, Shojaei [START_REF] Shojaei | Buccal mucosa as a route for systemic drug delivery: a review[END_REF] gave values between 500 and 800 µm in mouth and 100 to 200 µm for the gingival mucosa. It is expected, however, that the aroma compound will not necessarily have time to diffuse in the whole epithelium thickness, and these values are considered as upper limits for mucosa layer thickness involved in aroma retention.

Material and Methods

Flavoured cheese products

Four industrial cheese products (melt-cheese technology) varying in composition and texture (two fat levels and two firmness levels) and flavoured with ethyl propanoate and 2-nonanone were studied [START_REF] Repoux | Combined effect of cheese characteristics and food oral processing on in vivo aroma release[END_REF]. They were coded according to their characteristics, with a combination of letters as following: S or F for Soft or Firm respectively and l or h for low-fat or high-fat respectively.

Panelist selection and their physiological characterization at rest

Ten individuals were selected from a large panel composed of 44 subjects: they were verified to be representative of the whole panel (mean and standard deviation) concerning physiological data, masticatory behavior and APCI-MS release kinetics [START_REF] Repoux | Combined effect of cheese characteristics and food oral processing on in vivo aroma release[END_REF].

The volumes of oral, nasal and pharyngeal cavities of subjects were measured with the Eccovision Acoustic Rhinopharyngometer from Eccovision (Sleep Group Solutions, North Miami Beach, FL 33162). A software was developed to calculate automatically the air/product areas of oral and pharyngeal cavities for each individual [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF].

The tidal volume of each individual was measured with a spirometer (Pulmo System II, MSR, Rungis, France) [START_REF] Repoux | Combined effect of cheese characteristics and food oral processing on in vivo aroma release[END_REF]. The respiratory frequency F R 3.2. In-nose measurements of aroma release by Atmospheric Pressure Chemical Ionization-Mass Spectrometry (APCI-MS) and data processing used in the model was calculated directly from the acetone signal measured by APCI-MS.

Aroma release was measured using APCI-MS [START_REF] Repoux | Combined effect of cheese characteristics and food oral processing on in vivo aroma release[END_REF]. For each product, each panelist and for the three replicates, a mean curve and an envelope curve (representing the standard deviation of the replicates) were determined based on the peak lines (curve linking the maxima of aroma release profile ) [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF]. Release kinetics were divided in two different phases: "phase 1" corresponded to the chewing phase before the first deglutition and "phase 2" corresponded to the rest of the chewing phase (if present) and to the resting phase. The end of phase 2 was set when less than 10% of the maximal intensity was reached. Areas under curve (AUC) were determined for each phase.

Physiological characterization of individuals during cheese consumption

Chewing activity, bolus saliva content and mouth coating were determined for each panelist as described in Repoux et al. [START_REF] Repoux | Combined effect of cheese characteristics and food oral processing on in vivo aroma release[END_REF].

It has been demonstrated from various studies [START_REF] Watanabe | A Comparison of the Effects of Tasting and Chewing Foods On the Flow-rate of Whole Saliva In Man[END_REF][START_REF] Gaviao | Chewing behavior and salivary secretion[END_REF] that salivary flow during food consumption is much higher than the salivary flow at rest or artificially stimulated. Therefore, an average rate of saliva incorporation in the bolus during food product consumption (Q OS

𝑄 𝑂𝑆 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑠𝑎𝑙𝑖𝑣𝑎 ×𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑜𝑜𝑑 𝑖𝑛𝑔𝑒𝑠𝑡𝑒𝑑 100 ×𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒 1 (23) 
)

was estimated with the following equation:

with the amount of food ingested = 6g, and phase 1 being the chewing phase before the first swallow. The percentage of incorporated saliva (relative to the product) was calculated as follows, based on moisture content of the initial cheese and of the bolus:

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑠𝑎𝑙𝑖𝑣𝑎 = 𝐻𝑀 𝑏𝑜𝑙𝑢𝑠 100-𝐻𝑀 𝑏𝑜𝑙𝑢𝑠 × (100 -𝐻𝑀 𝑐ℎ𝑒𝑒𝑠𝑒 ) -𝐻𝑀 𝑐ℎ𝑒𝑒𝑠𝑒 (24) 
The percentage of incorporated saliva and the duration of phase 1 were determined during two separate experimental sessions, which can induce biased calculation (the salivary flow rate is known to vary daily and with the physiological state of the individual). Therefore, the average rate of saliva incorporation in the bolus during food consumption calculated with Eq. 23 was

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

In this study, neither the frequency nor the displacement amplitude of the soft palate during food consumption could be experimentally measured in a non-invasive way. Due to the uncertainty on the actual values of these parameters and to the fact that they have a similar effect on the air flow rate (Eq. 5), the volume variation of the oral cavity during the consumption of cheese was arbitrarily fixed to a reference value of 20% of the mean volume and the opening frequency of the velopharynx was a degree of freedom of the model.

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

A 𝑂𝐿𝑃𝑑𝑒𝑔𝑙𝑢 = 3×V OPini R (25) 
)

was calculated with the assumption of spherical particles:

The particle radius R was estimated with a compression device designed by the Laboratoire de Rhéologie (Grenoble, FRANCE) [START_REF] Yven | Consequences of individuals chewing strategies on bolus rheological properties at the swalllowing treshold[END_REF].

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

The modification of the air/bolus partition coefficients of ethyl propanoate and 2-nonanone, due to modification of the bolus composition, was determined by the static phase ratio variation method (PRV) [START_REF] Ettre | Determination of gas-liquid partition coefficients by automatic equilibrium headspace-gas chromatography utilizing the phase ratio variation method[END_REF]. The mass transfer coefficients of aroma compounds into the bolus were obtained by non-linear regression from dynamic headspace experiments performed with Proton Transfer Reaction-Mass Spectrometry (PTR-MS) [START_REF] Doyennette | Mechanisms explaining the role of viscosity and post-deglutitive pharyngeal residue on in vivo aroma release: A combined experimental and modeling study[END_REF]. From those in vitro measurements, the relationships describing the modifications of air/bolus partition and the mass transfer coefficients of ethyl propanoate and 2-nonanone in bolus as a function of cheese/saliva mass ratio were integrated into the model. The cheese/saliva mass ratio r cs

𝑟 𝑐𝑠 = 𝑉 𝑂𝑃𝐷 𝑉 𝑂𝑃𝐷 +𝑉 𝑂𝑆 (26) 
used in the equations is given by:

Estimation of cheese dissolution rate in artificial saliva

Considering the previously mentioned assumption of product dissolution, the dissolution rate was estimated from measurements of the release of ionic species into warm artificial saliva, using a conductivity probe. This measurement was chosen for its simplicity and for the possibility to perform on-line measurements. The release of salts is considered here as a marker of the matrix dissolution. The conductivity probe was calibrated at 35°C, with aqueous NaCl solutions prepared with deionised water. Concentrations were measured in g/L NaCl equivalent. A 6g-cylinder of cheese matrix, cut with a 24-mm punch, was placed in a beaker containing 400 ml of artificial saliva (including 0.216 g of mucin (from porcine stomach type II, SIGMA-ALDRICH) per 100g) and a magnetic stirrer. The monitoring of salt release (actually all species contributing to the conductivity signal) was made during two minutes using a conductivity meter (MPC HEITOLAB 350) and a probe (DCP 4). Product dissolution rate was determined by nonlinear regression using Matlab 7 (Natick, MA), using Eq. 27.

𝜙 𝑠𝑎𝑙𝑡 (𝑡) = 𝑣 × 𝐴(𝑡) × (𝐶 𝑃 𝑠𝑎𝑙𝑡 -𝐶 𝑆 𝑠𝑎𝑙𝑡 (𝑡)) (27) 
where φ salt is the salt mass flux between the product and saliva, A(t) the product/saliva contact area and C Psalt and C Ssalt

Measurements of aroma compound retention by lubricated mucosa using Proton Transfer

Reaction-Mass Spectrometry (PTR-MS) the salt concentrations in the solid product and in artificial saliva respectively.

Flavoured solutions were prepared with mineral water (Evian), ethyl propanoate and 2nonanone (final concentration of 4.8mg/L for each). 134.8cm 3 Five panelists were recruited for this specific measurement and were instructed to suck up a mouthful of vial headspace with a straw, to swallow it and to continue to breathe normally through the nose. A minimum of three replicates was performed for each individual. During this experiment, the dynamic release of aroma compounds was measured online using Proton Rankings of samples were then obtained by the non-parametric test of multiple comparisons (Bonferroni method, level of significance set at 5%). For the correlation test, the Spearman test was performed, with a level of significance set at 5% (www.Anastats.fr

Results and Discussion

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

During secondary swallowing events, the deposit is renewed by the food bolus coming from the oral cavity. However, the new layer is already depleted in aroma compounds, which leads decrease to zero.

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

As no interaction with lubricated mucosa was assumed for ethyl propanoate, simulations were performed using the model without lubricated mucosa compartment. To compare model simulations with experimental in vivo release data for ethyl propanoate, the air flow rate resulting from the frequency of velopharynx opening was adjusted to fit the simulated release kinetics before the first swallowing. The rate of saliva incorporation into the food bolus was also adjusted so that the simulated release kinetics after the first deglutition fitted the decay phase of the experimental curve.

All simulations have been satisfactorily fitted to experimental data (the average error of the model, for all cheeses and all individuals, was only 5.88%±2.81). The two unknown parameters of the model (the average rate of saliva incorporation into the bolus and the frequency of velopharyngeal opening) could be estimated.

Figure 4 presents some comparisons of simulations and experimental data for panelists S001 and S101. We can observe that these two individuals present diversified consumption and aroma release behaviours: for example, panellist S001 exhibits a consistently longer mastication time before the first swallow than panellist S101, and both panellists have longer mastication times for firm matrices, as one could expect. In spite of this diversity, the model correctly described the in vivo release profiles. Some slight deviations can be noticed, as for instance on figures 4.a and 4.b at about 10s and 30s respectively. A possible explanation could be that individuals have more complex behaviour during food consumption than currently assumed in the model; for example, the amplitude of jaw movement related to

parameter ΔV OA
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 correctly represented by the model with constant values of physiological parameters. One should also bear in mind that panellists' behaviour is not fully reproducible and the greyed area in Figure 4 represents an interval of ±1 standard deviation of 3 replicate experiments, which is statistically expected to contain less than 58% of the data.

OS (for all cheeses and all panelists), experimentally determined using the percentage of saliva incorporated in the bolus and the average chewing time, is 7.88±4.39 mL/min (figure 5, bar B). Its value remains similar to the one of Q OS Overall, the average rate of saliva incorporation into the bolus, either measured directly or estimated by fitting simulations to experimental data, was statistically much higher than the salivary flow measured with mechanical stimulation (9.00±3.65 mL/min vs. 2.65±0.87 estimated by fitting simulations to experimental data (9.00 ± 3.65 mL/min, bar C in figure 5). These values are also comparable (mean and standard deviation) to the salivary flow values measured experimentally during food consumption by other authors [START_REF] Mioche | The relationship between chewing activity and food bolus properties obtained from different meat textures[END_REF][START_REF] Patarin | Mechanical characterization of cheese food bolus: a new device[END_REF][START_REF] Anderson | The effects of bolus hardness on masticatory kinematics[END_REF].

mL/min, bar A in Figure 5) as already observed by Gaviao et al. [START_REF] Gaviao | Chewing behavior and salivary secretion[END_REF] (7.82±4.53 mL/min vs.

1.40±0.67 mL/min), meaning that the salivary flow obtained with a mechanical stimulus is not representative of the actual one during product consumption.

When products are compared (table 1), it appears that the average rate of saliva incorporation into the bolus for the cheese matrix Fh (firm with a high-fat content) is statistically lower than for the others cheese matrices (2-fold factor between cheese matrix Fh and cheese matrices Sh and FFl), probably due to a longest consumption duration of cheese matrix Fh, as already observed in previous studies [START_REF] Repoux | Combined effect of cheese characteristics and food oral processing on in vivo aroma release[END_REF]. Indeed, the rate of incorporation of saliva into the bolus can be expressed as:

𝑄 𝑂𝑆 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑙𝑖𝑣𝑎 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑤𝑎𝑙𝑙𝑜𝑤𝑖𝑛𝑔
+ 𝑠𝑎𝑙𝑖𝑣𝑎𝑟𝑦 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒, with the initial volume of saliva in mouth being the same whatever the consumption duration. If we assume that the salivary flow rate is constant during time, it follows that the longer the consumption duration, the smaller Q OS 4.3. Comparison of model predictions with experimental data for 2-nonanone will be. The presence of fat can also induce a decrease in salivary flow, as already observed during the consumption of model cheese matrices [START_REF] Tarrega | Aroma release and chewing activity during eating different model cheeses[END_REF]. In the present study, it is likely that the low value of the average rate of saliva incorporation into the bolus for the cheese matrix Fh is the result of the two phenomena mentioned above.

In vivo observations highlighted that ethyl propanoate and 2-nonanone exhibit quite different behavior in terms of persistence (figure 6): the release amount for 2-nonanone during phase 2 was systematically higher for all individuals and all cheese matrices than for ethyl propanaote (significant difference between the areas under curve of the two aroma compounds, Friedman and Bonferroni tests, p<0.05, not shown). We assumed that this phenomenon was the result of an interaction between this molecule and lubricated mucosa. A specific experiment, based on swallowing of aromatized air, was performed to check this assumption (see Material and Method section). An example of standardized release curve is shown in figure 7 for one panelist. Statistical analysis confirmed that 2-nonanone (solid line) persists much longer than ethyl propanoate (dotted line) in the exhaled air. This was observed for all panelists and all replicates. Measurements by PTR-MS of the in vitro release of these two molecules by diluting the headspace of a vial containing the same aqueous flavoured solution excluded a retention effect of the PTR-MS transfer line. All these results confirmed the existence of a significant retention of the 2-nonanone by oral, pharyngeal and/or nasal lubricated mucosa.

This phenomenon has already been highlighted for other volatile compounds such as ethanol or menthol [START_REF] Normand | Modeling the Kinetics of Flavour Release during Drinking[END_REF][START_REF] Van Ruth | Volatile flavour retention in food technology and during consumption: Juice and custard examples[END_REF].

Simulations performed with the model including lubricated mucosa compartments were compared to in vivo release data for 2-nonanone for cheese matrices FFl and Sl. No data was available for the two others cheese matrices since 2-nonanone was not detected because of its high hydrophobicity and of retention by fat. The frequency of velopharynx opening and the rate of saliva incorporation into the food bolus which were previously found for ethyl propanoate were kept identical. Results showed that all simulations satisfactorily fitted experimental data if a mucosa layer thickness of 100 µm and a transfer coefficient of 1×10 -1 4.4. Velopharynx opening cm/s were fixed for all individuals (figure 8). The average error of the model was 13.16%±6.80, for the two cheese matrices tested and for the ten individuals. These results will have to be refined in the future, through dedicated experiments to measure aroma compound retention by lubricated mucosa.

The results of the model fitting suggested that velopharynx opening can be different between individuals. We found that in 53% of cases, the velopharynx opening was synchronized with chewing frequency; in 37% of cases, it was synchronized with respiratory frequency and in the 10% remaining cases, subjects had an intermediate behavior. Although little data is available on this topic in the literature, these results are consistent with observations from Matsuo et al. [START_REF] Matsuo | Effects of Respiration on Soft Palate Movement in Feeding[END_REF], who studied the velopharynx opening of 9 persons by videofluorography during the consumption of various foods (banana, cookie, meat). They found that the opening frequency varied widely among subjects, but that the opening time was related to jaw movements. A link between breathing and velopharynx movements was also highlighted.

Analysis of model sensitivity

An analysis of model sensitivity was performed to evaluate the effect of some physiological or physicochemical parameters on the variation of nasal concentration with time. A standard nasal concentration curve was determined using mean values for panellist characteristics.

Then, each parameter was multiplied or divided by a factor of two (which is representative of the typical variability of physiological parameters).

To assess the effect of each parameter on release intensity, each simulated kinetic was scaled by the maximum of the standard nasal concentration curve. Three parameters were found to have a strong positive effect on release intensity: the product dissolution rate in the mouth, the mass transfer coefficient of aroma compound in the bolus and the air-bolus contact area in the mouth. The respiratory frequency had a significant negative effect on nasal aroma concentration by increasing aroma compound removal.

To assess the effect of each parameter on release dynamics, independently from global intensity, each simulated kinetic was scaled by its own maximum intensity. Results showed [START_REF] Gaviao | Chewing behavior and salivary secretion[END_REF]), E) Average rate of saliva incorporation in the bolus reported in [START_REF] Salles | In-mouth mechanisms leading to flavor release and perception[END_REF]) and F) Average rate of saliva incorporation in the bolus reported in [START_REF] Watanabe | A Comparison of the Effects of Tasting and Chewing Foods On the Flow-rate of Whole Saliva In Man[END_REF]). Table 1. Comparison of the average rates of saliva incorporation into the bolus (in mL/min) for the 4 cheese matrices. The letters indicate the classification group of the products (Friedman and Bonferroni tests are significant at the level 5%). 
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  Air was sampled from the subject's nose at a flow rate of 35 cm 3 /min via two inlets of a stainless nosepiece placed in both of the assessor's nostrils. The PTR-MS instrument drift tube was thermally controlled (T drift =60°C) and operated at P drift =200 Pa with a voltage set of

	U drift =600 V. Measurements were performed with the multiple ion detection mode on specific
	masses with a dwell time per mass of 50 ms. Ethyl propanoate and 2-nonanone were
	respectively monitored at m/z 103 (molecular ion) and m/z 143 (molecular ion). In addition,
	m/z 59 (acetone) was monitored as a breath marker and m/z 21 (signal for H 3	18 O + ) and m/z 37
	(signal for water clusters H 2 O-H 3 O + ) were monitored to check the instrument performances
	and cluster ion formation.	
	3.7. Statistical analysis	

Transfer Reaction Mass Spectrometry (PTR-MS, Ionicon Analytik, Innsbruck, Austria). The PTR-MS inlet was connected to the subject's nose via a 1/16" PEEK tube maintained at 60°C. Schott vials, equipped with caps fitted with two valves (Interchim SCAT or InterchimOmnifit, England), were half-filled with flavoured solutions and left at 35°C for 2 h to allow thermal equilibrium.

Due to the small size and the non-normal characteristic of the dataset, classical analysis of variance was not appropriate (univariate procedure using SAS/Stat® software). Instead, Friedman tests were performed with an Excel program (available at www.Anastats.fr).
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	5. Table1				
	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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