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Highlights:  26 

- Pear tissue microstructure was imaged using X-ray CT 27 

- Heterogeneous gas diffusivity maps were derived from spatial porosity profiles 28 

- Internal gas concentrations in pear were computed using heterogeneous diffusivity 29 

- Pear tissue subject to energy deficiency corresponded to actual browning patches 30 

  31 
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Abstract 32 

Internal gas gradients in pear fruit during controlled atmosphere storage depend on the effective 33 

gas diffusivity of the tissue. The diffusivity varies over the fruit organ due to the heterogeneous 34 

tissue microstructure across the fruit. This study implemented effective diffusivity maps 35 

reflecting the heterogeneous structure to predict internal gas gradients and relate the result to 36 

the occurrence of internal browning. Diffusivity maps of different pears were calculated from 37 

X-ray CT based porosity maps. Internal oxygen (O2), carbon dioxide (CO2) and respiratory 38 

quotient (RQ) levels were computed using a reaction-diffusion model incorporating the 39 

heterogeneous effective diffusivity map. Critical O2 and RQ levels for the shift from respiration 40 

to fermentation were defined based on the respiratory-fermentative energy balance of the cells. 41 

The model was indirectly validated by comparing RQ level contours with nondestructive 3D 42 

images of the internal browning of the pears after storage at 1.0 kPa and 0.5 kPa O2, combined 43 

with 0.7 kPa CO2 at 1oC. The distribution of the internal gas concentrations and RQ was 44 

affected by the heterogeneity of the diffusivity. The results also confirmed the incidence of 45 

internal browning when the O2 and RQ were under or above critical O2 and RQ limits, 46 

respectively. The fermentation process was indicated to be dominant when the tissue’s 
*RQ47 

went above 2.12 (or at 0.044 kPa O2). The tissue volumes where O2 and RQ levels were critical 48 

corresponded reasonably well to browning-affected tissues of pears with different shapes. The 49 

pear with more shallow gas gradients showed less symptoms of browning. 50 

 51 

1 Introduction 52 

After harvest, ‘Conference’ pears (Pyrus Communis L. cv. ‘Conference’) are typically stored 53 

under controlled atmosphere (CA) storage to decrease the respiration rate and thus prolong 54 

storage life (Brady and Romani, 1988). In CA storage decreased levels of O2 and increased 55 

levels of CO2 are combined with a low temperature.    56 
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The skin and different tissues inside the fruit present a resistance to gas transport and are thus 57 

responsible for gas gradients inside the fruit (Rajapakse et al., 1990; Perez and Beaudry, 1998; 58 

Zhang and Bunn, 2000; Lammertyn et al., 2003b; Ho et al., 2011, 2013, 2016). The O2 partial 59 

pressure generally declines while the CO2 partial pressure increases from the skin to the fruit 60 

center (Lammertyn et al., 2003b; Ho et al., 2016). At very low O2 partial pressure in the storage 61 

atmosphere, the diffusion resistance increases the possibility of hypoxic or even anoxic 62 

conditions inside the stored fruit which gradually shifts the central metabolism to a 63 

fermentation dominated process. Although typical plant cells may temporarily survive the low 64 

oxygen stress (Drew, 1997; Toro and Pinto, 2015), they would eventually lose cell membrane 65 

integrity due to insufficient energy supply by fermentation only (Rawyler et al., 1999; Franck 66 

et al., 2007). Such a condition has been suggested to lead to symptoms of internal browning 67 

and cavity formation in pear tissue (Lammertyn et al., 2003c,d; Saquet et al., 2003; Franck et 68 

al., 2007). The extent and spatial distribution of the disorder has been hypothesized to be related 69 

to the gas concentration contours inside the fruit (Lammertyn et al., 2003b). 70 

To avoid fermentation and internal browning, the O2 partial pressure in regular CA is set at a 71 

safe level well above the critical O2 level or anaerobic compensation point (ACP). Dynamic 72 

CA (DCA) storage allows the modified gas levels to be closer to the ACP as it is naturally 73 

controlled by a biological signal of the fruit indicating that fermentation becomes important. 74 

Different methods can be used to implement DCA; the main available technologies include the 75 

measurement of a chlorophyll fluorescence (CF) response (Prange et al., 2002; Mditshwa et 76 

al., 2017), ethanol (ET) (Schouten et al., 1998) and respiratory quotient (RQ) (Weber et al., 77 

2015; Both et al., 2017). However, in CF- and ET-based DCA, a less accurate detection of the 78 

low O2 level may occur by a result of non-O2 stress triggers of chlorophyll fluorescence (Wright et 79 

al., 2010) and the high solubility of ethanol in aqueous environments (Gupta et al., 2000), 80 

respectively. Bessemans et al. (2016; 2020) used the RQ as an indicator, which is calculated as 81 

the ratio of the CO2 production to the O2 consumption rate. In fermentation conditions this ratio 82 
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drastically increases to a value much larger than 1. Which value of RQ is critical, is a subject 83 

of debate. 84 

Since invasive measurement of internal gas concentrations in tissues is destructive, models that 85 

predict the internal gas concentration gradients inside pear fruit are helpful to improve our 86 

understanding of hypoxic responses of pear fruit in very low oxygen conditions such as during 87 

DCA storage. Bessemans et al. (2020) developed a lumped three-compartment model to 88 

describe the rate of O2 consumption and CO2 production and RQ at the cellular level, which 89 

assumed that the pear skin is the main resistance to gas exchange, ignoring the resistance caused 90 

by the porous network of intercellular gas spaces. Still, they found a difference between the 91 

actual RQ levels of cells in the pear fruit and the one calculated from the gas concentration 92 

changes in the storage atmosphere. The difference increased as the applied O2 partial pressure 93 

decreased. Delele et al. (2019) also showed that internal RQ levels could be significantly 94 

different from those calculated from the storage atomosphere conditions.    95 

Because of the internal resistance to gas transport the actual O2 partial pressure and internal 96 

RQ are spatially distributed. The above models are lumped and cannot be used to predict such 97 

spatial gradients. A multiscale gas exchange model was developed by Ho et al. (2011; 2013) 98 

to predict O2 and CO2 concentration profiles in pome fruit. Gas-transport properties of tissue, 99 

such as the effective O2 and CO2 diffusivities, are computed with a microscale gas transport 100 

model that incorporates the detailed microscale geometry of the tissue. A gas exchange model 101 

operating at the macroscale level of the whole fruit incorporates these properties to predict the 102 

internal gas profiles. However, because the gas transport properties are not homogenous over 103 

the fruit due to the complex structure of the tissue (Janssen et al., 2020), the implementation of 104 

a uniform effective diffusivity may cause prediction errors of gas concentrations and local 105 

respiration and fermentation rates. A comprehensive computation of the gas exchange 106 

incorporating heterogeneous spatially dependent properties is required to explore the onset of 107 

internal disorders as affected by very low oxygen storage conditions under DCA. Significant 108 
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efforts have been conducted to predict and map the spatial distribution of tissue porosity across 109 

a fruit using non-destructive imaging methods such as X-ray computed tomography (CT) 110 

(Tanaka et al., 2018; Nugraha et al., 2019; Chigwaya et al., 2021) or magnetic resonance 111 

imaging  (MRI) (Musse et al., 2010; Winisdorffer et al., 2015). In a further step, the X-ray CT-112 

based method of porosity mapping (Nugraha et al., 2019) was successfully extended to predict 113 

the effective O2 diffusivity distribution (Nugraha et al., 2021). 114 

This work aims to explore the internal gas concentration and RQ profiles in pear fruit stored 115 

under very low oxygen concentrations using a gas transport model that incorporates 3-D 116 

effective diffusivity maps. The effect of incorporating the heterogeneous diffusivity on local 117 

respiration and fermentation rates will be investigated. The simulated contours of O2, CO2 and 118 

RQ concentrations inside the pear will be related to the incidence of internal browning of pears 119 

after storage in internal browning-inducing CA conditions. As the purpose of the work was to 120 

demonstrate the correspondence of prediction to observation on individual fruit, a limited 121 

number of fruit with different shapes and diffusivity distribution were used in this study.  122 

 123 

2 Materials and methods 124 

2.1 Pear fruit 125 

 ‘Conference’ pears (Pyrus communis L. cv. Conference) were picked on 9th of September 126 

2019, in a commercial orchard in Kortenaken, Belgium (50°53'07.0"N 5°01'34.0"E), more than 127 

two weeks after the optimal commercial picking date (August 23) predicted by the Flanders 128 

Centre of Postharvest Technology (Leuven, Belgium). Late picked pears were used to increase 129 

the susceptibility to browning development, as reported by Lammertyn et al. (2000) and Ho et 130 

al. (2016). Four fruit were immediately scanned using X-ray Computed Tomography (CT) to 131 

obtain the shape and porosity map of the intact fruit. The scanned fruit were then stored in very 132 

low oxygen conditions (1 kPa O2; 0.7 kPa CO2 at 1 oC) without a pre-cooling period in the pilot 133 
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facility of the Flanders Centre of Postharvest Technology (Leuven, Belgium). Such conditions 134 

increase the likelihood of inducing browning disorders (Lammertyn et al., 2000). The other 30 135 

fruit were directly stored under the same conditions for intermediate internal browning checks 136 

every 2 month. After 4 months of storage, the O2 concentration was lowered to 0.5 kPa, because 137 

no browning incidence was yet observed. Internal browning eventually was observed after 8 138 

months of storage. The four test pears were scanned again using the same setting of the X-ray 139 

CT to determine the browning-affected regions of the pear. The scanned pears were cut into 5 140 

mm thick cross-sectional slices and photographed to visualize the incidence of internal 141 

browning. 142 

2.2 X-ray CT scans and 3-D pear geometry construction 143 

Pear samples were scanned at low resolution (86 µm isotropic voxel size) using the in-house 144 

developed X-ray CT scanner HECTOR of the Ghent University Centre for Tomography 145 

(UGCT) (Masschaele et al., 2013). Once the set resolution was larger than the size of cells and 146 

pores, the CT image of intact pear tissue would only be presented by the grayscale intensities 147 

that corresponded to the heterogeneity of the internal tissue density, dependent on tissue 148 

porosity, due to the partial volume effect. Using the tube settings of 120 kV and 20 W target 149 

power (180 µA tube current), the effect of the focal spot on the spatial resolution was 150 

negligible. Covering a rotation of 360°, 1800 projection images at an exposure time of 666 ms 151 

each were acquired. The projection data were reconstructed into 3D volumes using the Octopus 152 

reconstruction software (Octopus Imaging Software. Ghent, Belgium). Filtered pear juice in a 153 

small tube was scanned along with an entire pear as a zero porosity reference for tissue porosity 154 

mapping as described by Nugraha et al. (2019). 155 

For image processing, the reconstructed CT images were then imported in Avizo Fire Edition 156 

2019.3 (VSG, Bordeaux, France). The CT images of the same pear fruit were aligned to one 157 

another using the image registration module in Avizo. The pear volume and its background 158 
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(air) were then segmented using Otsu’s thresholding to produce binary mask images. Small 159 

water phantoms scanned along with the sample and tape were then removed manually. Some 160 

tiny spots not recognized as tissue during mask binarization were closed by a filling operation 161 

to include them in the pear volume. For the affected pears, the cavities were sufficiently 162 

segmented by means of Otsu’s thresholding as they had similar intensities to the background. 163 

Masking of the original grayscale CT image was performed to clean away materials such as 164 

tape and Styrofoam in the background. The stacks of the cleaned CT images were then imported 165 

in Matlab 19.a (The Mathworks, Inc., Natick, MA) for mapping of porosity and effective 166 

diffusivity. 167 

The real 3D shape of pear was created from the binary image using a ‘generate surface’ module 168 

in Avizo and exported as an STL-file. Detailed air fractions in the middle of the pear (core) 169 

were removed to simplify the pear geometry, as these features will be represented by the 170 

porosity map. In the next step, a surface mesh was created in ICEM CFD 19.2 (ANSYS Inc., 171 

Canonsburg, PA, USA) and then imported in COMSOL Multiphysics 5.5 (COMSOL Inc., 172 

Stockholm, Sweden). The surface meshes were then transformed into a volume finite element 173 

mesh for the respiratory gas transport simulations. 174 

 175 

2.3 Mapping of effective O2 diffusivities 176 

In Matlab, the grayscale values of the CT images were initially translated to total porosity using 177 

the mapping technique developed by Nugraha et al. (2019). As effective O2 diffusivity 178 

correlates better with open porosity, the total porosity map  was transformed to open porosity 179 

map o using a open-total porosity regression formula (Nugraha et al., 2021): 180 

b

o a =  (1)  181 
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where a  (0.25) and b  (1.66) are fitting parameters. The open porosity map of pear was 182 

subsequently translated to the effective O2 diffusivity map 
2 ,O effD using the following equation 183 

(Nugraha et al., 2021): 184 

2 2 2, , , ,(1 )n

O eff o O g o O l effD D D = + −  (2)  185 

The first and second term in the right hand side of Equation (2) are the O2 diffusivity in the 186 

(connected) intercellular spaces and in the cells (including trapped pores), respectively;
2 ,O gD

 
187 

(m2 s-1) is the O2 diffusivity in air; n  a model fitting parameter to account for pore geometry 188 

effects; and 
2 , ,O l effD

 
(m2 s-1) is the effective O2 diffusivity in a trapped (closed)-pore tissue 189 

based on the Maxwell-Garnet model (Kalnin et al., 2002): 190 

( )
( )

2 2 2

2 2 2

2 2 2 2 2 2

, , ,

, , ,

, , , , ,

3
1

2

O g O l O c l

O l eff O l O

O g O l O O g O l O c l

D D RTH
D D RTH

D D RTH D D RTH





 −
 = +
 + − −
 

 (3)  191 

with R
 
(J mol-1 K-1) the universal gas constant, T (K) temperature and 

2OH (mol m-3 kPa-1) 192 

Henry’s constant for O2 equilibrium between water and air. ,c l  is the porosity calculated for 193 

the tissue without open pores: 194 

                                                             

,
1

c
c l

o





=

−
    (4)                                                    195 

with c  the closed porosity. The affected pears consisted of damaged and sound tissue. The 196 

effective O2 diffusivity in the damaged tissue area with high porosity (> 8%) was predicted 197 

using the total porosity-based model (Nugraha et al., 2021): 198 

2 2 2 2, , ,(1 )n

O eff O g O l OD D D RTH = + −  (5)  199 

 200 

2.4 Mapping of effective CO2 diffusivities 201 

The effective CO2 diffusivity was mapped using a regression model of the effective CO2 202 

diffusivity as function of the O2 diffusivity (Figure 1) computed previously using a microscale 203 
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model (Ho et al., 2016). The regression showed that the CO2 diffusivity linearly increased with 204 

increasing O2 diffusivity, with generally higher values because of the higher solubility of CO2 205 

in the liquid phase. The resulting linear regression model was expressed as: 206 

𝐷𝐶𝑂2,𝑒𝑓𝑓 = 𝑚𝐷𝑂2,𝑒𝑓𝑓 + 𝑛        (6)  207 

where 
2 ,CO effD  and 

2 ,O effD (m2 s-1) are the effective diffusivities of CO2 and O2, respectively, 208 

and  with m (0.87) the gradient and n (9.61×10-9 m2 s-1) the intercept values. The fitting line 209 

has an R2 = 0.97 and RMSE = 5.51×10-10 m2 s-1.  210 

2.5 Internal browning segmentation 211 

The tissue patches in the pears subjected to internal browning inducing conditions were 212 

classified into three types: sound tissue, brown tissue and cavity. The brown tissue and cavity 213 

together form the total affected tissue. The cavity, the air fraction, could be simply segmented 214 

from the original CT images as its contrast was excellent. However, due to insufficient contrast 215 

between the browning and sound tissue area, segmentation of the brown tissue volume was 216 

performed by mapping the relative difference between the calculated porosity of the affected 217 

pear and the calculated porosity of the same pear before storage (heathy pear), divided by the 218 

calculated porosity of the healthy pear. Where this difference was large, it was assumed that 219 

this indicated considerable tissue changes during storage, and the corresponding patch was then 220 

segmented as affected (brown + cavities) tissue. The threshold value was selected such that the 221 

percentage of the affected patch obtained after segmentation corresponded to that in the 222 

photograph. The area of both patches was statistically compared by means of a t-test at a 223 

significant level of 5 %. The brown tissue was then the difference between the total affected 224 

tissue and cavity. The volume of the intact pear, brown patches and cavities was then calculated 225 

and visualized. 226 

 227 
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2.6 Macroscale gas exchange model for intact pear  228 

A reaction-diffusion model previously developed by Ho et al. (2006b, 2010) was used to 229 

compute the overall gas exchange in intact fruit for the applied external gas conditions. The 230 

effect of permeation (transport caused by pressure gradients due to different diffusion fluxes 231 

of O2 and CO2, see Ho et al. (2006b)) was initially tested using the regular gas exchange model 232 

(Ho et al., 2011) and was found to hardly affect the predicted O2 concentration inside the fruit 233 

(Supplementary 1) and thus neglected. The simplified model could then be rewritten as: 234 

,
i

i i eff i i

C
D C R

t



=  +


 (7)  235 

with i  the gas capacity of component i  (O2 and CO2) of tissue, iC  (µmol m-3) concentration 236 

of O2 or CO2, t  (s) time, ,i effD  (m2 s-1) apparent diffusivity, iR  (mol m-3 s-1) consumption and 237 

production terms of O2 and CO2, respectively, and   (m-1) the gradient operator. The gas 238 

capacity i  was described as (Ho et al., 2006b; 2011): 239 

( ) ,
1

i tissue

i t t i

i

C
RTH

C
  = + − =  (8)  240 

where   is the fractional porosity of tissue and ,i gC  (µmol m-3) and ,i tissueC  (µmol m-3) are the 241 

gas concentration of i  in the gas phase and tissue, respectively. The concentration of gas 242 

molecules in the liquid phase of the tissue follows Henry’s law represented by the constant iH  243 

(mol m-3 Pa-1) with R  (J mol-1 K-1) and T  (K) as the universal gas constant and temperature, 244 

respectively.  245 

A non-competitive inhibition model (Peppelenbos and Leven, 1996a; Hertog et al., 1998; 246 

Lammertyn et al., 2001; Ho et al., 2011) was used to describe O2 consumption by respiration: 247 

( )

2 2

2

2

2 2

2

,

,

,

1

m O O

O

CO

m O O

mn CO

V C
R

C
K C

K

= −
 

+ + 
 
 

 (9)
 248 
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with 
2,m OV  (mol m-3 s-1) the maximum oxygen consumption rate, 

2OC  (mol m-3) the O2 249 

concentration, 
2,m OK (mol m-3) the Michaelis-Menten constant for O2 consumption,

2,mn COK  250 

(mol m-3) the Michaelis-Menten constant for non-competitive CO2 inhibition, and 
2OR  (mol m-251 

3 s-1) the O2 consumption rate of the sample. 252 

The production rate of CO2 that consists of an oxidative respiration part and a fermentative part 253 

is described as follows (Peppelenbos et al., 1996b): 254 

 

2

2 2

2

2

, ,

,

, ,

1

m f CO

CO q ox O

O

m f O

V
R r R

C

K

= − +
 
+ 

 
 

 (10)
 255 

with 
2, ,m f COV (mol m-3 s-1) maximal fermentative CO2 production rate of the tissue, (mol m-3), 256 

2, ,m f OK (mol m-3) the Michaelis-Menten constant for the inhibition of O2 on fermentative CO2 257 

production, ,q oxr the respiration quotient at high O2 concentrations and 
2COR  (mol m-3 s-1) the 258 

CO2 production rate of the sample. 259 

The following boundary condition of the fruit is implemented at the surface: 260 

,( )i
i i i i

C
D h C C

n



− = −


 (11)  261 

with n  the outward normal to the surface; the index   referring to the gas concentration of 262 

the ambient atmosphere; and ih  (m s-1) the skin permeability for gas i . The permeability of the 263 

pear skin calculated by Ho et al. (2018) was used in this study.  264 

Model parameters are given in Table 1. The maximal respiration rate of O2 consumption, 
2,m OV
 

265 

, and the CO2 production rate, 
2, ,m f COV
, 
are known to be affected by harvest date: late-harvested 266 

pear fruit typically have a higher maximal respiration rate than early- or optimally harvested 267 

pear (Ho et al., 2016). The respiration kinetics of late-picked pears estimated by Ho et al. (2016) 268 

are, therefore, appropriate for the late-picked pears used in this study.  269 

 270 
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Table 1. Parameters of the respiration-diffusion model of late picked ‘Conference’ pears  271 

Constants O2 CO2 Description 

,i effD  O2 diffusivity map (1) CO2 diffusivity map (1) Effective diffusivity 

ih  
6.74 × 10-6 m s-1 (2) 10.2 × 10-7 m s-1 (2) Skin permeability  

2,m OK   0.17 kPa (3)  

Michaelis-Menten 

constant for O2 

consumption 

2,mn COK   66.4 kPa (4) 

Michaelis-menten 

constant for non-

competitive CO2 

inhibition 

2, ,m f OK   0.024 kPa (3) 

Michaelis-Menten 

constant of O2 

inhibition on 

fermentative CO2 

production 

2,m OV  2.23 × 10-5 mol m-3 s-1 

(2) 
 

Maximum O2 

consumption of late 

picked pear at 0 oC 

2, ,m f COV   1.90 × 10-5 mol m-3 s-1 

(2) 

Maximum CO2 

fermentative 

production rate of late 

picked pear at 0 oC   

oxrq    0.77 (2) 

Respiratory quotient at 

high O2 partial 

pressure 

, 2
, m Oa VE

 73 kJ mol-1 (4)  
Activation energy of 

O2 consumption 

, , 2
, m f COa VE

  58.5 kJ mol-1 (4) 
Activation energy of 

CO2 consumption 

(1) obtained from the diffusivity map procedure of four pears; (2) Ho et al. (2018); (3) Ho et 272 

al. (2013b);  (4) Ho et al. (2008). 273 

 274 

2.7 Gas exchange simulation using heterogeneous effective diffusivity 275 

The diffusivity maps were firstly resized to increase the computational efficiency by binning 276 

10 voxels by means of a linear interpolation procedure in Matlab. This allowed to speed up the 277 
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simulation process without affecting the results significantly (Supplementary 2). The binned 278 

map of the diffusivity was then uploaded to Comsol multiphysics 5.5. The lower and upper 279 

limits of the physical x-y-z coordinates of the map were set as input arguments. The diffusivity 280 

maps were then integrated into the STL geometry file, and the macroscale gas exchange model 281 

was then discretized using the finite element method. The effective diffusivity values at every 282 

integration point in the finite element mesh was then calculated using a built-in interpolation 283 

function. As a comparison, gas exchange simulations using a uniform diffusivity for O2 and 284 

CO2 were performed. The uniform diffusivity was an average of the values in the entire map. 285 

Since the simulation was performed at 1 oC (the storage condition), the effect of temperature 286 

on the maximal respiration rate (
2,m OV
, 
and 

2, ,m f COV ) was estimated using Arrhenius’ equation 287 

as proposed by Ho et al. (2010; 2018). 288 

 289 

2.8 Critical oxygen level 290 

The incidence of internal browning after storage was assumed to be associated with hypoxic 291 

conditions that could be predicted by the gas transport model and corresponding RQ values 292 

inside the pear. When the internal O2 concentration drops below a threshold, fermentation 293 

rather than aerobic respiration is expected to occur (Gran and Beaudry, 1993; Ho et al., 2013; 294 

2016; Xiao et al., 2018). This condition has been suggested as a trigger of internal browning 295 

(Ho et al., 2016). Different approaches to estimate the low O2 limit have been proposed. Ho et 296 

al. (2013) estimated the critical limit based on energy supply criteria where the ATP production 297 

rate by aerobic respiration was equal to the maximum ATP production by fermentation 298 

(assuming no upregulation of glycolysis). The critical O2 limit, 
2

*

OC  (kPa), is then given by: 299 

2 2

2

2 2

, , ,*

, , , ,

f m f CO m O

O

o m O q ox f m f CO

f V K
C

f V r f V
=

−
 (12)  300 
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where of  and ff  are the stoichiometric coefficients of the ATP production due to oxidative 301 

respiration and fermentation, respectively. In aerobic respiration, one glucose molecule 302 

generally produces 38 ATP molecules and 6 CO2 molecules, so that of is 38/6 = 6.33. In 303 

fermentation, one glucose molecule produces 2 ATP molecules and 2 molecules of CO2, so 304 

that ff  is 2/2 = 1. The lowest predicted O2 level inside the fruit was then compared to the 
2

*

OC  305 

(kPa). 306 

Another method is based on the increase in the respiratory quotient (RQ) resulting from a drop 307 

in the O2 concentration (Beaudry, 1993; Gran and Beaudry, 1993; Saenmuang et al., 2012). 308 

Here we calculated and mapped the internal RQ by using the respiration models (Equation 9 309 

and 10) with the predicted O2 and CO2 concentrations inside the pear as input, i.e.: 310 

 

2

2

CO

O

R
RQ

R
=    (13)  311 

where RQ
 
represents the tissue respiratory quotient. 312 

The value of the RQ exponentially increases below the lower O2 limit. In this study, the RQ 313 

limit (
*RQ ) was calculated by substituting 

2

*

OC (kPa) into the respiration rate model for O2 and 314 

CO2 (Equation 9 and 10). In this way, the relatively small inhibition effect of the CO2 315 

concentration (Equation 9) was ignored. From the internal RQ and O2 concentration 316 

predictions, RQ values along the radial axis of the pear were plotted against O2 concentrations 317 

at the same location to visualize the change of internal RQ as a function of the internal O2 level. 318 

 319 

3 Results 320 

3.1 Incidence of internal breakdown after storage  321 

Development of internal browning was observed after 8 months of storage (Figure 2A, B, C 322 

and D). The distribution and shape of the affected tissue varied spatially within and among pear 323 
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fruit; the symptoms even extended to the neck part in pear 2. The cavities that developed after 324 

browning occurred locally with varying volumes throughout the pear. Only tissue close to the 325 

skin remained unaffected. 326 

Figures 2E, F, G and H represent vertical and horizontal slices from grayscale CT image of the 327 

pears. The horizontal slices were approximately taken from the largest cross-sectional area of 328 

the pear. The darker areas in the cortex tissue were assigned as browning-affected tissue (i.e., 329 

zones with lower porosity), while the black pixels specifically indicate cavities (the highest 330 

porosity). Figures 2I, K and L show the corresponding photographs of pear slices in which the 331 

affected tissue region is clearly visible except for pear 2 (Figure 2J). The cavities were less 332 

visible in the pear photographs. Differences between CT slices and photographs were most 333 

likely due to the slight density change in the affected tissue and liquid-filled pores at the core 334 

region which was initially already dense. While the core tissue actually became brown after 335 

storage, this change could not be distinguished from the CT image intensity based on tissue 336 

density alone. Therefore, segmentation only relying on the CT image of the affected pear may 337 

underestimate the browning in low porosity zones where the porosity increase is not significant. 338 

A volumetric analysis of the volume and percentage of the affected tissue, brown tissue, and 339 

cavities is summarized in Table 2. The volume of the affected tissue was defined as the sum of 340 

the volumes of the brown tissue and cavities in the slices. The percentages of the affected tissue 341 

based on either the relative change in porosity map or photograph were similar.  342 

Surprisingly, there was no relation between the total volume of the pear and that of the affected 343 

tissue. Pear 4 and 3 were the smallest and had the smallest (18 %) and largest (34 %) volume 344 

percentage of affected tissue, respectively. The volume of affected tissue was also not related 345 

to the total volume of the pear in case of cavity formation. The largest cavity was found in pear 346 

2, corresponding to 0.31 % of the total sample volume. 347 

 348 
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Table 2. Volumetric analysis of browning disorder in pear, with V the volume of the pear 349 

sample, and P their percentage relative to the volume of the entire pear. 350 

Sample pV (cm3) atV (cm3) bV (cm3) cV (cm3)  atP (%)  bP (%) cP (%) atP
(%) 

1 294.2 64.00 63.78 0.21 21.75 21.68 0.07 21.34 

2 333.4 80.55 79.50 1.05 24.16 23.85 0.31 20.67 

3 272.2 92.42 92.39 0.03 33.95 33.94 0.01 36.01 

4 260.3 46.92 46.55 0.37 18.03 17.89 0.14 16.66 

subscripts: p = pear; at = affected tissue; b = brown tissue; c = cavities; 351 

superscript: * = area fraction from the photograph. No statistical difference between atP  and 352 

atP
 (p > 0.05). 353 

 354 

3.2 Map of effective O2 and CO2 diffusivities 355 

The effective diffusivity of O2 in intact pear was lower than that of CO2, but the spatial 356 

distribution of the O2 and CO2 diffusivity was similar due to their linear correlation (Figure 3). 357 

The porosity maps can be found in Supplementary 3. In sound pears, larger values of effective 358 

O2 and CO2 diffusivity were mostly located in the cortex tissue, while the smaller values were 359 

located near the skin, and in the core and neck region (Figure 3). Overall, pear 4 (Figure 3D 360 

and H) had a larger effective O2 and CO2 diffusivity compared to the other samples that were 361 

very similar. From Figure 3 it can be seen that pear 4 has higher diffusivity values in the cortex 362 

of equatorial region of the fruit than for the other fruit. This is a result of a higher porosity of 363 

the tissue, which is also reflected in the value given in Table 2  364 

After 8-months storage, the severe development of browning and cavities considerably altered 365 

the effective diffusivity of O2 and CO2 (Figure 4) to be higher and lower in certain areas relative 366 

to that of sound pear. This was most likely due to the presence of cavities (higher) or liquid-367 

filled pore spaces (lower) due to internal breakdown. The maximum diffusivity was identical 368 

to that of O2 and CO2 in the air inside the cavities. 369 

The mean porosity, effective O2 and CO2 diffusivities in each pear and for each condition are 370 

presented in Table 3. There was a considerable difference between the values of these 371 
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properties in sound and affected tissue. The development of browning and cavities after 8-372 

months storage caused changes in the porosity of the fruit. This is especially clear in pear 2, 373 

which had the largest volume of brown patches and cavities of all affected pear fruit (Table 2). 374 

Given the mean values are averages of the spatial distributions of individual fruit, it is, however, 375 

not possible to test the statistical significance of these differences in a straightforward way.  376 

 377 

Table 1. Mean value (± standard deviation) of porosity, O2 and CO2 diffusivity.  378 

Sample Condition mean  (%) 2 , ,O eff meanD   

(×10-8 m2 s-1) 
2 , ,CO eff meanD   

(×10-8 m2 s-1) 

1 
Sound   4.27 ± 1.10 2.65 ± 1.70  3.29 ± 1.49 

Affected   4.95 ± 2.47 5.04 ± 15.7  5.38 ± 13.7 

2 
Sound   4.20 ± 1.09 2.54 ± 1.64  3.19 ± 1.44 

Affected   5.41 ± 5.00 9.24 ± 63.9  9.07 ± 56.1 

3 
Sound   4.09 ± 1.07 2.33 ± 1.47 3.01 ± 1.29 

Affected   4.87 ± 1.98 4.65 ± 6.50  5.04 ± 5.70 

4 
Sound   4.75 ± 1.22 3.68 ± 2.25 4.19 ± 1.97 

Affected  5.53 ± 3.07 6.78 ± 16.1 6.91 ± 1.41 

 379 

3.3 Gas exchange simulations 380 

Here we present the distribution of respiratory gasses in fruit that was simulated by taking into 381 

account the spatial distribution of diffusivity in the pears. The internal O2 and CO2, 382 

concentration and RQ profiles are given for the storage condition of 1.0 kPa O2, 0.7 kPa CO2 383 

at 1 oC and 0.5 kPa O2, 0.7 kPa CO2 at 1oC. As a comparison, reference O2 and CO2 384 

concentration and RQ profiles were computed using a uniform (average) O2 and CO2 385 

diffusivity. The prediction results are then interpreted with respect to the incidence of internal 386 

browning found after storage. 387 

The internal O2 (Figure 5A, B, C and D) and CO2 (Figure 5E, F, G and H) concentrations 388 

decreased and increased towards the pear center, respectively. Minimal O2 concentrations were 389 
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around 0.10 kPa for pear 1, 2 and 3. For pear 4, the minimal O2 concentration was higher (0.17 390 

kPa) than the concentration in other pear samples (Figure 5D).  No strong gradient in RQ level 391 

was observed inside the pears (Figure 5I, J, K and L). The RQ levels were slightly higher in 392 

the core region with a maximal value of 1.0-1.7.  393 

Since there was no internal browning found at 1.0 kPa O2 after the first 4-month storage period, 394 

the O2 level in the storage headspace was decreased to 0.50 kPa O2. Given that the other 395 

parameters were the same, the simulation results are shown in Figure 6. Compared to the 396 

simulation results at 1.0 kPa O2, the internal O2 level calculated under 0.5 kPa O2 condition 397 

dropped below 0.1 kPa with slight gradients from the outer to inner parts (Figure 6A, B, C and 398 

D). The CO2 concentration at the center was greater than that at the periphery (Figure 6E, F, G 399 

and H). The internal RQ levels increased considerably above 1 towards the core region (Figure 400 

6I, J, K and L) at which the O2 and CO2 partial pressures were found minimal and maximal, 401 

respectively. The internal RQ gradient was less steep in pear 4 (1.0 – 2.7) which had a larger 402 

O2 and CO2 diffusivity (Figure 3D and H). The results confirm that differences in tissue 403 

porosity (Supplementary 3) and, thus, O2 and CO2 diffusivity of sound pears (Figure 3), may 404 

partially explain differences in internal gas gradients (Figure 5 and 6). 405 

Different results were found in model simulations based on a homogenous diffusivity for both 406 

O2 and CO2 (Figure 7). The internal O2 and CO2 concentration and RQ profiles were more 407 

uniform across the entire pear tissue than those computed using the diffusivity map of O2 and 408 

CO2. The internal RQ levels that were predicted remained around 1 (aerobic respiration) in all 409 

tissue positions suggesting that development of internal browning or cavities would be unlikely 410 

(Figure 7I, J, K and L). This is in contrast with the observed internal browning after storage. 411 

 412 
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3.4 Heterogeneous versus uniform diffusivity 413 

The difference between the O2 and CO2 concentration and RQ profiles computed using 414 

heterogeneous and homogeneous O2 and CO2 diffusivity were divided by the latter to obtain 415 

relative difference profiles. A negative or positive sign indicates that the predictions using 416 

heterogeneous diffusivities were lower or higher, respectively, than those obtained with a 417 

uniform diffusivity. At the fruit skin the concentration computed with heterogeneous gas 418 

diffusivities was 30 to 50 % larger than that computed with the uniform gas diffusivities, while 419 

at the fruit center they were 80 to 60 % smaller (Figure 8A). In contrast, the CO2 concentration 420 

computed using heterogeneous gas diffusivities was 8 to 20 % larger when computed using 421 

uniform diffusivities at the pear center (Figure 8B). The relative differences were smaller 422 

compared to those for the O2 profile. A considerable relative difference was observed for the 423 

respiratory quotient (RQ). At the center, the values computed using heterogeneous gas 424 

diffusivities were around 240 % higher than those computed using uniform gas diffusivities, 425 

except for pear 4 (120 %) (Figure 8C). 426 

 427 

3.5 Critical O2 limit and internal browning occurrence 428 

The critical O2 limit was estimated to explain the occurrence of internal browning based on the 429 

simulation results. From the prediction results, the minimal O2 concentrations in pear 1, 2, 3 430 

and 4 were found to be 0.017 kPa, 0.018 kPa, 0.006 kPa and 0.035 kPa, respectively. Except 431 

for pear 4, the lowest O2 levels were all below the calculated critical O2 limit (
2

*

OC ) of 0.034 432 

kPa, assuming 6.33=of . This value assumes a maximal yield of the respiration pathway (38 433 

ATP), which is hardly ever reached due to the complexity of the respiratory chain and the ATP 434 

synthase mechanisms (Rich, 2003). A more realistic range is from 30 to 32 ATP, corresponding 435 

to of  = 30/6 = 5 (Edwards et al., 2012). With this value, the estimated 
2

*

OC  was 0.044 kPa, 436 

still well above the lowest O2 concentration in all four pears.  437 
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At 1.0 kPa O2, a slight increase of the RQ level occurred as the O2 concentration decreased 438 

from 0.45 to 0.07 kPa (Figure 9A). The RQ levels were mostly below 1, indicating an aerobic 439 

condition. At 0.5 kPa O2, an exponential increase in the RQ levels was observed, while the 440 

internal O2 level dropped below the 
2

*

OC of 0.044 kPa (Figure 9B) at which the critical RQ limit 441 

( RQ
) was 2.12. 442 

The region at which the RQ level was above the aforementioned limit was approximately 443 

comparable to the area of the brown patches (Figure 10). When fermentation was predicted 444 

assuming heterogeneous gas diffusivities, this did not necessarily mean that the predicted 445 

fermentation area would become brown. As the gas exchange simulation was only conducted 446 

on sound pears, some local incidences which occurred outside the fermentation area were most 447 

likely caused by the development of browning during low O2 storage. Neither the internal O2 448 

concentrations nor RQ levels simulated using homogeneous gas diffusivities predicted the 449 

incidence of internal browning,  the minimal O2 concentration and/or maximal RQ level of all 450 

pears were well above or below the critical thresholds, respectively. 451 

 452 

4 Discussion 453 

Accurate simulation of the metabolic gas composition in stored fruit can be greatly beneficial 454 

for understanding and improving CA or DCA storage applications. However, the multiscale 455 

modeling approach previously developed assumes a homogeneous microstructure and, hence, 456 

homogeneous gas diffusion properties. It may, therefore, not be accurate in predicting the 457 

internal gas concentrations since the microstructure of the fruit tissue is not uniform over the 458 

entire organ (Ho et al., 2011). Low availability of O2 in plant tissues may be caused by their 459 

large diffusion resistance for O2 (Gran and Beaudry, 1993; Geigenberger, 2003; van Dongen et 460 

al., 2011; Ho et al., 2013). In this study, effective O2 diffusivity was quantified and visualized 461 

in pear fruit based on X-ray CT images using the technique of the diffusivity map developed 462 
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by Nugraha et al. (2021) while effective CO2 diffusivity was mapped from the O2 diffusivity 463 

map using the linear regression model (Equation 6). A large variation in the O2 and CO2 464 

diffusivity within a fruit or among the individual pears reflects the heterogeneity in the tissue 465 

microstructure (Figure 3). A variation of gas diffusivity along the pear radial axis was 466 

previously observed by Schotsmans et al. (2003). Variations in pear shape and size, the amount 467 

of lignified cells, cell distribution and growing conditions all contribute to the biological 468 

variability in gas diffusivity (Ho et al., 2006a). 469 

This study integrated the spatial variability in the O2 and CO2 diffusivity into an existing gas 470 

exchange model developed by Ho et al. (2006b,  2008, 2010a, 2011) to predict the local O2 and 471 

CO2 concentrations inside the pear. Also, the respiratory quotient (RQ) used as a low O2 stress 472 

signal in dynamic controlled atmosphere (DCA) (Weber et al., 2015; Both et al., 2017; 473 

Bessemans et al., 2016, 2020) was, for the first time, predicted and mapped in an entire pear 474 

organ. The distribution of internal gas concentrations and RQ level followed the spatial 475 

variation of the effective O2 and CO2 diffusivity and depended on the external gas conditions 476 

(Figure 5 and 6). Furthermore, at 0.5 kPa O2, depletion of O2 and an increase of the CO2 477 

concentration and RQ levels were steeper (Figure 6) than when a homogeneous O2 and CO2 478 

diffusivity was assumed (Figure 7), caused by areas of low diffusivity in the core.  479 

The internal gas concentration plays a vital role in fruit respiration (Yearsley et al., 1996; 480 

Lammertyn et al., 2003a; Xiao et al., 2018), and, hence, the energy availability for cell 481 

membrane maintenance (Lammertyn et al., 2003a; Saquet et al., 2003; van Dongen et al., 482 

2011). Excessively low oxygen availability in the tissue may replace aerobic respiration to 483 

fermentation, leading to a reduced supply of ATP for energy-demanding activities (Drew, 484 

1997; Boeckx et al., 2019). Eventhough cells can temporarily adapt to a low availability of 485 

metabolic energy (Drew, 1997; Toro and Pinto, 2015), they may lose membrane integrity after 486 

a certain period of time (Rawyler et al., 1999). For ‘Conference’ pear, incidence of internal 487 

disorders in relation to limited availability of energy was already observed by Veltman et al. 488 
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(2003) and Saquet et al. (2003). We followed a mechanistic approach based on the supply 489 

energy criteria (Ho et al,. 2013b) to determine the critical O2 limit at which the respiration-to-490 

fermentation switch occurs. The critical O2 limit (0.044 kPa) did correspond approximately to 491 

an RQ of 2.12 inside the pear. 492 

The predicted oxygen and RQ levels did not exceed the critical O2 or the critical RQ limits, 493 

respectively, for storage under 1.0 kPa O2 (Figure 9A). This explains the absence of internal 494 

browning inside the test samples after 4 months of storage. When the storage O2 partial pressure 495 

was decreased to 0.5 kPa, the internal O2 and RQ gradients in all pears crossed the critical 496 

thresholds (Figure 9B), indicating insufficient energy for normal cell maintenance of the pear 497 

tissue. Previous research found that fermentation occurs when the RQ levels increase above 498 

1.3 (Kader and Saltveit, 2002). The predicted result corresponded to the observation of 499 

browning and cavities in the pear samples after storage. Lammertyn et al. (2003c,d) explained 500 

that the cytoplasm releases into the intercellular space when the cell membrane integrity loose, 501 

locally causing a decrease in porosity. The liquid then gradually diffuses through the pear skin, 502 

evaporates and leaves cavities inside the pear. These processes result in an increase in the 503 

porosity and diffusivity of the affected pear (Figure 4 and Supplementary 3). Also, these results 504 

support the hypothesis that the internal RQ levels are affected by the diffusion resistance (Gran 505 

and Beaudry, 1993; Delele et al., 2019; Bessemans et al., 2020). In a future study, the 506 

experimental measurement of internal gas concentration is, however, required to validate this 507 

improved gas exchange model.  508 

The segmented area beyond the critical RQ limit agreed quite well with the actual area of the 509 

affected tissue (Figure 10). The deviation between the predicted and observed areas is most 510 

likely due to the fact that the respiration parameters used for the simulation were estimated for 511 

sound pears. In disorder-inducing conditions, some tissue regions which did not become brown 512 

might have adapted to the limited availability of energy. Later on, the tissue microstructure 513 

and, most likely, the respiration activity of pear may change due to the changes caused by the 514 
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storage disorder and thus affect internal gas and RQ levels compared to those of sound pear 515 

fruit. Investigation of gas transport in browning-affected pear fruit is, therefore, required in 516 

future research.  517 

Besides the morphology of the pore structure and diffusion resistance, the high incidence of 518 

browning and cavities, as observed in all investigated pears, was most likely affected by the 519 

late harvest date. Franck et al. (2007) described that ‘Conference’ pear fruit harvested at a late 520 

harvest date are more susceptible to this disorder than fruit picked at the optimum harvest date. 521 

Based on stochastic simulations, Ho et al. (2016) found that the occurrence of browning and 522 

cavities is high for late picked pears when stored at an O2 partial pressure of 0.5 kPa (74 %) 523 

and it increases with storage time (1-9 months). The occurrence decreases with increasing 524 

applied O2 in the storage headspace (Ho et al., 2016). The increased susceptibility of late 525 

harvested pear is likely due to the higher maximum respiration rate that contributes to the 526 

internal gas gradients (Franck et al., 2007; Ho et al., 2016). Temperature also affects the 527 

respiration rate of pear as given by the activation energy (Ho et al., 2016; 2018). Hence, 528 

temperature is most likely another factor, which exacerbates internal browning since pear fruit 529 

is better preserved at -1 °C rather than 1 °C used here. Finally, ripe pears are typically larger 530 

than unripe pears and gas transport is highly affected by size. 531 

This work followed a mechanistic approach relying on the physics of diffusion in a porous 532 

fruit, while approximating the respiration metabolism by commonly accepted approximations 533 

using simplified reaction kinetics. The advantage of this approach is that the effects of the 534 

considered processes involved could be assessed independently using their mathematical 535 

formulations in a quantitative way. Doing so, we were able to discern the effects of storage 536 

conditions on diffusion, respiration and fermentation in a spatially heterogeneous fruit. By only 537 

changing the storage conditions from 1 kPa to 0.5 kPa O2, the model was able to predict 538 

consequent changes in the RQ profiles of the fruit, which appeared to correlate well with the 539 

occurrence and spatial localization of browning disorder. This does not necessarily mean that 540 
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these were the only mechanisms at play in the particular experiment. Conditions were changed 541 

during the long-term storage experiment of the fruits. X-ray CT measurements confirmed no 542 

changes in the tissue structure after 4 months of storage at 1 kPa, and thus the diffusion 543 

properties will not have changed. Still, potentially the particular experimental design could 544 

have affected the results by a time effect on the respiratory metabolism through regulation. 545 

Consequent changes in respiration kinetics could not be assessed in the current work and are 546 

subject of active research in the field of respiratory adaptation (Cukrov et al., 2016; 2018; Xiao 547 

et al., 2018; Ho et al., 2018). 548 

We achieved the goal to demonstrate and validate this novel modelling approach that is using 549 

diffusivity maps of individual fruit to compute the profiles in respiratory gas concentrations 550 

and RQ inside pear fruits, taking into account fruit shape. For this goal, it was sufficient to have 551 

a variation in fruit shapes and internal structure using a limited number of fruit, with differences 552 

in the responses to very low oxygen, which was the case in this paper. However, to use the 553 

methodology to assess, design or optimize entire CA storage rooms operating in (dynamic) 554 

controlled atmosphere conditions, the method should be elaborated to account for the 555 

variability range of entire fruit batches. Thereto, stochastic approaches should be implemented, 556 

accounting for variability in fruit shape, diffusion properties, respiration kinetics and storage 557 

conditions and their effect on RQ inside the fruit. Doing so, we will be able to predict 558 

confidence levels of optimal conditions and risks for development of internal disorders in 559 

specific batches from different origins, picking dates and seasons. 560 

 561 

5 Conclusion 562 

Effective O2 and CO2 diffusivity maps incorporated into the macroscale model contributed to 563 

more realistic O2 and CO2 concentration and respiratory quotient profiles inside ‘Conference’ 564 

pear fruit that were in line with the local magnitude of the diffusivity distribution. The contours 565 
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of critical O2 concentrations or RQ levels corresponded readily to brown tissue and cavities 566 

found after long-term CA storage. Conventional multiscale gas exchange models that assume 567 

a homogeneous O2 and CO2 diffusivity failed to explain the occurrence of browning and 568 

cavities as the predicted gas concentrations indicated a normal aerobic respiration process, even 569 

at low oxygen partial pressures.  570 
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Figures 832 

 833 

Figure 1. Linear correlation between effective O2 diffusivity and effective CO2 diffusivity 834 

computed by Ho et al. (2016).  835 
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 841 

 842 

 843 
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 844 

Figure 2. (A, B, C and D) 3-D geometry of affected pears (numbered 1 to 4) in which the brown 845 

volume represents the browning symptoms and the small blue spots are the cavities. (E, F, G 846 

and H) grayscale CT image of vertical (top) and horizontal (bottom) slices, (I, J, K and L) 847 

photographs of corresponding horizontal pear slices. 848 
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 849 

Figure 3. Effective diffusivity map of (A, B. C and D) oxygen and (E, F. G and H) carbon 850 

dioxide of sound pears created using the developed models (Nugraha et al., 2021) and Equation 851 

6, respectively.   852 

 853 
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 854 

Figure 4. Effective diffusivity map of (A, B. C and D) oxygen and (E, F. G and H) carbon 855 

dioxide of affected pears created using the developed models (Nugraha et al., 2021) and 856 

Equation 6, respectively.   857 
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 858 

Figure 5. Internal O2 (top) and CO2 (middle) concentration, and RQ (bottom) profiles of (A, E, 859 

I) pear 1, (B, F, J) pear 2, (C, G, K) pear 3 and (D, H, L) pear 4 predicted using the diffusivity 860 

map at 1.0 kPa O2, 0.7 kPa CO2  and 1.0 oC. 861 
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 862 

Figure 6. Internal O2 (top) and CO2 (middle) concentration, and RQ (bottom) profile of (A, E, 863 

I) pear 1, (B, F, J) pear 2, (C, G, K) pear 3 and (D, H, L) pear 4 predicted using the diffusivity 864 

map at 0.5 kPa O2, 0.7 kPa CO2  and 1 oC. 865 
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 866 

Figure 7. Internal O2 (top) and CO2 (middle) concentration and RQ (bottom) profile of (A, E, 867 

I) pear 1, (B, F, J) pear 2, (C, G, K) pear 3 and (D, H, L) pear 4 predicted using single diffusivity 868 

as the model parameter at 0.5 kPa O2, 0.7 kPa CO2  and 1 oC. 869 
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 871 

Figure 8. Relative difference profiles of (A) O2 concentration (B) CO2 concentration and (C) 872 

RQ as predicted with the model incorporating the diffusivity map with respect to simulations 873 

using a homogenous O2 and CO2 diffusivity at 0.5 kPa O2, 0.7 kPa CO2 and 1 oC. Values are 874 

plotted as a function of the non-dimensional position along the radius (r/R) of the four pear 875 

fruit samples. 876 
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 880 

Figure 9. The change of the simulated RQ values as a function of the simulated O2 levels in the 881 

pears at (A) 1.0 kPa O2 and (B) 0.5 kPa O2. Different colors represent different pear samples. 882 

 883 

 884 

 885 

 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 



41 

 

 896 

Figure 10. Browning area (brown color) imaged using X-ray CT and the area indicated to 897 

undergo fermentation (blue color) based on the predicted RQ values inside the pear. The 898 

fermentation process was indicated to be dominant when the RQ* went above 2.12 (or at 0.044 899 

kPa O2).  900 
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Supplementary data 901 

Supplementary 1  902 

 903 

Figure S1. Effect of permeation on internal O2 concentration along the equatorial axis of pear 904 

simulated using (A) single diffusivity and (B) diffusivity map at 0.5 kPa O2, 0.7 kPa CO2, 98.8 905 

kPa N2 at 1 oC. There is no obvious difference between the simulations. Values are plotted as 906 

a function of the non-dimensional position along the diameter (r/R) of the four pear fruit 907 

samples. 908 
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Supplementary 2  921 

 922 
Figure S2. Profiles of effective O2 diffusivity extracted from the diameter line of the original 923 

(blue line) and binned (red line) diffusivity maps of (A) pear 1, (B) pear 2, (C) pear 3 and (D) 924 

pear 4. The 10 voxels of the original maps were binned by means of an interpolation procedure 925 

in Matlab. Only small differences between the two profiles can be observed. 926 
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Supplementary 3  934 

 935 

Figure S3. Porosity map of (A, B. C and D) sound and (E. F, G and H) affected pear created 936 

using the developed models (Nugraha et al., 2019). 937 
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Supplementary 4  941 

 942 

Figure S4. Profiles of (A and D) porosity, (B and E) effective O2 diffusivity and (C and F) 943 

effective CO2 diffusivity plotted as a function of the radius on the equator of the individual 944 

pears in (top line) healthy and (bottom line) browning-affected conditions. A profile that 945 

drastically increases at certain radius (r/R) is affected by a cavity. 946 

 947 


