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Abstract

Relying on the optical properties of apple tissue for nondestructive quality or maturity pre-
diction requires a detailed understanding of the dependence on its structure and ongoing
physiological processes. In this study, a multispectral spatial frequency domain imaging
(SFDI) setup was used to investigate local changes in the effective scattering coefficient µ′

s

and absorption coefficient µa related to vascular bundles or heterogeneous starch distribu-
tion. Weekly measurements during the maturation period for the cultivars ‘Elstar’, ‘Gala’,
‘Jonagold’, and ‘Braeburn’ allowed further study of how different ripening processes affect
the scattering and absorption properties. The results show both a characteristic location-
dependent decrease of µ′

s between the cortex and core region of up to 30% and an additional
temporal decrease of up to 35% during maturation. The absolute changes depended strongly
on the respective cultivar. In general, transport structures such as vascular bundles led to
a local decrease of µ′

s in combination with an increased absorption in the spectral regions
that can be attributed to water and chlorophyll b. To our knowledge, it was demonstrated
for the first time that the presence of starch granules in the cortex of immature apples had
a significant effect on µ′

s, associated with an increase of up to 60%. Based on the temporal
development of µa, the buildup and degradation of important plant pigments in the cortex
during the maturation period could be traced. At a wavelength of 656 nm, a decrease in
chlorophyll content and at 447 nm, an increase in carotenoid content was observed upon
reaching ripeness. Thus, SFDI proved capable of providing deeper insight into the heteroge-
neous optical properties of apple tissue and linking these properties to physiological variables.
Part 2 of this study investigates the observed effects from a theoretical point of view based
on a Mie model considering microstructural properties.
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1. Introduction

The demand and acceptance of optical measurement methods for applications to assess
the properties and quality of products in the field of agricultural technologies is constantly
growing. In particular, this is the case for apples (Malus domestica Borkh.), as one of the
most consumed fresh fruit. However, as a central question in this context, it is important
to understand to what extent optical parameters are related to certain physiological and
morphological characteristics. For example, predicting the harvest date for optimal medium-
to long-term storage, a very current research question, requires a deeper understanding
of the processes that occur during fruit maturation. In this regard, many conventional
approaches have been able to establish correlations of spectral information obtained from
VIS or NIR spectroscopy with various chemical (e.g., soluble solids and chlorophyll content)
or structural properties (e.g., firmness) using chemometric modelling techniques (Zude-Sasse
et al., 2002, Zude et al., 2006, Sánchez et al., 2003, Qing et al., 2008). However, such models
are not readily comparable because of different experimental setups or algorithms. The
regression models are often not robust when applied to samples from different cultivars or
from different years (McCormick and Biegert, 2019). To overcome these limitations, current
research is increasingly oriented toward the development of measurement techniques that
account for light propagation in biological tissue based on physical models. Although these
require different assumptions and approximations, the resulting quantitative parameters are
generally independent of the particular measurement technique or the specific experimental
setup. The descriptions by the absorption coefficient µa, the scattering coefficient µs, and
the anisotropy factor g, the latter often combined to define the effective scattering coefficient
µ′
s = (1 − g)µs, have proven to be suitable to describe and compare physiological changes

during fruit maturation (Lu et al., 2020). While µa provides information about chemical
constituents of the tissue (e.g., water, chlorophyll, carotenoids), µ′

s is related to its structural
properties (e.g., porosity, scattering particles). Despite the numerous chemical constituents,
such as water or pigments, characteristic absorption bands can be identified quite easily
in most cases and can be used, for example, to estimate their volume concentration. In
contrast, when investigating the scattering properties, the concrete influence of structural
elements such as intercellular space, starch granules, chloroplasts or cell walls usually remains
unclear.
A variety of measurement techniques and the associated evaluation algorithms have been
developed and applied in recent years to study the optical properties of apples and other
fruits. Important examples include integrating sphere setups (Van Beers et al., 2017, Wei
et al., 2020), time-resolved spectroscopy (Cubeddu et al., 2001, Rizzolo et al., 2010, 2014,
Vanoli et al., 2020), and spatially resolved spectroscopy (Nguyen Do Trong et al., 2014, Van
Beers et al., 2015, Sun et al., 2016). Although their basic findings are largely in agreement,
a rather strong variation in absolute scattering and absorption properties is observed in
the overarching comparison. This includes results from different cultivars, at different dates
during maturation or storage, and last but not least, comparison of measurements at different
locations of the same apple. For these reasons, the study of temporal and spatial changes
in µ′

s and µa is of great interest to better understand the relationships with underlying
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morphological and physiological properties. For this purpose, spatial frequency domain
imaging (SFDI) or modulated imaging has proven to be a suitable technique for rapid and
non-destructive determination of the optical properties (Cuccia et al., 2009, Hu et al., 2016).
In this method, stripe patterns, which are usually sinusoidally modulated in one lateral
direction, are irradiated obliquely onto the sample surface and the diffusely reflected light,
which consists of modified stripes having the same stripe distance, is measured with a camera
chip. From the change in amplitude and phase between the irradiated and detected signal,
recorded at different stripe distances i.e. spatial frequencies, the optical properties of the
sample can be determined spatially resolved with the aid of a suitable light propagation
model. The separation of scattering and absorption offers great advantages for quantitative
imaging and is successfully used e.g. in metrology or medical technology (Gioux et al.,
2019). In the agricultural sector, one of the first applications was the detection of localized
damage or bruises (Anderson et al., 2007, Lu and Lu, 2019), while more recent studies have
increasingly focused on the measurement of whole apples and the development of two-layer
evaluation algorithms (Hu et al., 2019, 2020).
The aim of this work was the spatially resolved determination of the optical properties of the
core and cortex tissue of the apple cultivars ‘Elstar’, ‘Gala’, ‘Jonagold’, and ‘Braeburn’ with
a multispectral SFDI setup. Special attention was paid to local changes of µ′

s and µa, e.g.
related to heterogeneous starch distribution or vascular bundles. In addition, the temporal
development of the scattering and absorption properties was investigated in more detail by
means of weekly measurements during the maturation period.

2. Materials and Methods

2.1. SFDI setup

A sketch of the SFDI setup used in this research is shown in Fig. 1A. It consists of a
projection unit based on a digital micro mirror device (DLP LightCrafter 6500, Texas Instru-
ments, USA) in combination with a LED light source, and a cooled sCMOS camera (Zyla
4.2 sCMOS, Andor, UK). The DLP projects sinusoidal intensity patterns under an oblique
angle of Θ = 35° onto the sample. The self-configured light source provides subsequent illu-
mination based on eight switchable LEDs (XLamp XP-E and XQ-E series, Cree, USA and
LUXEON SunPlus series, Lumileds, USA) with peak emission at 447 nm, 471 nm, 521 nm,
619 nm, 656 nm, 718 nm, 845 nm, and 945 nm, each with a narrow bandwidth of approxi-
mately 10 nm. The diffuse reflected light from a 20mm × 20mm region of the illuminated
sample is captured by a vertically attached sCMOS chip with a numerical detection aperture
of approximately 0.08.
The system has to be calibrated once by measuring a calibration pattern in different orienta-
tions and heights within a measuring volume of 20mm×20mm×20mm, which is limited by
the projector optics and camera focus depth. A pinhole-model based calibration algorithm is
used to fully characterize the system by means of its extrinsic parameters (e.g. coordinates
of camera and projector in world coordinates) and intrinsic parameters (e.g. respective prin-
cipal points, focal lengths, lens distortions) as presented in Zhang (2000) and Chen et al.
(2009). This knowledge allows calculation of pre-distored images on the one hand, which
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Figure 1: Schematic drawing of
(A) the spatial frequency domain
imaging (SFDI) setup consisting
of a sCMOS camera and a pro-
jector unit coupled to a tunable
LED light source. Sinusoidal in-
tensity patterns with spatial fre-
quencies up to 0.5mm−1 are pro-
jected obliquely onto a cut apple
sample. In (B), the pixel-wise
demodulation of the acquired im-
ages for a spatial frequency q is
shown as an example, from which
the offset IDC , the modulation
amplitude IAC , and the phase
are obtained.

form, once projected, a nearly perfect homogeneous sine pattern on a fixed calibration plane
at the center of the measuring volume. On the other hand, camera distortion is considered by
use of a correction algorithm, which is applied directly after acquiring the raw images. In the
actual measurement, seven different spatial frequencies between 0mm−1 and 0.5mm−1 are
projected with three phase shifts of 0, 2π/3, and 4π/3, respectively, and the diffuse reflection
is acquired in each case. The exposure time is typically 20ms for one image, resulting in
a total measuring time of approximately 450ms for a complete sequence of 22 patterns (21
phase patterns + 1 dark pattern) at one wavelength. Thus, the multi-spectral data acqui-
sition takes less than 5 s in total. Finally, a pixel-wise demodulation algorithm provides for
each spatial frequency q the modulation amplitude IAC (alternating component, AC), the
offset IDC (direct component, DC), and the phase, as shown in Fig. 1B.

2.1.1. Data post-processing and evaluation

After completion of the measurements, the raw data is post-processed before the actual
evaluation. In a first step, inhomogeneities of the incident light intensity as well as the mod-
ulation transfer function (MTF) of the optical system are corrected. For a direct approach,
a phantom with known reflectance RSFD,ref is measured at the same position as the samples
within the measuring volume. The absolute spatial frequency domain (SFD) reflectance for
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a series of n different spatial frequencies q is then calculated as

RSFD(q) =


∑n

i

(
IDC(qi)

IDC,ref (qi)
RSFD,ref (0)

)
/n q = 0

IAC(q)
IAC,ref (q)

RSFD,ref (q) q ̸= 0,

(1)

where for the frequency q = 0, corresponding to homogeneous illumination, the average of
the DC images of all measured frequencies was taken. However, this method is only applica-
ble, if the reference phantom and the sample surface are perfectly flat and lie exactly in the
same plane. In general, however, the samples often have irregular shapes with a displaced
or tilted surface relative to the reference plane. These deviations can lead to large errors in
both the absolute RSFD and the local spatial frequency, which are crucial for the following
quantitative evaluation (Bodenschatz et al., 2014, 2015). To overcome this limitation, a new
referencing method was developed for almost arbitrarily shaped objects. With the phase
image obtained from the demodulation and the initial calibration, a triangulation algorithm
can be used to assign each pixel a unique position in a coordinate system defined by the
reference plane. Based on this 3D model and the coordinates of the projector and camera,
which are also known from calibration, geometric calculations provide for each pixel the
height offset relative to the reference plane, the angle of incidence and detection, and the
surface normal vector. After measuring the reference intensity phantom at different positions
within the entire measuring volume, a 3D-interpolation algorithm provides the appropriate
intensity value for each pixel based on its known position within the reference grid. Similarly,
the individual spatial frequency can be corrected by taking into account the height and tilt
angle of the sample surface relative to the reference plane for which the frequency projection
was calculated.
To model light propagation in turbid media, an analytical solution of the radiative transfer
equation for semi-infinite media and oblique projection of sinusoidal intensity patterns was
used (Liemert and Kienle, 2012a,b, 2013). To distinguish between volume scattering and
surface scattering, the model was extended by introducing a surface roughness parameter,
which is presented in more detail in section 3.1.2. The extended model was subsequently
applied to the post-processed data using a nonlinear least squares algorithm with a compu-
tational accuracy of order N = 11, resulting in µa, µ

′
s, and the surface roughness parameter

rs for each pixel. To reduce the evaluation time and the amount of data, a 16× 16 binning
was generally used, which results in a sufficient resolution of 300 µm× 300 µm.
Specifically for apple tissue, the refractive index and anisotropy factor are not precisely
known and must be estimated for evaluation. Since water is by far the dominant compo-
nent of apple tissue, it is assumed that its refractive index also largely corresponds to the
refractive index of water (Hale and Querry, 1973). In Van Beers et al. (2017) and Saeys
et al. (2008), a wavelength-independent constant of 0.04 was added to the refractive index
of water, giving an exemplary value of 1.37 at a wavelength of 650 nm. This approach is
also adopted in this work. A uniform value of 0.9 was assumed for the anisotropy factor g
for apple tissue, since forward scattering usually predominates in biological tissue. This as-
sumption is also in agreement with experimental results, Van Beers et al. (2017) for example
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determined values in the range of 0.93 at a wavelength of 800 nm for the cortex tissue of
different apple cultivars.

2.2. Fruit samples

2.2.1. Cultivars and origin

Fruit samples were taken from the Kompetenzzentrum Obstbau-Bodensee (KOB) re-
search orchard (47◦46′01.8′′N 9◦33′30.3′′E) in the season 2019. The cultivars were Malus do-
mestica ‘Gala’ (Simmons/Buckeye), ‘Elstar’ (P.C.P.), ‘Jonagold’ (Novajo), and ‘Braeburn’
(Hillwell) planted in 2017, 2012, 2012, and 2016 respectively. The trees were planted as
slender spindles in a north-south row orientation and hand thinned to a defined cropload per
tree. Trees carried a full crop, except ‘Gala’. This selection of cultivars covered the early to
late harvest season with different ripening characteristics. In the present study, for each cul-
tivar, 20 similar trees (growth and hand thinned after June drop to the same cropload) were
selected and grouped into four lots of five trees. At each sampling time 16 fruit were picked
from different tree lots to ensure the reduction in cropload over all trees was minimal, as a
strong reduction in cropload is known to influence the rate of fruit maturation. Individual
fruit at each sampling time were used as repetitions.

2.2.2. Sample preparation and Streif index

Fruit samples were taken in the middle tree sector weekly after June drop until two weeks
after the optimal harvest date for long term-storage. The optimal harvest date was selected
based on the Streif index (SI) commonly used in the fruit industry according to long-term
experience (Streif, 1996). Six apples were sent by refrigerated overnight express to the SFDI
laboratory and ten fruit remained at the KOB for a SI test. The SI was calculated with
mean values for each fruit lot according to

SI =
FF

SSC · SPI
(2)

with fruit firmness (FF), soluble solids content (SSC), and starch pattern index (SPI). FF
was determined with either an 8mm (for small immature apples) or an 11mm probe (Fruit
Texture Analyzer, Güss, South Africa), SSC with a portable refractometer (PR-1, Atago,
Japan) on both sun and the shade sides of each apple. Juice samples for SSC determination
were taken with a micropipette directly from the FF probe hole on each side of the fruit.
The SPI was visually assessed from one fruit half with an ordinal score from 1 (all starch)
to 10 (no starch).
In preparation for the SFDI measurements, a thin section of skin and underlying tissue
approximately 3mm thick was cut with a sharp slicer to expose the cortex tissue. The
apple tissue was then carefully wiped to avoid reflections from small juice droplets and
measured immediately before oxidative tissue browning could occur. To measure the entire
transverse section, apples were cut along the equator to fully expose the cortex and core
tissue. If necessary, multiple measurements were taken after moving the apple slightly in the
transverse direction to cover the entire surface.
A basic classification of apple fruit is shown in Fig. 2. Internally, the tissue consists of
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Figure 2: Schematic morphol-
ogy of apple fruit in trans-
verse section (adapted from
MacDaniels (1940)).

capillary tissue (hereafter core) surrounded by the floral tube or hypanthium (hereafter
cortex). Both are separated by the core line (MacDaniels, 1940). The chemical and structural
properties of both tissue types are highly associated with a complex transport system for
water-soluble substances and gases. In particular, the intercellular space plays an important
role in the exchange of oxygen and carbon dioxide resulting in a porous structure, while
various types of embedded capillary bundles supply the cells with water, minerals, and sugar
(Herremans et al., 2015).

3. Results and discussion

3.1. Validation of the SFDI setup

3.1.1. Determining the optical properties of intralipid phantoms

The SFDI setup was validated with four different phantoms based on 10% intralipid
(Fresenius Kabi, Austria) diluted with purified water to fat concentrations of 1.55% (S1),
1.25% (S2), 0.93% (S3), and 0.55% (S4). In addition, iron gall ink (4001 blue-black, Pelikan,
Switzerland) was added at concentrations of 0.18% (S1), 0.12% (S2), 0.06% (S3), and
0.02% (S4) to achieve different absorption levels. Reference measurements were made with
an integrating sphere setup recently described in Foschum et al. (2020) and Bergmann et al.
(2020). Each sample was measured within two different glass cuvettes consisting of a spacer
ring of 2mm and 3mm thickness, respectively, between two N-BK7 glass slides (34-427,
Edmund Optics, USA). For the evaluation, the refractive index of water and an anisotropy
factor of g=0.7 were assumed for the samples, while the known thickness and refractive
index of the glass slides were also taken into account. The resulting µ′

s and µa of the
samples were calculated as the arithmetic mean of four measurements each. Subsequently,
the samples were put in a beaker, measured with the SFDI setup and evaluated under the
same assumption for the refractive index and anisotropy factor. In this case, µ′

s and µa

were averaged over all pixels. Fig. 3 shows the results of both measurement methods in
comparison. The SFD measurements generally show good agreement with a mean relative
deviation of 4% for µ′

s and 11% for µa. Particularly for the low absorption range (µa <
0.01mm−1), larger deviations in the resulting absorption properties become apparent.
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Figure 3: Comparison of (A) the
effective scattering coefficient µ′

s

and (B) the absorption coeffi-
cient µa of four samples (S1-S4)
with different intralipid and ink
concentrations. The error bars
indicate the standard deviation,
for the integrating sphere based
on four measurement repetitions
and for SFDI based on averaging
the optical properties over the
entire image area.

3.1.2. Consideration of surface roughness

Especially for biological samples with typical irregular surface, the extension of the ana-
lytical model presented in Nothelfer et al. (2018) with a distinction between volume scattering
and surface scattering proved to be useful. To illustrate the influence of surface roughness,
Fig. 4A shows an example of the measured RSFD for the cortex of typical apple fruit (black
dots) and the results of two nonlinear least-square fits, on the one hand considering an ex-
tended model with surface scattering parameter rs (orange markers) and on the other hand
with the original model (blue markers). The measured RSFD was averaged over all pixels in
both cases. The bottom plot in Fig. 4A shows the relative deviation δRSFD,fit between the
measurement and the two different models. Obviously, the extended model considering rs
achieves a much smaller deviation being below 1% compared to the model neglecting surface
scattering, with deviations up to 25% in the high spatial frequency regime. The obtained µ′

s

and µa for both fit models are shown in Fig. 4B. To validate the determined values for µ′
s, the

same sample was examined using an integrating sphere setup. For this purpose, a 2mm thick
slice of the exact same apple sample was cut and measured between two glass slides. The
resulting spectrally resolved µ′

s and µa are shown as black lines in Fig. 4B. The gray shadow
shows the standard deviation from four independent measurements of the sample, which was
measured twice on one side toward the integrating sphere and twice after turning over. To
strongly suppress the surface effects, the sample of apple tissue was pressed between two
glass slides, and the interface between the tissue and glass filled sufficiently with escaping
juice by itself. The resulting µ′

s and µa therefore are not influenced by the surface scattering
of the apple sample (we note that the glass slides were considered in the evaluation of the
integrating sphere measurements). The comparison with the SFDI results shows a clear
overestimation of µ′

s when rs is neglected (blue dots). In contrast, when surface roughness is
taken into account (orange dots), the results agree well with the integrating sphere measure-
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Figure 4: Comparison of (A)
the measured RSFD reflectance
of apple tissue and (B) the re-
sults of a model-based nonlinear
least squares fit with and with-
out consideration of the surface
roughness parameter rs. In (B),
an integrating sphere measure-
ment of the same apple cortex
sample is shown as a reference.
The error bars and colored shad-
ows indicate the standard devi-
ation, for the integrating sphere
based on four measurement rep-
etitions and for SFDI based on
averaging the optical properties
over the entire image area.

ments with a mean value found of rs = 2.6(1)%. This approach guaranteed a relative mean
deviation between the SFDI and integrating sphere method of 6%. As expected, µa remains
almost unchanged for the two models with different surface roughness. The relative mean
deviation of µa when comparing SFDI and integrating sphere measurements was 19%.

3.2. Spatially resolved optical properties of apple tissue

To determine the spatially resolved optical properties, different ‘Braeburn’ apples were
selected 25 weeks after full bloom, bisected along the equator, and measured at different
positions between the core and skin using the SFDI setup. Fig. 5 shows the resulting scat-
tering and absorption properties and, in the left column, the corresponding RGB image of
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Figure 5: Spatially resolved bulk effective scattering coefficient (µ′
s), surface scattering parameter (rs), and

absorption coefficient (µa) measured at four positions (A-D) of different ‘Braeburn’ apples bisected along the
equator. Each measurement was averaged over three measurement repetitions performed without moving
the sample.

each view. The results were averaged over three measurement repetitions without moving
the sample. Comparing the bulk scattering properties at a wavelength of 845 nm, a spatial
variation of µ′

s between 0.6mm−1 and 1.4mm−1 is noticed, with a tendency to increase from
the core in Fig. 5A to the skin in Fig. 5D. The core line and the petal bundle in Fig. 5A
are clearly visible due to a local decrease of µ′

s relative to the surrounding area of about
0.2mm−1. A similar decrease also occurs for the dorsal bundle in Fig. 5B and the sepal
bundles in Fig. 5C and Fig. 5D. Marked increases in µ′

s occur near the endocarp in Fig. 5B
and are particularly evident in the outer cortex in Fig. 5D. Overall, µ′

s varies strongly de-
pending on the local structural properties. The surface scattering parameter rs, on the other
hand, seems to depend only to a small extent on these structures, with mean values between
0.04 ± 0.02 (Fig. 5D) and 0.05 ± 0.02 (Fig. 5A). However, in Fig. 5A, there is a significant
change in surface texture that highlights the core line. The rs values and their changes are
probably also related to water, which accumulates to varying degrees on the surface during
the measurement and influences the total reflection.
The corresponding absorption properties were investigated at two characteristic wavelengths
of 656 nm and 945 nm. As known from previous work, these spectral regimes are mainly
related to the presence of chlorophyll b and water, respectively (Merzlyak and Solovchenko,
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2002, Hale and Querry, 1973). Considering µa at 656 nm, increases above 0.04mm−1 are
observed mainly near the endocarp (Fig. 5A,B) and towards the skin (Fig. 5D). In contrast,
the cortex shows less pronounced absorption, which is below 0.01mm−1. All types of capil-
lary bundles show a locally strongly limited increase of µa combined with a radial decrease
within a few millimeters of the surrounding tissue. In the case of the petal bundle in Fig. 5B,
a fan-shaped decrease in µa, starting at the endocarp and moving outward, can be seen. The
corresponding measurements at 945 nm show a similar but overall more homogeneous distri-
bution. A striking feature is the spatial offset of the absorption maxima in the comparison
of both wavelengths, which is clearly observed near the petal bundle in Fig. 5A. The radial
decrease of µa around the bundles also covers a larger area. Taking all measurements into
account, µa at a wavelength of 945 nm is approximately between 0.01mm−1 and 0.04mm−1.
To our knowledge, this was the first time that the optical properties of apple tissue could
be determined at a sufficiently high resolution to identify characteristic morphological fea-
tures. Based on SFDI measurements of mature ‘Golden Delicious’ apples, Hu et al. (2020)
recently observed an averaged µa of about 0.02mm−1 at 650 nm and µ′

s between 1.0mm−1

and 1.5mm−1 at 850 nm for the cortex tissue, which agrees well with the present results.
Although Hu et al. (2015) observed generally lower absolute values when examining ‘Red-
star’ apples with an average µa of 0.007mm−1 and µ′

s of 0.6mm−1 at 630 nm, they also
noted a pronounced inhomogeneity of the optical properties. Our results also show broad
agreement when compared with previous non-spatially resolved measurements reported by
other researchers. For example, based on measurements with an integrating sphere setup,
Van Beers et al. (2017) reported the following optical properties for the cortex of ‘Braeburn’
apples with a comparable stage of maturity: µa = 0.014mm−1 at 656 nm, µa = 0.012mm−1

at 945 nm and µ′
s = 1.1mm−1 at 850 nm. However, the magnitude of the results is also

consistent with other work on different apple cultivars in storage (Cen et al., 2013, Rizzolo
et al., 2010, Vanoli et al., 2020).
Since water and chlorophyll b are known absorbers in apple tissue, the interpretation of the
absorption characteristics is quite straightforward. The local distribution of these main ab-
sorbers is relatively uniform and changes continuously between the skin, core, and capillary
bundles. In contrast, the scattering properties show a much larger location-dependent vari-
ance, which, consequently indicates a very heterogeneous structure. This could be due to the
relationship between µ′

s and many different structural and cellular components. In various
studies, researchers have suggested that in particular cell walls, the intercellular space (gas
pores) as well as starch granules, vacuoles, chloroplasts or other organelles have an influence
on µ′

s (Van Beers et al., 2017, Vanoli et al., 2009, Cen et al., 2013). However, since there is
usually not enough quantitative information about all these properties simultaneously, often
only qualitative conclusions can be drawn by combining different indications. Thus, based
on a statistical analysis of spatially resolved spectroscopy measurements, Wang et al. (2020)
demonstrated a close correlation between µ′

s, porosity, and pore surface density and a subor-
dinate influence of cell properties. By a simplified description of scattering, which is mainly
defined by the fraction of refractive index boundaries per volume element, a strong influence
of the interfaces between aqueous cells (n ≈ 1.33) and pores filled with gas (n ≈ 1.0) on the
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Figure 6: (A-C) Comparison of starch patterns (top row) for different cortex samples (‘Elstar’ and ‘Braeburn’)
and the corresponding µ′

s maps (bottom row) measured at a wavelength of 845 nm before the sample was
treated with iodine solution. Each measurement was averaged over three measurement repetitions without
moving the sample. In (D), the spectrally resolved µ′

s and µa averaged within different tissue zones with either
high starch content (dark stained zones, marked with lined frames) or nearly completed starch degradation
(unstained zones, marked with dashed frames) are shown. The error bars indicate the standard deviations
obtained from averaging over the marked zones.

light propagation seems plausible. In contrast, most cell components and the cell walls differ
only slightly in their refractive index, which is evident, for example, in phase-contrast to-
mography measurements of apple cells (Verboven et al., 2008). From an experimental point
of view, the intercellular space of apples has recently been studied by several researchers
based on X-ray micro-computed tomography (micro-CT) (Janssen et al., 2020, Herremans
et al., 2015), who observed a strong radial dependence of both the porosity and spherical
equivalent diameter of the gas pores. They determined porosity by image post-processing,
which exploits the high contrast between cells and intercellular spaces by additional seg-
mentation, filtering and thresholding of the micro-CT data. Based on the resulting binary
images, the volume fraction of both components and thus the porosity can be calculated.
While the porosity increased from typically 10% near the core to 30% at the cortex, the
mean pore diameter increased from 100 µm near the core to 300 µm at the cortex. Con-
sidering Mie’s theory describing light scattering from spherical particles in a surrounding
medium, the changing porosity and broad size distribution of the gas pores could explain
the observed positive gradient of µ′

s between the core and the outer cortex. Therefore, in
Part 2 of this work, a theoretical estimation of the local change of µ′

s based on a Mie model
considering the mentioned microstructural properties follows.

3.3. Starch granules influence light scattering

Within the scope of this work, emphasis was placed on investigating the influence of starch
on the scattering properties of apple tissue. The starch content of unripe apples is known
to reach up to 50% of the apple dry weight and thus represents an important component
especially during maturation and ripening (Stevenson et al., 2006). Starch accumulates in
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the form of spherical granules in specific storage organs of the cells, such as chloroplasts or
amyloplasts (Gaweda and Ben, 2010). These granules have a dense, semi-crystalline structure
with mean diameters of about 9µm and are insoluble in water (Oates, 1997, Stevenson et al.,
2006, Carŕın et al., 2004). Their refractive index can be assumed to be in the range of 1.5 to
1.54 based on literature data on the granules of other starchy plants (Wolf et al., 1962, Borch
et al., 1972). Starch content of apple fruit typically reaches its maximum about 21 weeks
after full bloom with the highest concentrations in the cortex and lower concentrations near
the core (Brookfield et al., 1997). During the following period of starch degradation, the
granules are hydrolyzed by metabolic enzymes into various kinds of soluble sugars (Oates,
1997). Normally, hydrolysis is first completed near the core and therefore appears to spread
from the center (Doerflinger et al., 2015). Although hydrolysis is assumed to start at the
same time throughout the apple, its duration locally depends strongly on the initial content,
granule size, and degradation rate in the particular part of the fruit (Doerflinger et al., 2015,
Brookfield et al., 1997). As a result, the starch distribution in apple tissue can vary greatly
during maturation. While some fruit zones have a very high starch content, this may already
be completely degraded in other areas at the same time.
The spatially resolved measurement technique was applied to investigate the influence of
the starch content onto the optical properties. Different ‘Braeburn’ and ‘Elstar’ apples were
selected 23 weeks after full bloom at an advanced stage of starch degradation. Each apple
was cut transversely along the equator into two equal halves. The first half was immediately
coated with iodine solution to stain the fruit zones with high starch content, analogous to
the conventional determination of the starch pattern index (SPI). After a few minutes, the
resulting staining pattern revealed suitable measuring positions where significant differences
in starch content could be observed. The second half of the same apple was then measured
with the SFDI setup at each of the regions corresponding to the stained opposite part
without further treatment. Subsequently, the second half of the apple was also coated with
iodine solution and the respective staining patterns were photographed with a single-lens
reflex camera (SLR) for later comparison, in exactly the same perspective as in the previous
SFDI measurements. Fig. 6A-C shows both the recorded starch patterns (top row) and
the corresponding µ′

s maps measured at a wavelength of 845 nm. Each measurement was
averaged over three measurement repetitions without moving the sample. For quantitative
comparison, a zone with high starch content (lined frame) and a zone with almost completed
starch degradation (dashed frame) with a size of 5.5mm × 5.5mm were selected for each
measurement. The corresponding µ′

s and µa values were averaged in each of these zones, and
their spectra are shown in Fig. 6D with the respective standard deviations indicated, taking
into account error propagation.. In all three cases, the difference in µ′

s between the two
zones was around 0.4mm−1, which corresponds to almost 60%. No characteristic change in
the spectral shape of µ′

s was observed, but rather an offset. At the same time, µa remained
essentially unchanged when comparing the two zones.
Overall, the results indicate a direct and considerable influence of the starch granules on
the scattering properties. However, it must be taken into account that other cellular and
structural characteristics may also change, e.g., with progress of starch degradation. No
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Figure 7: (A) RGB image of
an equatorially sliced ‘Braeburn’
apple with a petal bundle (green-
ish spot) at a distance of 14mm
from the skin. The black dot-
ted line in the magnified im-
age marks the position of the
profile. The corresponding ra-
dial profiles of (B) µ′

s and (C)
µa were determined at wave-
lengths of 656 nm and 945 nm av-
eraged over a range of 2mm, re-
spectively, based on two com-
plementary measurement posi-
tions with three measurement
repetitions each. The colored
shadows show the standard de-
viation within the 2mm profile
range. For comparison, the black
dashed line in (C) marks the ex-
pected absorbance of dist. water
at 945 nm considering the spec-
tral bandwidth of the LED.

information was found on the extent to which porosity might be locally related to the progress
of starch degradation. In addition, the starch staining pattern only allows a qualitative
assessment of starch content and does not allow conclusions to be drawn about absolute
concentrations. However, assuming that the granules are in an aqueous environment within
the cell, a significant difference in refractive indices can be assumed. This, together with the
temporarily high weight fraction of starch granules in the total dry weight, could explain
the observed effects. A more accurate estimate, based on Mie’s theory considering the
concentrations and granule diameters reported in the literature, will be investigated in Part
2 of this work.
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3.4. Scattering and absorption profiles reveal characteristics of transport structures

Both the scattering and absorption properties investigated so far show a pronounced
radial dependence. As already noted, on a structural level this can be related to both
the intercellular space and the starch distribution. On the chemical level, characteristic
changes in water content or plant pigments can also be expected. The radial changes in
scattering and absorption properties are examined in more detail below using ‘Braeburn’
apple, harvested 26 weeks after full bloom. Measurements of the skin area with the outer
cortex and inner cortex were carried out successively. The two measurements could then
be accurately aligned by comparing the topography of an appropriately chosen overlapping
area, determined by triangulation. Using the combined maps, the radial profiles of µ′

s and
µa were finally calculated by averaging the optical properties between the skin and the core
line within a 2mm wide region. Fig. 7A shows the RGB image of the examined apple tissue,
with the radial profile shown as a black dashed line. At a distance of 14mm from the skin,
approximately in the center of the marked area, a petal cluster is visible as a greenish spot.
Fig. 7B shows the corresponding µ′

s profiles, again measured at wavelengths of 656 nm and
945 nm. As previously observed, µ′

s shows an almost linear decrease from values between
1.5mm−1 at the skin to 0.6mm−1 at the inner cortex. Beyond 20mm from the skin, µ′

s tends
to increase slightly over the last few millimeters toward the core region. At a distance of
about 12.5mm from the skin, both scattering profiles show a dip with a modulation depth of
about 35%, apparently related to the petal bundle. Furthermore, the nearly identical shape
of the profiles at different wavelengths indicates that µ′

s does not have a pronounced spectral
dependence and thus the main scatterers are large compared to the wavelength used. In
contrast, the corresponding absorption profiles in Fig. 7C show a clear difference between
the two wavelengths. After a strong decrease near the skin, the µa profiles hardly change
toward the outer cortex, reaching values of 0.015mm−1 at 656 nm and 0.022mm−1 at 945 nm.
It should be noted that the applied semi-infinite model leads to errors especially near the
apple skin, which will be examined in more detail later. Towards the petal bundle, a slight
increase followed by a subsequent absorption peak is observed in each case. At 656 nm, the
absorption maximum occurs at a distance of 14mm from the skin. In contrast, the rather
flat absorption maximum at 945 nm occurs at a distance of 11mm from the skin, offset by
about 3mm relative to the chlorophyll maximum seen at 656 nm, and increases again within
a few millimeters after reaching the minimum absorption at a distance of about 16mm. In
both cases, the µa profiles increase continuously between 0.01mm−1 and 0.04mm−1 toward
the core region.
Overall, it appears that the petal bundle at the core line separates the cortex from the core
tissue, which differ in their structural properties as well as in their water and chlorophyll
content. Similarly, Janssen et al. (2020) reported low mechanical connectivity between these
regions based on micro-CT measurements. Since vascular bundles and the core line are
composed of rather dense tissue with lower porosity, our observations of a decrease in µ′

s

assuming comparable pore sizes seem to be in agreement with Janssen et al. (2020) and
Verboven et al. (2008). Further, good agreement of the radial progression of µ′

s is particularly
evident when compared with the porosity profile reported in Dražeta et al. (2004), since both
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Figure 8: Temporal evolution of
radial line profiles for (A) µ′

s at
a wavelength of 850 nm and (B)
µa at a wavelength of 656 nm
measured on ‘Jonagold’ apples
during maturation. The colored
shadows indicate the resulting
standard deviations for a weekly
sample set of six apples with one
measurement each. The dashed
lines show the optical proper-
ties obtained for simulated SFDI
data for a sample with compa-
rable geometry but homogeneous
µ′
s and µa. Especially within the

first 2mm from the skin, bound-
ary effects lead to deviations.

profiles were measured in comparable orientation near a petal bundle. Considering µa =
0.03mm−1 for pure water at 945 nm (black dashed line in Fig. 7C), the spectral bandwidth
of the LED, and neglecting other background absorbers, the measured µa profile allows a
rough estimate of the absolute water volume content. It ranges from about 50% in the inner
cortex to 80% in the outer cortex, which seems generally reasonable and further illustrates
the influence of the petal bundle on the water balance in cortex tissue. In addition, the
offset between maximum water and chlorophyll absorption may indicate a collateral-type
petal bundle. In this case, the vessels for the transport of water and minerals (xylem) on one
side and for the transport of soluble organic compounds metabolized during photosynthesis
(phloem) on the other side are separated (Verboven et al., 2008, Herremans et al., 2015).
Interestingly, µ′

s shows a local minimum exactly at the border between these two tissue types.

3.5. Temporal evolution of scattering and absorption profiles

Since optical sensors for the determination of optical properties are usually designed for
measurements on intact apples, the outer cortex tissue in particular plays an important role
in the investigation of light propagation, taking into account the wavelength and thus the
penetration depth. It is known from previous studies, for example, that the tissue under the
skin in particular has a high chlorophyll content, which is degraded during maturation. To
investigate this in more detail, the temporal changes in the absorption and scattering profiles
of the outer cortex were examined. The cultivar ‘Jonagold’ was selected as an example for
the study, and the profiles of six apples were measured weekly according to the procedure
presented in section 3.4. A single measurement of the outer cortex region was performed
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in each case, allowing the outer 16mm of tissue to be recorded on average. The scattering
profiles in Fig. 8A show the temporal evolution of µ′

s measured at a wavelength of 850 nm.
In general, the µ′

s profiles initially show a slight increase starting from the skin to a maximum
reached approximately within the outer 5-10mm of the cortex. Thereafter, a decrease is
consistently observed toward the inner cortex. The lateral modulation of the profile is least
pronounced at the beginning and end of the maturation period, at about 15%, and most
pronounced 20 weeks after full bloom, at 25%. At the same time, an absolute decrease in the
scattering profiles is observed from week to week, which means that the mean µ′

s decreases
by almost 40% during maturation. The absorption profiles in Fig. 8B were evaluated at a
wavelength of 656 nm to draw conclusions about chlorophyll content. All profiles show an
almost exponential decrease of µa from the outer to the inner cortex. The weekly decrease
is very uniform and shows no pronounced location dependence, with an overall decrease by
a factor of 3 during the studied period. However, it is noticeable that the degradation rate
varies, in particular a very strong decrease was observed between week 19 and week 20 after
full bloom, whereas no change is visible between week 15 and 16.
Since the evaluation is based on a semi-infinite model, it was expected that the skin area
would exhibit artifacts due to the tissue-air boundary. To investigate the extent of this effect,
a Monte Carlo simulation of the SFDI measurements was performed. For this, a hemisphere
with comparable geometry but homogeneous optical properties (µ′

s = 1.0mm−1 and µa =
0.01mm−1) was assumed. Comparable to the experiment, the air-tissue boundaries were
each aligned perpendicular to the sinusoidal patterns. In contrast to a parallel alignment,
the boundary effects can be further minimized in this way. After evaluation of the simulated
data with the same semi-infinite model as before, the black dotted profiles shown in Fig. 8A
and B resulted. While optical properties were correctly determined at distances from the skin
greater than about 2mm, significant deviations are observed near the skin. The scattering
properties are systematically under-determined in the boundary zone, which explains the
corresponding decrease in the apple measurements near the skin. Absorption, on the other
hand, is overestimated by the semi-infinite model, resulting in an incorrect µa within the
first 3mm. In particular, for week 25 after full bloom, the measured absorption profile agrees
very well with the simulation, so an absorption gradient is no longer detectable in this case.
This means that in the ripe apple, the low chlorophyll content in the outer cortex is relatively
homogeneously distributed.
Overall, the results show that there is a very heterogeneous change in optical properties
in the radial direction, especially during maturation. In the outer 1.5 cm of the cortex,
a variation of µ′

s by up to 30% and µa in the case of chlorophyll concentration even by
up to 80% relative to the skin area could be detected. This is relevant because typically
the average penetration depths of optical measuring methods are exactly in this range of
up to 1.5 cm (Lammertyn et al., 2000, Seifert et al., 2015). Depending on the wavelength
and the depth sensitivity of the respective method, a considerable deviation of the results
obtained with different devices can be expected. Also Vanoli et al. (2020) observed these
differences, for example, when comparing measurements on the same apples with spatially-
resolved and time-resolved spectroscopy. Overall, the results also allow conclusions to be
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drawn about different physiological processes. The very similar relative decrease in µa from
week to week compared for all distances to the skin indicates that the rate of chlorophyll
degradation depends primarily on the corresponding concentration. At the same time, it
was also observed that the largest change occurs in a relatively short period of 2 weeks after
about 19 weeks after full bloom. The scattering profiles show features that can be attributed
to structural changes. Particularly at week 25 after full bloom, when starch degradation
was complete, µ′

s showed a relatively flat curve. This is probably mainly due to changes
in porosity as reported by Janssen et al. (2020) and Herremans et al. (2013). Much larger
differences between the outer and inner cortex were observed in the weeks prior to this, most
noticeably 20 weeks after full bloom, when starch degradation was about half complete. In
this case, the larger gradient in the µ′

s profiles could be related to an additional influence of
the different starch content of inner and outer cortex.

3.6. Temporal evolution of the cortex mean optical properties

The optical properties are now compared for each of the four cultivars. Six apples were
measured weekly with the SFDI setup on the sun exposed and shaded sides after cutting off
the skin and the outer tissue layer with a maximum thickness of about 4mm. The resulting
µ′
s and µa were first averaged over the measured area and over both sides of each apple.

Then, taking into account error propagation, the results for each cultivar were also averaged
over all apples per week and referred to as mean optical properties in the following discussion.
In a first step, the optical properties at particularly important wavelengths were considered.
Fig. 9A shows the temporal evolution of µ′

s at 845 nm and µa at 447 nm, 656 nm, and 945 nm.
Weekly examinations began 12 weeks after full bloom with ‘Elstar’ and ‘Gala’, two early
maturing cultivars. Their initial µ′

s in Fig. 9A were the highest at 1.6mm−1 and 1.7mm−1,
respectively. No significant change was observed in the first four weeks, only in the following
six weeks was a decrease detected, here µ′

s decreased to 1.25mm−1 for ‘Elstar’ and 1.1mm−1

for ‘Gala’. This corresponds to an overall decrease of 25% and 35%, respectively. ‘Jonagold’
is a medium-early maturing cultivar that was examined starting 15 weeks after full bloom.
In this case, a pronounced steady decrease in µ′

s was observed from 1.43mm−1 to 0.91mm−1,
also corresponding to a change of 35%. ‘Braeburn’, a late-maturing cultivar, was examined
from week 18 after full bloom. In this case, µ′

s increased to 1.22mm−1 in the first three weeks,
followed by a slight decrease to 1.00mm−1 within eight weeks. With a change of less than
20%, the decrease was detectable but least pronounced. For all four cultivars, measurements
were made up to four weeks after the optimal harvest date for long-term storage, which was
determined using the Streif index shown in Fig. 9E. The Streif indices at harvest were 0.44
for ‘Elstar’, 0.21 for ‘Gala’, 0.08 for ‘Jonagold’, and 0.30 for ‘Braeburn’. Due to changing
climatic conditions fruit were mature for harvest earlier than indicated by the long term SI
values. The harvest dates determined according to these indices are marked by arrows in
Fig. 9A.

The cultivars show characteristic differences with regard to their absorption properties.
In addition to chlorophyll and water, which have already been discussed, carotenoids in
particular are known to play an important role in maturing apple tissue. In general, they
are assigned to absorption characteristics in the range below 500 nm, Merzlyak et al. (2003)
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Figure 9: Temporal evolution
of mean (A) µ′

s at 845 nm,
(B) µa at 447 nm, (C) µa at
656 nm, and (D) µa at 945 nm
of apple cortex compared for
all four cultivars during mat-
uration. Error bars indicate
the resulting standard devia-
tions for a weekly sample set
of six apples with two mea-
surements each. The colored
arrows in (A) mark the rec-
ommended harvest dates for
each cultivar, which were de-
termined based on the Streif
indices shown in (E).
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Figure 10: Temporal evolution of spectrally resolved µ′
s and µa for the cortex of (A) ‘Elstar’, (B) ‘Gala’,

(C) ‘Jonagold’, and (D) ‘Braeburn’. The respective harvest date was determined by the Streif index at week
18 (‘Elstar’), week 19 (‘Gala’), week 22 (‘Jonagold’), and week 25 (‘Braeburn’) after full bloom. Error bars
indicate the resulting standard deviations for a weekly sample set of six apples with two measurements each.

specifically mentioned 425 nm, 455 nm, and 480 nm. Thus, µa at 447 nm, as shown in Fig. 9B,
can be associated with carotenoid content in apple tissue. All cultivars showed a significant
decrease in µa during the first four weeks after the start of the study, most pronounced
for ‘Gala’ between 0.20mm−1 and 0.10mm−1. From week 23 after full bloom, ‘Gala’, ‘Jon-
agold’, and ‘Braeburn’ showed a rapid increase in absorption up to 0.15mm−1, corresponding
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to an increase of 50%. A slight decrease during the last weeks was observed especially for
‘Braeburn’. At 656 nm in Fig. 9C, all cultivars show a fairly uniform decrease in µa from
0.06mm−1 to 0.02mm−1. More or less after the harvest date, no significant changes are seen.
In Fig. 9D, µa at 945 nm shows a continuous increase from 0.02mm−1 to 0.035mm−1. Since
water is one of the main absorbers in this spectral region, the temporal change in µa indicates
an increase in water content per volume. However, µa exceeds the absorption of 0.03mm−1

that would have been expected for distilled water, especially in the case of ‘Braeburn’. This
circumstance could be explained, for example, by the influence of additional background
absorbers.
An overview of the spectrally resolved representation of the mean optical properties is shown
in Fig. 10. For clarity, the values are given only for every second week. As observed in pre-
vious measurements, µ′

s shows no significant spectral dependence, neither for the different
cultivars nor for the different weeks. The weekly change is also approximately the same
for all wavelengths. The absorption properties hardly show major difference in comparison
for all four cultivars. The highest µa is at 447 nm, followed by two maxima at 656 nm and
945 nm, which can be assigned to carotenoids, chlorophyll b, and water, respectively. The
most significant temporal changes occur at 619 nm and 656 nm and are therefore related to
the general decline of chlorophylls during maturation.
In summary, the results show the temporal development of the optical properties, which are
directly related to physiological processes - for example, the buildup and degradation of im-
portant plant pigments can be traced on the basis of the measurement results. In addition,
significant cultivar-dependent differences were demonstrated for structural properties over a
very long period of fruit development. In particular, with respect to chlorophyll decrease,
researchers have frequently shown similar results for intact apple (Zude-Sasse et al., 2002,
Merzlyak et al., 2003, McGlone et al., 2002), with the skin typically contributing by far
the largest proportion of total chlorophyll content. With respect to the cortex, Van Beers
et al. (2017) reported a decrease in µa at 680 nm from 0.06mm−1 to 0.02mm−1 based on
integrating sphere measurements, which was attributed to chlorophyll a degradation. When
comparing the results with our µa at 656 nm, it must be taken into account that they exam-
ined a deeper layer of the cortex, with consequently lower chlorophyll content. Also, during
this study, the absorption peak of chlorophyll a at 680 nm could not be resolved due to the
fixed wavelengths. However, a relative decrease of µa by a factor of 3 was found to be con-
sistent for chlorophyll a and chlorophyll b considering both studies. This seems to confirm
the observation of Merzlyak et al. (2003), who reported a constant ratio of chlorophyll a and
chlorophyll b absorption for several cultivars. Ampomah-Dwamena et al. (2012) also found
a general decrease in chlorophyll a and chlorophyll b concentrations in the cortex, while the
ratio of initial and final concentrations depended strongly on the particular apple genotype.
Regarding the temporal evolution of carotenoids, Ampomah-Dwamena et al. (2012) reported
a decrease in their concentration in the cortex during maturation, followed by an increase
during ripening. This was confirmed by the results for all cultivars in our study, except
for ‘Elstar’. One explanation for this effect could be the involvement of several carotenoid
compounds with similar absorption profiles. In particular, Ampomah-Dwamena et al. (2012)
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reported a high lutein content in the cortex of ‘Royal Gala’ at early fruit stages, which then
decreased during maturation, followed by an accumulation of violaxanthin and neoxanthin
during ripening. However, the predominant compounds and their proportions differed to a
large extent in the different apple genotypes studied. The higher µa at 447 nm compared to
656 nm further indicates a predominant influence of carotenoids in apple cortex compared
to chlorophyll, which is in agreement with Delgado-Pelayo et al. (2014). Lastly, the increase
of µa at 945 nm remains to be discussed, which is probably related to the water content of
the tissue. In this context, the water-containing vacuoles play an important role, as they
can occupy up to 90% of the cell volume in ripe apples and also have a considerable sugar
content (Yamaki and Ino, 1992, Shiratake and Martinoia, 2007). The influence of different
types of sugars on water absorption was studied, for example, by Giangiacomo (2006) us-
ing NIR spectroscopy. A significant increase in water absorption at 1928 nm is reported,
most likely due to the increase in H-bonds and the ”structure breaking effect” when sugar
molecules are added. It is likely that this effect could also be responsible for the increase in
µa at 945 nm observed in this work. A similar interpretation can be made of the results of
Wei et al. (2020), who recently reported a high correlation between µa at a wavelength of
980 nm and sucrose content, measured with an integrating sphere on stored ‘Fuji’ apples.
In contrast to the absorption properties, the temporal evolution of µ′

s of apple tissue during
maturation has been investigated in only a few studies. Van Beers et al. (2017) reported
a decrease from 1.3mm−1 to 0.9mm−1 for ‘Braeburn’ and two other cultivars based on in-
tegrating sphere measurements at a wavelength of 850 nm, but no characteristic differences
were observed when comparing between different cultivars. For ‘Elstar’ apples, Seifert et al.
(2015) demonstrated a decrease from 1.80mm−1 to 1.55mm−1 with time-resolved measure-
ments at a wavelength of 850 nm. They mentioned a low dependence of µ′

s on wavelength
and thus a flat spectral curve, which is in agreement with our findings. Other researchers
focused on the study of µ′

s during storage, for example, Cen et al. (2013) noted a significant
decrease during 30 d storage at 20 °C and Wei et al. (2020) during 150 d at, both, 0 °C and
20 °C. In contrast to our results during maturation, other researchers observed a significant
increase in µ′

s during storage and fruit softening, as recently reported by Vanoli et al. (2020)
or Rowe et al. (2014). Overall, the temporal evolution of µ′

s under defined conditions during
maturation and storage shows reproducible results, but cannot in all cases be clearly at-
tributed to specific components or structural properties of the apple tissue. Rather, it must
be assumed that it is influenced by many parameters simultaneously and to varying degrees,
as will be examined in more detail in Part 2 of this paper using Mie’s theory.

4. Conclusions

Based on SFDI measurements, high-resolution µ′
s, µa, and rs maps revealed consider-

able heterogeneity in the absorption and scattering properties of different types of apple
tissue during maturation. Morphological features could be clearly visualized by their optical
properties, e.g. the core line and vascular bundles cause local decreases in µ′

s. In contrast,
µa maps at 656 nm and 945 nm indicate an overall homogeneous distribution of the main
absorbers chlorophyll b and water, with characteristic increases in the cortex tissue under
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the skin, near vascular bundles, and near the core. There was a general tendency for µ′
s to

increase from the core toward the skin by up to 30%. This appears to be closely related to
the radial-dependent properties of the intercellular space. Tissue with a high starch content
has about 60% higher µ′

s compared to tissue with low starch content. However, increases in
µ′
s could not be fully attributed to the starch granules, although their size, concentration,

and refractive index suggest it. The temporal decrease in µ′
s during maturation was up to

35%, depending on the cultivar and also appeared to be related to changes in intercellular
space and starch content. Lastly, the temporal evolution of µa during maturation indicated
a decrease in chlorophyll b content at 656 nm and a sharp increase in carotenoid content at
447 nm just before ripening. However, the important question why µ′

s can increase during
apple storage remains unresolved. Additional experimental approaches using micro-CT or
phase contrast measurements may provide answers. Further theoretical considerations of the
specific scattering components of apple tissue based on Mie’s theory are the subject of Part
2 of this study.
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W., 2014. Spatially resolved diffuse reflectance in the visible and near-infrared wavelength
range for non-destructive quality assessment of ‘Braeburn’ apples. Postharvest Biol. Tech-
nol. 91, 39–48. https://doi.org/10.1016/j.postharvbio.2013.12.004.

26



Nothelfer, S., Bergmann, F., Liemert, A., Reitzle, D., Kienle, A., 2018. Spatial frequency
domain imaging using an analytical model for separation of surface and volume scattering.
J. Biomed. Opt. 24(07), 1. https://doi.org/10.1117/1.JBO.24.7.071604.

Oates, C.G., 1997. Towards an understanding of starch granule structure and hydrolysis.
Trends Food Sci. Technol. 8(11), 375–382. https://doi.org/10.1016/S0924-2244(97)01090-
X.

Qing, Z., Ji, B., Zude, M., 2008. Non-destructive analyses of apple quality parameters by
means of laser-induced light backscattering imaging. Postharvest Biol. Technol. 48(2),
215–222. https://doi.org/10.1016/j.postharvbio.2007.10.004.

Rizzolo, A., Vanoli, M., Bianchi, G., Zanella, A., Grassi, M., Torricelli, A., Spinelli, L.,
2014. Relationship between texture sensory profiles and optical properties measured by
time-resolved reflectance spectroscopy during post-storage shelf life of ‘Braeburn’ apples.
J. Hortic. Res. 22(1), 113–121. https://doi.org/10.2478/johr-2014-0014.

Rizzolo, A., Vanoli, M., Spinelli, L., Torricelli, A., 2010. Sensory character-
istics, quality and optical properties measured by time-resolved reflectance
spectroscopy in stored apples. Postharvest Biol. Technol. 58(1), 1–12.
https://doi.org/10.1016/j.postharvbio.2010.05.003.
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