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Abstract

Mie’s theory was used to develop a theoretical model to describe light propagation in apple
tissue based on its microstructural properties. Taking into account the size distributions and
volume fractions of intercellular space and starch granules, which are known in detail from
previous studies, the model predicted a decrease in the effective scattering coefficient µ′

s of
about 30% during maturation. For the lateral change of µ′

s within a ripe apple, the model
predicted an increase up to 35% from core to skin. In both cases, the relative changes agree
well with the experimental results obtained with spatial frequency domain imaging (SFDI)
and an integrating sphere setup. Based on the model, at least 70% of total µ′

s is attributable
to intercellular space, which accordingly plays a dominant role in the temporal and lateral
change of scattering. Using an extended Mie model for layered particles assuming a dense cell
structure, a negligible effect on µ′

s was observed for the cell wall. However, for cells separated
from the surrounding tissue by a narrow air gap (e.g. dissolution of the middle lamella),
µ′
s was 20% higher than for cells theoretically isolated in air. Lastly, it was shown that an

increase in soluble solids content (SSC) during maturation by up to 15% and the associated
higher refractive index in the cells led to an increase in µ′

s by about 3-5% compared to the
case without considering SSC. Overall, the application of Mie’s theory proved suitable to
investigate the influence of different morphological structures on light scattering in apple
tissue.
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1. Introduction

Despite numerous studies focused on determining the optical properties of agricultural
products, the exact influence of individual morphological components at the microscopic
level is still largely unknown. However, a deeper understanding of light propagation in dif-
ferent types of biological tissue is crucial for the future development of innovative optical
measurement methods and applications. In recent years, this has led to an increase in using
physics-based models for data analysis. The radiative transfer equation (RTE) provides a
comprehensive theoretical approach to describe the propagation of light in scattering media
and to obtain quantitative and thus comparable parameters. Besides the absorption coef-
ficient µa, the scattering coefficient µs, and the anisotropy factor g derived from the phase
function P (θ), the effective scattering coefficient defined according to µ′

s = (1 − g)µs is an
important quantity to to characterize the optical properties of fruit. In general, µa can be
related to the chemical and µ′

s to the structural properties of the tissue. Various analyti-
cal solutions of the RTE can be found for simple and regular geometries. For example, a
multilayer semi-infinite model allows, under certain conditions, the fast and accurate deter-
mination of the optical properties by solving the inverse problem based on measured data
(Liemert and Kienle, 2012, 2013, Liemert et al., 2017). The diffusion equation is also fre-
quently used as an approximation of the RTE, but its validity is much more limited (Farrell
et al., 1992). For complex geometries, numerical methods such as the Monte Carlo method
are used to solve the RTE. The optical properties are then determined by a statistical simu-
lation of scattering and absorption events for numerous light paths in the scattering medium.
However, this requires a detailed knowledge of the structure and geometry of the individ-
ual components and their refractive indices, from which the scattering coefficient, the phase
function, and the absorption coefficient can be calculated. In the case of biological tissue,
these usually have to be determined empirically. If the scattering medium can be described
as a suspension of regular spheres or cylinders in a surrounding medium, Mie type theories
are applicable. As an analytical solution of the fundamental Maxwell equations, they pro-
vide exact results for particles with arbitrary size-to-wavelength ratios and refractive indices.
This also explains their great importance and widespread use in various fields of application,
e.g., atmospheric research, material sciences, graphics, and biology (Jackèl and Walter, 1997,
Frisvad et al., 2007, Ulicný, 1992). However, the extent to which Mie’s solution is applica-
ble to model a particular type of scattering medium requires a profound knowledge of its
microstructural properties. Extensive information is available for apple fruit (Malus domes-
tica Borkh.), whose morphological and histological properties have recently received much
attention through measurement techniques such as scanning electron microscopy (SEM) or
X-ray computed microtomography (micro-CT) (Lapsley et al., 1992, Herremans et al., 2013,
Janssen et al., 2020). In this context, experimental findings indicate that the structure of
apple tissue is mainly characterized by the cell organelles, cell walls, and intercellular space.
However, the question remains open to what extent these individual microscopic components
interact with light and thus influence the optical properties of apple tissue during maturation
and storage.
From an experimental point of view, extensive studies on the optical properties of apple tissue
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are available. Using various time-, spatially-, and spatial frequency-resolved techniques, a
characteristic decrease in µ′

s was observed during maturation (Van Beers et al., 2017, Seifert
et al., 2015, Lohner et al., 2021), while an increase in µ′

s was partially observed during storage
(Vanoli et al., 2020, Rowe et al., 2014). Spatially resolved scattering property studies showed
a high degree of heterogeneity with a tendency for µ′

s to increase from the core to the skin
(Lohner et al., 2021). As part of a correlation analysis, Wang et al. (2020) suggested that
the intercellular space has a major influence on the scattering properties, while the shape,
size, and components of the individual cells play a minor role. Additional influences of the
starch granules or the cell walls are often discussed and first experimental evidence has been
provided (Lohner et al., 2021), but a doubtless separation of the different effects has not yet
been achieved. On the theoretical side, there have been few attempts to directly simulate the
optical properties of apples. Basic studies based on the Monte Carlo method investigated for
example, the penetration depth of light at different wavelengths or the influence of the skin
to determine the optical properties of apple tissue (Vaudelle and L’Huillier, 2015, Askoura
et al., 2015, Qin and Lu, 2009). Mie’s solution has mostly been used to roughly characterize
the average size of the involved scatterers by assuming a power-law function for the spectral
dependence of µ′

s (Seifert et al., 2015, Vanoli et al., 2011, Saeys et al., 2010).
The aim of this work was to develop a polydisperse Mie model to describe light scattering
in apple tissue with realistic assumptions for its microstructure. Using the size distribution
and volume content of air pores and starch granules known from literature, the associated
temporal and lateral change of µ′

s can be simulated and compared with results from spatial
frequency domain imaging (SFDI) and an integrating sphere setup. Another objective was
to estimate how the change in the relative refractive index, e.g., by increasing soluble solids
content (SSC) during maturation, affects scattering. Lastly, the extension of Mie’s theory
to layered particles should provide an approach to investigate the influence of cell walls on
the scattering properties for different cell configurations. In particular, to clarify whether
changes in cell walls may be associated with an increase in µ′

s during storage.

2. Theory

2.1. Mie solution for spherical particles

The Mie solution to Maxwell’s equations (also called Lorenz-Mie theory) describes the
electromagnetic scattering by single homogeneous and isotropic spheres in a surrounding
medium. The results are characterized by the size parameter x = πd/λ, which is the ratio
between sphere diameter d and light wavelength λ, and the ratio m between the complex
refractive index nsph of the sphere and the real refractive index nmed of the surrounding
non-absorbing medium

m =
nsph

nmed

. (1)

In addition to this basic model, numerous extensions have been published which consider
e.g. an absorbing surrounding or layered spheres (Mundy et al., 1974, Kai et al., 1994).
Advantageously, numerous fast and efficient implementations are available for these extended
solutions, which have been used in the context of this work (Bohren and Huffman, 1983,
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van de Hulst, 1957, Wiscombe, 1980, Schäfer et al., 2012, Schäfer, 2016). Most often, a
vector harmonic approach based on spherical Bessel functions is used to compute the far-
field solution of a given configuration, providing, e.g., the scattering cross section Csca, the
absorption cross section Cabs, and the extinction cross section Cext, which are linked via

Cext = Csca + Cabs. (2)

Mie’s solution further provides the phase function P (θ, ϕ), which describes the dependence
of the scattered light intensity in spherical coordinates, and the anisotropy factor g, which
takes on values between -1 (backward scattering) and +1 (forward scattering) (Bohren and
Huffman, 1983). For rotationally symmetric particles, the phase function P (θ) depends only
on the scattering angle θ and is normalized so that

π∫
0

P (θ) sin(θ)dθ = 1. (3)

If a medium consists of several spheres of the same type, the scattering coefficient µs and the
absorption coefficient µa can be calculated by scaling with respect to their particle density
ρN (particles per unit volume) as

µs/a = ρNCsca/abs. (4)

The scattering coefficient and the anisotropy factor can be combined to yield the effective
scattering coefficient µ′

s = µs(1− g).

2.1.1. Polydisperse particles

Real systems usually consist of particles with different diameters, which are subject to
a characteristic size distribution. In the case of a normal distribution, it can be defined by
specifying a mean particle size µ and the standard deviation σ. In naturally formed systems,
the log-normal distribution

fN(r) =
1

rs
√
2π

exp

[
−(ln r −m)2

2s2

]
, for r > 0, (5)

with particle radius r and

m = ln

(
µ2√

µ2 + σ2

)
and s =

√
ln

(
1 +

σ2

µ2

)
, (6)

plays a particularly important role for describing the size distribution of biological tissue such
as cells or colloids (Koch, 1966, Hergert and Wriedt, 2012). Since Mie’s solution can only be
applied for discrete particle sizes, a discretization of the size distribution is necessary. The
distribution is divided into i intervals with a mean radius ri and the distribution function
fN(r) is normalized such that

fv =
∑
i

4

3
πr3i fN(ri), (7)
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where fv is the volume fraction and fN(ri) is the respective particle density. After calculating
Mie’s solution for all particle sizes ri, the optical properties of the polydisperse system for a
normalized phase function P(θ, ri) consequently result as (Modest, 2003)

µs =
∑
i

Csca(ri)fN(ri), µa =
∑
i

Cabs(ri)fN(ri), (8)

P (θ) =

∑
i Csca(ri)P (θ, ri)fN(ri)

µs

, (9)

g =

∑
iCsca(ri)g(ri)fN(ri)

µs

. (10)

The choice of a suitable discretization plays an important role since the number of size
intervals influences, on the one hand, the accuracy, and on the other hand, the computation
time, if a large wavelength range is examined (Aernouts et al., 2014). As a compromise,
200-400 size intervals were mostly considered for the following calculations.

2.1.2. Mie model for biological tissue

Due to its complex composition and structure, biological tissue cannot be regarded with-
out restriction as a suspension of spherical particles in the sense of Mie’s solution. In reality,
for example, non-spherical particles, strong absorption of the surrounding medium or a high
volume concentration of the particles cause considerable deviations compared to the theory.
Nevertheless, Mie’s theory is regularly used to solve the inverse problem based on experimen-
tal data, e.g., to determine the effective diameter or the size distribution of different cell types
in human tissue (Wilson and Foster, 2005, Wang et al., 2005, Hammer et al., 1998). Forward
calculations for the prediction of optical properties based on Mie simulation considering the
microstructure of the investigated samples have also been successfully performed. In addi-
tion to Mie models for milk (Frisvad et al., 2007), seawater and sea ice (Zhang et al., 2007,
Hamre et al., 2004), more complex models for human skin or other tissue types (Schmitt
and Kumar, 1998, Bhandari et al., 2011, Wang et al., 2013) should be mentioned.
The deviations from the Mie model caused by a non-spherical shape of the particles or rough
surfaces are particularly well studied in the field of atmospheric science. Using ice crystals as
an example, Grenfell and Warren (1999) have shown that approximating cylinders, hexagons,
or plates by spheres with an equivalent volume-to-surface ratio leads to very accurate results,
with deviations usually below 5% for the scattering and extinction coefficients, but larger
deviations for the phase function. Similarly, for elliptical or Chebychev-shaped particles, the
scattering and absorption cross sections can be approximated assuming a sphere in many
cases, while the phase function can have large deviations in individual cases (Gronarz et al.,
2017, Chýlek, 1977, Mugnai and Wiscombe, 1986). For high volume fractions and corre-
spondingly densely packed particles, there is an overall decrease in µs due to the interaction
of their near fields, which is referred to as dependent scattering. While this effect can occur
for particles with small size parameters (x ≈ 1) even at volume concentrations below 10%,
particles with large size parameters (x ≈ 100) can often be considered independent at volume
concentrations up to 70% (Brewster and Tien, 1982).
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From these results it follows that apple tissue can also be described in principle by Mie’s
theory. For air pores with large size parameters from 200 to 5,000 and volume concentra-
tions up to 25%, mainly independent scattering can be expected. In general, Mie’s theory
approaches geometrical optics in this size range. Although the assumption of spherical air
pores is a severe simplification, a sufficiently accurate description of the scattering properties
can be expected if the correct volume or better volume-surface ratio is taken into account
(Grenfell and Warren, 1999). In contrast, starch granules with size parameters below 100
are significantly smaller and have a spherical shape by nature. With volume fractions of
maximum 3%, mainly independent scattering can be expected here as well.

3. Materials and Methods

3.1. Spatial frequency domain imaging

3.2. Integrating sphere measurements

As a further method for the measurement of the optical properties, an integrating sphere
setup was used, which was recently designed and developed by Foschum et al. (2020) and
Bergmann et al. (2020) in combination with an evaluation method based on Monte Carlo
simulations. Essentially, it consists of a 3D-printed and barium sulfate-coated sphere with
an inner diameter of 150mm, a halogen light source and two spectrometers: one for the
predominantly VIS from 200 nm to 1100 nm (Maya2000Pro, Ocean Optics, USA) and one for
the NIR from 900 nm to 1700 nm (NIRQuest512-1.7, Ocean Optics, USA). A 100W halogen
lamp (Halostar Starlite, Osram, Germany) in combination with an open-frame power supply
served as a light source. For sample preparation, the skin and outer coarse-pored layers of
the apple were first removed and then a 2-3mm thick slice of the cortex was cut using a
vegetable slicer. Since the sample thickness is included in the evaluation, care was taken to
ensure that the slices were as uniform as possible. To suppress surface effects, the samples
were measured between two glass slides. The leaking juice filled the interface between the
tissue and the glass, which prevented the formation of air inclusions and thus undesirable
refractive index differences. To obtain better statistics, each sample was measured twice on
one side in the direction of the integrating sphere and twice after turning the sample over.
Based on the recorded reflectance and transmittance spectra, µ′

s and µa were determined for
each measurement using a look-up table calculated by the Monte Carlo method, specifying
the thickness, refractive index, and anisotropy factor. Finally, the arithmetic mean of the
optical properties was calculated from the four measurements for each sample.

3.3. Apple samples

The apple samples examined for comparison purposes are identical to those presented
in the first part of this paper (Lohner et al., 2021). They were collected from the research
orchard of the Kompetenzzentrum Obstbau Bodensee (47◦46′01.8′′N9◦33′30.3′′E) during the
2019 harvest season between July and November. In this work, the cultivar ‘Jonagold’
(Novajo) was studied in particular.
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4. Results and discussion

4.1. Mie model for the temporal development of the scattering properties during maturation

During maturation, a number of physiological processes occur simultaneously which can
influence the morphology and microstructure and thus also the scattering properties of ap-
ple tissue. In this context, the temporal development of the intercellular space and the
build-up and degradation of starch granules are of particular importance. Several studies
based on micro-CT measurements are available to investigate the intercellular space from
a microscopic perspective. Specifically, Herremans et al. (2015) documented the temporal
variation of average pore size and absolute porosity in ‘Jonagold’ apples over a period of 7
to 22 weeks after full bloom. For a quantitative description of the air pores size, they give a
cumulative distribution of equivalent sphere diameters, which correspondingly describes the
pores as spheres with the same volume. Since the distribution was explicitly given for only
six weeks, it was interpolated for the remaining weeks and extrapolated for weeks 23 and
24. The size distributions shown in Fig. 1A for different weeks were determined by fitting a
log-norm distribution to the cumulative distribution functions according to equation 5. The
mean pore diameters increased from approximately 100 µm at week 7 to 410µm at week 22
with corresponding standard deviations of 40µm and 120 µm. For better comparability, the
area under the curves was weighted to the corresponding volume fraction of the air pores,
which indicates the porosity. It increased from 10% to 26% over the same period.
For the Mie model, the air pores with a refractive index of 1.0 were considered as scattering
particles embedded in a homogeneous and highly aqueous environment. This assumption
is based on the fact that, due to the strong cell-to-cell adhesion associated with the middle
lamella, the cortex tissue represents a relatively densely packed cell structure, especially in
the early stages of fruit development (Harker and Hallett, 1992, Allan-Wojtas et al., 2003).
In addition, apples generally have comparatively few but large air pores (Rojas-Candelas

Figure 1: Temporal variation of
the size distribution for (A) the
equivalent spherical diameter of
air pores as reported by Herre-
mans et al. (2015) and (B) the
starch granules as reported by
Ohmiya and Kakiuchi (1990) for
‘Jonagold’ apples during matura-
tion. In both cases, a log-norm
distribution was assumed based
on the mean diameters and stan-
dard deviations reported in the
literature. For better illustra-
tion, the areas under the curves
were weighted to their respective
volume fractions.
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et al., 2021, Mebatsion et al., 2009). Consequently, the model does not take into account
refractive index differences of the surrounding medium, whose mean refractive index was
estimated to be 1.37 (Choi et al., 2007).
Furthermore, the build-up and degradation of starch granules were considered. In Ohmiya
and Kakiuchi (1990), absolute starch content and mean granule size were reported for ‘Jon-
agold’ apples over a period of 3 to 22 weeks after full bloom. Based on the reported mean
granule diameters from four different weeks and the associated standard deviations, a log-
normal distribution function was again assumed, as shown in Fig. 1B. The mean particle di-
ameters range from 7µm to 12.5µm with corresponding standard deviations between 0.1 µm
and 0.2 µm. The starch volume fraction fV was calculated from the known mass fractions fM
assuming a density of ρT = 0.9 g/cm³ for apple tissue (Vincent, 1989) and ρS = 1.5 g/cm³
for starch granules (Dengate et al., 1978) according to

fV =
fW

fW + (1− fW ) ρS
ρT

. (11)

The area under the curves in Fig. 1B was weighted according to the corresponding starch
volume fraction, which initially increases steadily to about 1.50% (corresponding to a mass
fraction of 2.48%) until week 18 and then drops almost completely in the last weeks of
maturation.
Since no reference values for the refractive index of starch granules are known specifically
for apples, data from other starch-containing crops were used. For example, Wolf et al.
(1962) report a refractive index of 1.53 for isolated wheat starch granules and Borch et al.
(1972) report a refractive index between 1.50 and 1.54 for isolated tapioca starch granules.
Therefore, the choice of an average refractive index of 1.52 for starch granules in apples seems
reasonable. Since the starch granules are located inside the chromoplasts, the refractive index
of the surrounding medium was assumed to be 1.37 in this case.

Fig. 2A-C shows the spectrally resolved µs calculated with the Mie model considering the
intercellular space, the starch granules and the sum of both. In the case of the starch granules,
a maximum of about 5mm−1 is reached at week 18, while µs is nearly zero at week 24. Due
to the small particle size dispersion, µs shows wavelength-dependent oscillations. For the
intercellular space, a decrease from 7mm−1 to 2.5mm−1 can be observed, especially in the
first weeks, but it hardly changes after week 11. In this case, almost no spectral dependence is
visible. Taking both components into account, µs decreases from about 10mm−1 to 2.5mm−1

within less than 20 weeks. Fig. 2D shows the corresponding anisotropy factors. In the
case of the air pores, the values range between 0.85 and 0.70, with a decrease observed
with increasing maturity. In addition, the anisotropy factors tend to slightly increase with
increasing wavelength. For the starch granules, the anisotropy factors range between 0.90
and 0.95, with no pronounced dependence on the wavelength. The resulting anisotropy factor
from the sum of both components ranges from 0.9 at the beginning of maturation period to
0.8 at the end. Fig. 3A shows the resulting change in µ′

s during maturation evaluated at a
wavelength of 600 nm again for the intercellular space (blue), starch granules (red), and their
sum (black). The error bars indicate the mean square deviation for a variation of the mean
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Figure 2: Modeled scattering
coefficients µs of starch
granules (A), air pores (B)
and their sum (C) for differ-
ent weeks after full bloom
and their corresponding
anisotropy factors g (D).

particle diameter by ±10% and the volume fraction by ±2%. For the intercellular space, a
significant decrease in µ′

s from 1.08mm−1 to 0.64mm−1 at week 12 was observed, followed by
a small decrease to approximately 0.6mm−1 by week 24. Scattering due to the starch granules
increased slightly from 0.21mm−1 at the beginning and reaches a maximum of 0.30mm−1

in week 18. In the last six weeks, a rapid decrease to almost 0 can be observed. Combining
both components results in an overall decrease in µ′

s from 1.29mm−1 to 0.61mm−1 during
the studied period. A linear regression illustrates this trend between weeks 12 and 24. In
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Figure 3: (A) Changes in mod-
eled effective scattering coefficients
µ′
s for air pores and starch granules

from 7 to 24 weeks after full bloom
for ‘Jonagold’ apples, with the er-
ror bars indicating the uncertainty
for 10% variation in mean particle
diameter and 2% variation in vol-
ume content. (B) Comparison of µ′

s

obtained with the Mie model and
weekly measured with SFDI and in-
tegrating sphere for six ‘Jonagold’
apples over a period of 15 to 25
weeks after full bloom. The error
bars indicate the total standard de-
viation, for the integrating sphere
based on four measurement repeti-
tions and for SFDI based on aver-
aging the optical properties over the
entire image area, for both at two
measurement positions per apple. A
linear regression was performed for
each data set (dashed lines) with
the functional parameters summa-
rized in Table 1.

Fig. 3B, the period between end of July (14 weeks after full bloom) and begin of October
(24 weeks after full bloom) was selected for which experimental data were available for µ′

s

of cortex tissue from ‘Jonagold’ apples. These were measured and analyzed weekly on six
identical apple samples using a SFDI and an integrating sphere setup. For the integrating
sphere measurement, two samples were taken from the sun and shade sides of each apple and
four measurement repetitions were performed in each case. With the SFDI setup, the apples
were also measured on both sides and the optical properties were averaged over the entire
image area. In both cases, the mean value of µ′

s was then calculated by averaging over all
samples per week, taking into account error propagation. In both cases, an anisotropy factor
of 0.9 and the refractive index of water plus a wavelength-independent constant of 0.04 were
used for the evaluation, resulting in an exemplary value of 1.37 at a wavelength of 650 nm.
Comparison shows that the relative change of µ′

s in the range of about 30% agrees well for
both experimental data and the simulation results. In detail, the decreases obtained by linear
regression during the studied period are 30% for the Mie model, 32% for the integrating
sphere measurements and 36% for the SFDI measurements. The absolute changes range
between 0.31mm−1 and 0.50mm−1 over ten weeks. Table 1 shows the individual regression
parameters. In addition, the experimental data show overall larger values of µ′

s between
15% (integrating sphere) and 30% (SFDI) compared to the simulation. Thus, the Mie
model only approximates the scattering properties and certainly does not take into account
all effects that can occur that would explain the deviation from the absolute values. The
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Data set Offset Slope R2

Mie model 1.389 -0.031 0.678
SFDI 2.143 -0.050 0.930
Integrating sphere 1.645 -0.035 0.950

Table 1: Parameters obtained from lin-
ear regression of the effective scattering
coefficients µ′

s over the weeks after full
bloom, shown in Fig. 3B. R2 indicates
the coefficient of determination.

differences between the two experimental methods could be explained by the different sample
preparation. In the case of the integrating sphere, thin slices of apple tissue were cut and
positioned between two glass plates. Inevitably, juice escapes and fills part of the air pores,
especially at the interfaces. This corresponds to a reduction of the relative refractive index
and causes on average a lower µ′

s. In the SFDI measurements, this effect certainly also occurs
in the area of the cut surface, but here the light can generally penetrate deeper into the tissue
and interact accordingly with intact tissue. This suggests that the SFDI measurements reflect
the absolute scattering properties more realistically. However, the good agreement of the
relative changes in all these cases is an indication that the temporal change of µ′

s can be
understood primarily by changes in the air pores and starch granules.
The results are in good agreement with experimental studies by other researchers. For
the anisotropy factor g, specifically for apple tissue using integrating sphere measurements,
values between approximately 0.70 and 0.92 have been reported (Van Beers et al., 2017,
Saeys et al., 2008). The relative decrease in µ′

s was also observed in other apple cultivars
during maturation, although in some cases less pronounced (Van Beers et al., 2017, Seifert
et al., 2015, Lohner et al., 2021). The Mie model predicted a strong influence of at least 70%
of intercellular space on total µ′

s which is in good agreement with the results of Wang et al.
(2020). However, especially for the influence of starch, there are hardly any experimental
comparative data available, but a maximum contribution of 0.3mm−1 corresponds very well
to the differences of about 0.4mm−1 for cortex tissues with high and low starch content
found in the first part of this work (Lohner et al., 2021) .

4.2. Mie model for the spatial change of the scattering properties

In addition to temporal changes, literature data are also available to show lateral changes
in intercellular space within the apple fruit. Therefore, the Mie model was used in the same
way to estimate the scattering properties of the tissue between the core and the skin area.
Both the porosity and the size distribution of air pores in ripe ‘Jonagold’ apples are reported
in Janssen et al. (2020), Wang et al. (2020) and Dražeta et al. (2004) for different distances
within fruit tissue relative to the skin, as shown in Fig. 4A-B. For the remaining positions, the
mean data were interpolated and based on the standard deviations indicated by the error
bars, a corresponding log-norm distribution was calculated according to equation 5. The
interpolated values considered in the Mie model are shown as blue lines, with the shaded
area indicating the standard deviation. For the data taken from Wang et al. (2020) near
the skin area, a slightly higher standard deviation than specified was assumed to ensure
better agreement with the significantly higher standard deviation in Janssen et al. (2020).
Overall, literature values are available ranging from the skin at a relative radial position
of 0 throughout the cortex to the coreline, which is localized at a relative radial position
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Figure 4: Spatial change in
porosity (A) and mean air pore
diameter (B) between the skin
and coreline of ‘Jonagold’ ap-
ples, interpolations based on lit-
erature data with standard devi-
ations given as shaded area. The
radial positions are given relative
to the skin, the coreline is in the
range of 0.6. (C) Effective scat-
tering coefficient µ′

s calculated
using a Mie model based on the
data in (A) and (B). Error bars
show the uncertainty for 10%
variation in mean air pore diam-
eter and 2% variation in poros-
ity. For comparison, the scatter-
ing profiles of ‘Jonagold’ apples
measured with SFDI are shown
with the shaded area indicating
the standard deviation of mea-
surements on six different apples
per week. The profiles were av-
eraged within a range of 2mm.

of about 0.6. Since no quantitative data on the local starch distribution are known, the
additional influence of the starch granules was not considered in detail. Its influence will be
addressed in the discussion based on our previous results. The effective scattering coefficient
resulting from the Mie model is shown in Fig. 4C. The error bars indicate the mean square
deviation for a variation of the mean pore diameter by ±10% and the porosity by ±2%.
After reaching a local minimum of 0.62mm−1 at the core line, µ′

s increases towards the outer
cortex. The maximum of 1.0mm−1 is reached at a relative radial position of approximately
0.2, with µ′

s decreasing rapidly thereafter towards the skin. Thus, relative to the maximum,
the radial decrease in the inner cortex is around 35%. For comparison, the results of SFDI
measurements on ‘Jonagold’ apples from two different weeks at the end of the maturation
period are shown. The individual profiles were first averaged laterally over a range of 2mm
and then these results were averaged again for six different apples per week. In both cases,
the absolute µ′

s is about 25% higher compared to the simulation, the relative radial change
is in the range of less than 20%. Larger deviations are particularly noticeable in the skin
area, where µ′

s shows only a slight decrease in the measured data. As shown in Lohner et al.
(2021), an underestimation is to be expected in this area due to the underlying semi-infinite
model. It should also be taken into account that small pores in the skin area lie below the
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resolution limit of about 5 µm of the micro-CT measurements (Janssen et al., 2020, Wang
et al., 2020). Due to their small size, a considerable influence on light scattering can be
assumed, which could explain the differences to the measured data despite lower porosity.
Overall, the Mie model can correctly reproduce the radial change of µ′

s over large parts of the
apple tissue. The higher absolute values of the experimental data can be attributed to the
neglected influence of other components on µ′

s. In reality, scattering properties also depend
strongly on local structures such as vascular bundles, which can lead to larger deviations
between modeled and experimental data. In principle, other components, such as the starch
granules, also have an influence on the scattering profiles, since their concentration can
exhibit a considerable radial dependence. During starch degradation, the granules in the
inner cortex are often already completely degraded, while considerable amounts can still be
found in the outer cortex (Doerflinger et al., 2015, Brookfield et al., 1997). In this case,
additional light scattering of the granules in the outer cortex would presumably lead to an
overall larger gradient of the scattering profile.

4.3. Consideration of cell walls based on layered particles

To estimate the influence of the cell walls on the scattering properties, the Mie model was
extended to include layered particles. For quantitative comparison, single apple cells were
studied in four different configurations as shown in Fig. 5C: cells in air (i), cells with cell walls
in air (ii), cells with cell walls in tissue (iii), and cells with cell walls and a thin air gap in
tissue (iv). For direct comparison, the same log-normal size distribution with a mean size of
100µm, a standard deviation of 40 µm and a volume fraction of 1% was chosen for all cells.
Configurations (i) and (ii) are based on isolated cells in air to directly compare the influence
of the cell wall on light scattering. The refractive indices were assumed to be 1.37 for the
cells and 1.0 for the surrounding air. In configuration (ii), a cell wall with a thickness of
2% of the mean diameter and a refractive index of 1.425 was added, based on experimental
results reported by Mebatsion et al. (2009), Woolley (1975) and Gausman et al. (1974)
respectively, without changing the outer cell diameter. Relative to an average mean diameter
of 100µm, the average cell wall thickness of 2 µm is relatively small. The resulting scattering
properties are shown in Fig. 5A-B. While µs shows little difference for both configurations,
the anisotropy factor is slightly smaller and thus µ′

s is slightly larger for configuration (ii).
The differences are primarily caused by the phase function, as the comparison in Fig. 5A
shows. In configurations (iii) and (iv), the cells were placed in surrounding tissue having the
same mean refractive index as the cells themselves. This corresponds to the assumption of a
dense and homogeneous cell structure with strongly pronounced cell-to-cell adhesion. Light
scattering in configuration (iii) is thus completely attributable to the influence of the cell
wall due to its higher refractive index. In configuration (iv), a thin air gap with a thickness
of 1 µm was added around the cell as a third layer to simulate a cell detached from the
cell compound. The results in Fig. 5A-B for these two cases show large differences in their
phase functions and less pronounced also in µs. For configuration (iii), pronounced forward
scattering with g of almost 1 leads to a very small µ′

s, while in configuration (iv) a smaller
anisotropy factor and thus a significant increase in µ′

s are observed.
Overall, two main conclusions can be drawn from these results. In the case of a dense and
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Figure 5: (A) Phase functions for
different layered particles at a wave-
length of 600 nm obtained in the
context of simplified cell model for
the configurations shown in (C). For
direct comparison of the results, a
log-norm size distribution with a
mean size of 100 µm and a stan-
dard deviation of 40µm was cho-
sen for all particles with a volume
fraction of 1%. (B) shows the re-
sulting scattering coefficient µs, the
anisotropy factor g derived from the
phase function, and the combined
effective scattering coefficient µ′

s in
the visual spectral range.

relatively homogeneous cell structure, the direct influence of cell walls on light scattering
is rather small with an increase of about 5% compared to a homogeneous cell. This is in
good agreement with the results of Wang et al. (2020), who reported a subordinate influence
of cell organelles on light scattering. When the adhesion between cells decreases during
ripening and storage or the cells lose volume, small air gaps may form between the cells as
reported by Varela et al. (2007) and Harker and Hallett (1992). This process is accompanied
by an increasing change in the composition and texture of the cell wall in terms of pectin,
hemicellulose, and cellulose, with the pectin-rich middle lamella in particular increasingly
dissoluting (Goulao and Oliveira, 2008). In this case, the increased light scattering would only
be indirectly related to the properties of the cell walls and specifically the middle lamella,
but as a result this could explain the increase in µ′

s already observed experimentally. As
further evidence, Vanoli et al. (2009) reported, based on the study of ‘Jonagored’ apples
by time-resolved spectroscopy, that the increase in µ′

s during storage was related to pectin
content and composition.
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4.4. SSC influences the scattering properties

During maturation, starch granules stored in the cells are converted by enzymatic pro-
cesses into various sugars, leading to an increase in SSC. Yamaki and Ino (1992) showed that
about 90% of the sugar content is present in vacuoles, which in turn account for most of the
cell volume (Shiratake and Martinoia, 2007). Depending on cultivar and growth conditions,
SSC increases from about 5% in immature apples to as much as 15% in mature apples (Ya-
maki and Ino, 1992, Lu et al., 2000, Wei et al., 2020). This is associated with a change in the
refractive index of the vacuoles and thus of the entire cell. Based on measurements of invert
sugar solutions with different concentrations by Weast (1986) and Snyder and Hattenburg
(1963), an increase in the refractive index from 1.340 to 1.355 can be estimated. To deter-
mine the effect of this change on µ′

s, the refractive index of the cell compound in the Mie
Model was adjusted for different SSCs. Fig. 6A shows, as an example for week 20 after full
bloom, the change in µ′

s for an SSC ranging from 0 to 15% separately for the intercellular
space and starch granules. The SSC increases the refractive index difference of the cells
relative to the air pores, resulting in an increase of µ′

s by almost 7% for 15% SSC. At the
same time, within the cells, the relative refractive index difference relative to the granules
decreases, resulting in a decrease of µ′

s by about 4%. The sum of both components predicts
an increase of about 4%. In Fig. 6B, the simulation of µ′

s with and without consideration
of the refractive index change was compared for different weeks. SSC was determined by
refractometer measurements of ‘Jonagold’ apples during the corresponding period, ranging
from 10.0% at week 14 to 13.7% at week 24. Overall, it was observed that the increase
in the refractive index of the cells resulted in an increase in µ′

s of about 3%. However, it

Figure 6: (A) Modeled changes
in relative scattering properties
of air pores and starch gran-
ules at week 20 after full bloom
as a result of increasing SSC,
based on literature data. (B)
Comparison between the previ-
ously presented effective scat-
tering coefficient µ′

s assuming a
constant refractive index (nmed)
during maturation and an ex-
tended model considering the ex-
perimentally determined changes
in SSC (nmed + δnSSC).
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must be taken into account that the refractive index of other cell components, such as the
granules themselves, may also change over the same period.

5. Discussion

A Mie model was presented to estimate the scattering properties of apple tissue based on
its microstructure. The intercellular space, i.e. the air pores, were assumed to be scattering
particles located in a relatively homogeneous and dense cell structure. In reality, of course,
this is only an approximation, since the refractive index of individual cell components varies
to a certain degree (Drezek et al., 2000, Dunn and Richards-Kortum, 1996): 1.36-1.39 (nuclei,
cytoplasm, nucleoli) (Choi et al., 2007), 1.40-1.42 (cell walls, mitochondria) (Haseda et al.,
2015), and 1.52 (starch granules) (Wolf et al., 1962). Specifically, in plant cells, vacuoles,
and cytoplasm alone account for nearly 70% of cell volume (Yamaki and Ino, 1992). Thus, a
mean refractive index of cells in the range of 1.37 seems plausible. As shown by the increase
in SSC, the refractive indices of individual components can also change during maturation.
Another example is the enzymatic degradation of starch granules, whose refractive index
presumably also depends on the progress of hydrolysis (Oates, 1997). Since a quantitative
estimation of such processes is hardly possible, this was not considered in the present model.
For the cell walls, as another important component, the simulations showed a very small
direct influence on scattering. Even with a fresh weight cell wall mass content of up to
3% (Lapsley et al., 1992), which is comparable to the maximum starch content (Stevenson
et al., 2006), this seems plausible because of the much smaller refractive index difference
relative to the surrounding tissue. Less important for the cortex, but still conceivable, is the
influence of chloroplasts and especially chlorophyll-containing grana on light propagation.
Especially in high concentrations, as found in apple skin, they can lead to interesting effects
due to their strong absorption (Capretti et al., 2019). Overall, the results of the investigated
Mie model compared with experimental results suggest that air pores and starch granules
are responsible for about 70-80% of the total light scattering in the apple cortex and other
components have a correspondingly small influence.
The intercellular space, as the presumably dominant component, is also subject to changes
during maturation and storage. While the air pores are relatively isolated, especially at
the beginning of fruit development with a volume content of about 10%, their connectivity
increases further on and their number decreases accordingly (Herremans et al., 2015). With
a sphericity in the range of 0.7, they can be considered relatively spherical. As the fruit
ripens, the average size of the air pores and their degree of cross-linking increases. This
leads to the conclusion that the approximation of spherical air pores in late stages of fruit
development does not fit well with reality. With decreasing cell-to-cell adhesion during stor-
age, the initially dense cell structure increasingly dissolves until finally there are no more
strictly localized air pores. In the hypothetical case of a complete dissolution of the middle
lamella, the cells themselves would have to be regarded as densely packed scattering parti-
cles surrounded by air. With a cell volume fraction of 70% and the accompanying dominant
dependent scattering effect, the Mie theory would no longer be suitable for a realistic de-
scription of light scattering under this assumption. Thus, up to which point the presented
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Figure 7: (A) Temporal evolu-
tion of the mean effective scat-
tering coefficient µ′

s compared
for different apple cultivars mea-
sured with SFDI. The colored
arrows mark the recommended
harvest dates for each cultivar
based on the Streif indices. (B)
Temporal evolution of the mean
volume estimated from the fruit
size of six apples each week with
an ellipsoid model. (C) Tempo-
ral evolution of the starch pat-
tern index (SPI, ordinal score 1-
10) with error bars indicating the
standard deviations for a weekly
sample set of six apples.

Mie model retains its validity during storage depends strongly on the cell structure.
On a qualitative level, the results allow a general assessment of the importance of µ′

s in
relation to fruit development. Although the microstructural properties used for this study
were all determined using ‘Jonagold’ apples, some variability is to be expected due to differ-
ent growing seasons and production regions. Therefore, the results can only represent the
temporal development of the optical properties in an idealized way. Nevertheless, the model
clearly shows that the relative change of µ′

s is strongly related to the influence of individual
components, whose respective share is subject to fruit development. A large influence of the
intercellular space was evident especially in the early stages between 6 and 16 weeks after
full bloom, which is probably related to the cell enlargement occurring during this period
(Bain and Robertson, 1951, Ruess and Stösser, 1993). The influence of starch degradation,
on the other hand, was important at late stages of maturation, where intercellular space
hardly changed.
This relationship is also evident from the temporal evolution of µ′

s determined with SFDI
from the first part of this work, shown in Fig. 7A (Lohner et al., 2021). In Fig. 7B, the vol-
ume of the examined fruit increases steadily within a first period until about week 20 after
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full bloom. The mean volume was estimated from fruit size based on an elliptical model as
shown in Iqbal et al. (2011). In the following second period, the volume change stagnates,
but at the same time starch degradation progresses rapidly, as indicated by the increase in
the starch pattern index (SPI) in Fig. 7C. It is noticeable that in early maturing cultivars
such as ‘Elstar’ and ‘Gala’, which were examined in the first period, the change in µ′

s is much
more pronounced (∆µ′

s ≈ 30%) than in late maturing cultivars such as ‘Braeburn’, which
were mainly examined in the second period (∆µ′

s ≈ 20%). In the case of ‘Jonagold’, whose
maturation period covers both periods, the largest ∆µ′

s ≈ 35% was observed in addition to
a large volume increase and almost complete starch degradation. Generally, this could mean
that a large relative change in µ′

s can be assumed for early maturing cultivars, while it is less
pronounced for late maturing cultivars. In addition, the fruit growth itself and the progress
of starch degradation play a major role, which in turn depend on the respective cultivar
or climatic influences. For the absolute comparison of µ′

s and its relative changes, these
parameters must therefore always be taken into account. The extent to which a correlation
of µ′

s with individual macroscopic quantities such as firmness is applicable, e.g., for quality
control, requires further investigation accordingly. For example, Rojas-Candelas et al. (2021)
have recently shown that firmness at the microstructural level depends not only on air pore
density, but in particular on cell diameter and cell density, which according to our results
are related to µ′

s only to a minor extent. Apart from this, µ′
s nevertheless provides complex

but important information about the structure of the tissue, which in combination with
other optical parameters, such as absorption at different wavelengths, could well provide the
possibility of defining a parameter for determining the degree of maturity or quality.

6. Conclusions

Part 2 of this study showed that a Mie model basically allows the estimation of scattering
properties of apple tissue based on its microstructure. It was found that intercellular space,
and in particular porosity, has a dominant influence on µ′

s. When simulating the temporal
change of µ′

s during maturation, it was found that light scattering from starch granules can
contribute to up to 25% of total scattering. Overall, the predicted relative decrease in µ′

s

agrees well with experimental results based on integrating sphere and SFDI measurements.
It is noteworthy that µ′

s is differentially influenced by certain morphological components de-
pending on the stage of maturation, which probably makes direct correlation with individual
macroscopic quantities difficult. Furthermore, the Mie model predicted a radial increase in
µ′
s of up to 35% from the core to the skin, which is also largely consistent with experimental

SFDI results. It was shown that the change in refractive index associated with the increase
in SSC in cells leads to an increase in µ′

s of up to 5%. By extending the Mie model to
layered particles in the context of a simplified cell model, we found that the cell walls do not
have a large influence on light scattering under the assumption of a relatively homogeneous
cell structure. In the presence of an additional thin layer of air, as expected with reduced
cell-to-cell adhesion due to dissolution of the middle lamella, a significant increase in light
scattering was predicted. This offers an explanation for the increase in µ′

s already observed
experimentally during storage.
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In summary, the combined application of experimental SFDI measurements and a realis-
tic Mie model provided many new insights into the complex relationships between optical
properties, fruit morphology, and physiological processes during maturation.
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R., 2017. Comparison of scattering behaviour for spherical and non-spherical
particles in pulverized coal combustion. Int. J. Therm. Sci. 111, 116–128.
https://doi.org/10.1016/j.ijthermalsci.2016.08.014.

Hammer, M., Schweitzer, D., Michel, B., Thamm, E., Kolb, A., 1998. Single scattering by
red blood cells. Appl. Opt. 37(31), 7410. https://doi.org/10.1364/ao.37.007410.

Hamre, B., Winther, J.G., Gerland, S., Stamnes, J.J., Stamnes, K., 2004. Modeled and mea-
sured optical transmittance of snow-covered first-year sea ice in Kongsfjorden, Svalbard.
J. Geophys. Res. C Ocean. 109(10), 1–14. https://doi.org/10.1029/2003JC001926.

Harker, F., Hallett, I., 1992. Physiological changes associated with development
of mealiness of apple fruit during cool storage. HortScience 27(12), 1291–1294.
https://doi.org/10.21273/HORTSCI.27.12.1291.

Haseda, K., Kanematsu, K., Noguchi, K., Saito, H., Umeda, N., Ohta, Y., 2015. Significant
correlation between refractive index and activity of mitochondria: single mitochondrion
study. Biomed. Opt. Express 6(3), 859. https://doi.org/10.1364/boe.6.000859.

Hergert, W., Wriedt, T. (Eds.), 2012. The Mie Theory - Basics and Applications. 2nd ed.,
Springer, Berlin Heidelberg. https://doi.org/10.1007/978-3-642-28738-1.

Herremans, E., Verboven, P., Bongaers, E., Estrade, P., Verlinden, B.E., Wevers,
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properties of apple skin and flesh in the wavelength range from 350 to 2200 nm. Appl.
Opt. 47(7), 908. https://doi.org/10.1364/AO.47.000908.
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