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A B S T R A C T   

Hyperspectral imaging (HSI) is one of the most studied optical techniques to estimate the internal quality of fruits 
and vegetables. Absorbance and reflectance of the light radiation are specific to each biological tissue and are 
directly related to its chemical composition and physical characteristics. These properties are influenced by other 
extrinsic factors, such as the instrumentation or the light source, which can reduce the reproducibility of the 
experiments. Determining the actual depth of light penetration into tissue could help validate non-contact 
methods as accurate tools to assess quality properties based on optical properties. In the case of HSI systems, 
it is crucial to know how far the light penetrates at each wavelength. A non-destructive approach, based on the 
spatially resolved spectroscopic principle, was proposed to estimate the light penetration depth of a HSI system in 
a Vis-NIR configuration (in the range 450–1050 nm). This method was applied to measure the light penetration 
depth in persimmon fruit. The absorption (μa) and scattering (μ’s) coefficients from Farrell’s diffusion theory 
were estimated using the backscattered light measured at different distances from the incident point light at each 
wavelength in hyperspectral images of persimmon fruit. The actual light penetration depth was obtained by 
measuring the reflectance of cut pieces of persimmon fruit with different thicknesses. Linear regression was used 
to relate the depth of penetrability obtained by both protocols, the estimated or non-destructive protocol and the 
actual or destructive protocol, showing a high relationship (R2 > 0.8 and RPD>2.5) in the range 610–1050 nm. 
This confirms that this non-destructive approach proposed for estimating the light penetration depth of a Vis-NIR 
HSI system in persimmon fruit is accurate, so it could be used as a valuable method to evaluate other HSI systems 
for different fruits.   

1. Introduction 

HSI is an effective technique for assessing the internal quality of 
fruits and vegetables (Hemrattrakun et al., 2021; Munera et al., 2021; 
Xuan et al., 2022). The HSI systems capture a sequence of mono-
chromatic images in a spectral operating range, the most used operating 
in the Vis and NIR spectral ranges. When a biological tissue is illumi-
nated, the chemical compounds absorb or reflect the energy differently 
for each wavelength, allowing HSI systems to get information on the 
intrinsic properties and chemical composition non-destructively 
(Rodrigues and Hemmer, 2022). HSI systems are characterised by 
obtaining spatial and spectral information so that a full spectrum is 
obtained for each pixel acquired, which allows knowing the composition 
of the tissues and how the properties are distributed on the surface. It 

makes it especially useful for inspecting heterogeneous products such as 
fruits or vegetables. 

The propagation of light through biological tissues is influenced by 
various optical properties such as absorption, scattering, refraction, and 
reflection. Absorption refers to the ability of tissues to absorb certain 
wavelengths of light, which can limit the depth of light penetration. 
Refraction is related to the change in the direction of light when it enters 
a medium with a different refractive index, such as air and biological 
tissues. Refraction can affect the propagation of light through tissues, 
especially in cases where the tissues have a curved surface. Finally, 
reflection refers to the ability of tissues to reflect light rather than allow 
it to pass through. The amount of light that is reflected depends on the 
angle of incidence of the light according to Lambert’s cosine law 
(Pedrotti et al., 2007), as well as on the optical properties of the tissues. 
Finally, scattering is the ability of tissues to deflect light from its original 
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path. This can occur due to variations in the refractive index or the 
presence of particles in the composition of tissues that can bend light. 
Fruit have particular characteristics that can affect the penetration and 
propagation of light inside them depending on the texture and compo-
sition (Sun et al., 2021). For example, the skin of a fruit can limit the 
amount of light that penetrates into the fruit. Moreover, the presence of 
pigments that absorb certain wavelengths can influence the character-
istics of the light that penetrates into the fruit tissue (Saeys et al., 2008), 
while the texture, the water content and chemical composition can also 
affect the diffusion of light, and therefore its ability to absorb, reflect, 
scatter, or refract light (Hu et al., 2015; Munera et al., 2017, 2019). 
Moreover, extrinsic factors, such as the instrumentation or the light 
source, influence how the light interacts with the tissues, reducing 
reproducibility (Lu et al., 2020). 

Absorption and scattering phenomena characterise light propagation 
through the tissue, which can provide information about the internal 
composition of the samples under study (Cen et al., 2012a,b; Sun et al., 
2021; Vanoli et al., 2020). These optical properties can be usually 
quantified by the μa, which is the probability of a photon being absorbed 
by pigments or chemical constituents in the tissue (Vanoli et al., 2020), 
and the μ’s, which is the probability of a photon changing direction due 
to refractive index mismatches in the tissue microstructures (Vanoli 
et al., 2020, Ying et al., 2016), and is affected by the physical properties 
of the tissue, such as texture, cell density or cell volume (Ma et al., 
2022). However, fruit tissues are highly scattering media (Wang et al., 
2020), so separating the scattering effects from light absorption is 
difficult. 

Backscattering refers to the scattering of light in the opposite di-
rection to its incidence, that is when the light scatters back near the 
source (Lorente et al., 2015). The backscattered light interacts with the 
more superficial tissue and exits close to the incidence light point, 
containing information about the texture or composition that can be 
assessed, for instance, using a HSI system. It is uncertain, though, how 
deeply the light penetrates the fruit before exiting, making it unclear 
from which internal part this information originates, as this issue is 
hardly discussed in the literature (Lorente et al., 2013). Therefore, it is 
necessary to explore new approaches to understand and measure the 
behaviour of the backscattered light, considering different wavelengths 
independently of any external factors, to achieve more reproducible and 
reliable experiments. 

Non-destructive methods are available to separately measure the 
absorption and the reduced scattering coefficients of biological tissues. 
These methods are based on analytical solutions to the diffusion 
approximation theory in different lighting conditions and can be clas-
sified into SR, TR, FR and SFD (Tian and Xu, 2022). The SR method 

estimates the absorption and reduced scattering coefficients by 
measuring the reemitted light at different distances from a steady-state 
light, illuminating a small area of the biological sample (Kienle et al., 
1996). The TR method uses ultrashort laser pulses, which are fallen upon 
the sample surface. Then, the coefficients are estimated by processing 
the temporal response of the reemitted light acquired at a proximity 
distance to the point of incidence of light (Wilson et al., 1989). The 
concept of the FR technique is similar to TR. In this method, a 
high-frequency modulated light signal falls on the tissue, and its output 
at a specific distance from the incidence area is then analysed to estimate 
the coefficients (Berndt et al., 1991). Finally, the SFD method uses 
different 2-D sinusoidal illumination patterns to light the sample under 
study to acquire and process the reflectance images to estimate the co-
efficients for these optical properties (Hu et al., 2018). SR methods are 
the best suited for fruit postharvest studies since they do not require 
expensive instrumentation nor good contact between the sensor and the 
fruit tissue, are faster than TR and FD ones, and are easier to implement 
in an automated inspection set-up (Qin and Lu, 2008). 

Two typical configurations of SR techniques differ in whether their 
sensing is by contact or non-contact with the sample. In the first case, an 
optical fibre array is used to acquire the reemitted light at various points 
in the tissue, located at different distances from the incident light point. 
By contrast, HSI is non-contact sensing used in SR techniques, and it can 
be used to evaluate the absorption and reduced scattering at multiple 
wavelengths by diffuse scattering or backscattering imaging, providing 
spatial and spectral information for a broad spectral range (Si et al., 
2022). Its configuration requires mainly a CCD camera, an imaging 
spectrometer, and a light source, concentrating a small continuous-wave 
light beam on the sample surface (Cen et al., 2012a,b). Then, back-
scattered light, measured at different distances from the incident light at 
each wavelength, is fitted to obtain the absorption and reduced scat-
tering coefficients related to the optical properties of the tissues (Van 
Beers et al., 2015; Zhu et al., 2015). However, these coefficients 
measured by SR techniques only provide an estimation of the actual 
absorption and scattering of the tissue under study. Therefore, it be-
comes necessary to know both the actual values of these parameters and 
the depth at which they are measured to establish the reliability of the 
HSI-based systems in estimating the absorption and scattering of fruit 
tissues. 

Qin and Lu (2008) defined the light penetration depth as the distance 
travelled by the light within a biological tissue until the incident light 
intensity level is reduced by 1/e. Light penetration depth is related to the 
attenuation of light in vegetables and fruits, and as a consequence, it 
involves both absorption and scattering properties. Therefore, esti-
mating the light penetration depth could be helpful to validate the 
estimated absorption and scattering properties of a tissue obtained by 
HSI systems (Kho et al., 2019). validated the use of hyperspectral im-
aging as a tool to assess breast tissue at different depths below the 
resection surface. To do this, they used a phantom that simulated the 
spectral properties of breast tissue and thus determined the depth to 
which light penetrated. In our case, a similar validation could be used to 
measure the actual depth to which light penetrates into fruit. In this 
case, the phantom would be replaced by a destructive study of the fruit 
to determine the specific depth of the internal fruit tissue at which the 
optical properties are estimated. 

The purpose of this work is to propose a method to estimate non- 
destructively the depth of light penetration of a Vis-NIR HSI system 
(450–1050 nm) in the tissues of the fruit. The whole study was devel-
oped on ‘Rojo Brillante’ persimmon fruit, and proceeded as follows: (1) 
the absorbance and scattering were non-destructively estimated by 
applying the Farrell’s diffusion theory using backscattering images of 
the entire fruit; (2) the actual light penetration depth was subsequently 
measured by means of an ad-hoc destructive protocol using reflectance 
images of the entire fruit and pieces of different thicknesses; (3) As a 
final step, a validation of the estimated light penetration depth of each 
wavelength was performed by comparing it with the actual light 

Nomenclature 

CCD charge couple device 
FR frequency domain 
HSI hyperspectral imaging 
NIR near infrared region 
RH relative humidity 
RMSE the root mean square error 
ROI region of interest 
RPD ratio of performance to deviation 
R2 coefficient of determination 
SFD spatial frequency domain 
SR spatially resolved 
TR time-resolved 
Vis visible 
μa absorption coefficient 
μ’s scattering coefficient  
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penetration depth by means of linear regression. 

2. Materials and methods 

2.1. Estimation of light penetration depth. Farrell’s diffusion theory 

Light backscattering in fruit occurs when light enters a fruit, interacts 
with cells, tissues, and other structures, and is scattered back out near 
the point of incidence. The amount of backscattered light from a fruit 
can provide valuable information about its quality, ripeness, and other 
properties (Lu et al., 2020b). This phenomenon can be modelled on the 
radiative transfer theory (or the Boltzmann equation), which can be 
simplified to a diffusion approximation equation for highly scattering 
biological tissue, i.e., μ’s ≫ μa (Cen et al., 2012a,b; Lu et al., 2017; Qin 
and Lu, 2008). Therefore, the Boltzmann equation can be simplified to 
only two independent optical parameters, μa and μs, and can be resolved 
analytically by the information acquired through various techniques 
based on different illumination situations (Lu et al., 2020). 

SR measurement system can resolve this equation by measuring the 
backscattered light at different distances from a steady-state incident 
light source (Hu et al., 2015), as shown in Fig. 1, fitting the reflectance 
curve to the Farrell’s diffusion equation (Eq. (1)) (Farrell et al., 1992). 
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where r is the distance from the incident light point, D is the diffusion 
coefficient (Eq. (2)), μeff is the effective attenuation coefficient (Eq. (3)), 
μ’t is the total attenuation coefficient (Eq. (4)), and r1 (Eq. (5)) and r2 
(Eq. (6)) are the distances from the observation point at the interface to 
the isotropic source and the image source zd (Eq. (7)) (Hu et al., 2015). 
Reff is the effective reflection coefficient (Eq. (8)). A standard refractive 
index for horticultural products is n = 1.35, where C1 and C2 are 0.1277 
and 0.3269, respectively (Cen et al., 2012a,b). Finally, dth is the light 
penetration depth (Eq. (9)) and is defined as the distance at which the 
light fluence rate is reduced by a factor of 1/e of its value at the surface 
(Kho et al., 2019; Wilson and Jacques, 1990). 
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2.2. Fruit samples 

Sixty persimmon fruits (Diospyros kaki cv ‘Rojo Brillante’) were 
collected from a commercial orchard located in L’Alcudia (Valencia, 
Spain) at commercial maturity. The fruits were selected with homoge-
neous colour and size (weight [mean ± std]: 273.78 ± 45.11 gr; height: 
82.05 ± 4.00 mm; width: 74.62 ± 5.69 mm) and no skin damage. 
Throughout the experiment, the fruits were stored in stable conditions 
(20 ◦C and 90% RH). 

‘Rojo Brillante’ persimmon is an astringent cultivar due to water- 
soluble tannins present in the flesh. For this reason, this cultivar is 
usually exposed to a CO2 treatment in a closed container (air containing 
95%, CO2 at 20 ◦C and 90% RH) for 24 h to remove the astringency 
before commercialisation (Salvador et al., 2007). During the treatment, 
the water-soluble tannins with low molecular weight are converted into 
high molecular weight, water-insoluble, and non-astringent tannins 
(Das et al., 2020; Giordani et al., 2011). The molecular weight of tannins 
changes during the deastringency treatment, and so do the optical 
properties, which makes this fruit appropriate for this study. Hence, half 
of the persimmons (30 out of 60) were deastringed through the CO2 
treatment to obtain a heterogeneous set of fruit samples. 

Fig. 1. HSI-based in-house bench-top prototype for the non-destructive estimation of the penetrability depth.  
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2.3. Hyperspectral image acquisition 

2.3.1. Non-destructive protocol for penetrability estimation 
Backscattering images of the entire persimmon fruit were captured 

with the set-up depicted in Fig. 1 using an in-house bench-top optical 
prototype. This HSI-based prototype was developed using the SR spec-
troscopic principle (Sun et al., 2021). It consisted of an industrial camera 
(CoolSNAP ES, Photometrics Tucson, AZ, USA) coupled with two 
liquid-crystal tunable filters (Varispec VIS-07 and NIR-07, Cambridge 
Research & Instrumentation, Inc., Hopkinton, MA, USA) (Munera et al., 
2021; Munera et al., 2021), operating in the spectral range of 450–1050 
nm and capturing images in reflectance mode with a size of 1392 × 1040 
pixels and a spatial resolution of 0.14 mm/pixel. The integration time 
for each wavelength was calibrated to optimise the dynamic range of the 
camera, avoid saturated images, and correct the spectral sensitivity of its 
components. This was accomplished by acquiring the average grey level 
of a calibration target (Spectralon 99%, Labsphere, Inc, NH, USA) that 
represents 90% of the camera’s dynamic range. The backscattering 
images were captured every 10 nm for a total of 60 wavelengths. The 
fruit was illuminated by direct, focused light on top of the fruit using a 
35 W halogen spotlight (41,866 WFL OSRAM GmbH, Munich, Germany) 
powered by a direct current of 12 V. Additionally, white and black 
reference images were acquired using the white calibration target 
(Spectralon 99%, Labsphere, Inc, NH, USA) and covering the lens with 
the cap, respectively. 

2.3.2. Destructive protocol for measuring the actual penetrability 
For the validation of the previously proposed non-destructive 

method, the actual light penetration depth was measured following 
the method presented by Kho et al. (2019). Thereby, each persimmon 
fruit was cut into pieces (on average, sixteen pieces per fruit containing 
peel) of different thicknesses using a professional slice cutter (Graef 
Master 3020 W, Germany) and then measured using a precision digital 
calliper (Mitutoyo 500-182-30, Co. Ltd., Japan) resulting thicknesses 
between 0.3 and 19.5 mm. Later, both the fruit pieces and the entire fruit 
were placed onto a black background platform with the peel facing the 
camera, and reflectance images were acquired using the same camera as 
previously used but performing a new calibration of the integration time 
of each wavelength. In this configuration, the fruit was illuminated by 
diffuse light using the same halogen lamp described for backscattering 
images (Fig. 2). 

2.4. Image processing and statistical data analysis 

The image processing started with the calculation of the relative 
reflectance of all images through Equation (10) (Geladi et al., 1985). 

ρxy(x, y, λ)= ρRef(λ)
R(x, y, λ) − Rblack(x, y, λ)

Rwhite(x, y, λ) − Rblack(x, y, λ)
(10)  

where pRef(λ) is the standard reflectance of the white reference target 
(99% in this work), R (x,y,λ) is the reflectance of the fruit captured by 
the camera, Rwhite (x,y,λ) is the reflectance of the white reference 
target, and Rblack (x,y,λ) is the reflectance captured while avoiding any 
light source in order to quantify the electronic noise of the sensor. 

Then, the central ROI of the fruit zone of all images, entire fruit and 
cut pieces, was selected. The reflectance of each ROI from the images of 
the cut pieces was then normalised by the maximum reflectance ob-
tained from the central ROI of the entire persimmon, which will act as 
the infinite thick sample. No spectral pre-treatment was applied so as not 
to affect potentially the estimation of the light penetration depth. The 
reflectances were plotted against the thickness of each piece, and an 
exponential curve was obtained for every wavelength (Fig. 3). As stated 
by Welch et al. (2010), the observed exponential attenuation of reflec-
tance is given in highly scattering tissues, where the decrease in incident 
diffuse light is related to the thickness of the tissue under study. Thus, 
the curves were fitted to Equation (11) to model the evolution of the 
reflectance for each wavelength concerning the thickness of the piece. 
Finally, the actual objective penetrability was defined as the depth 
required to reduce the relative reflectance by 1/e2 (Kho et al., 2019). 

Rrel(λ, d)= 1 − f1e− f2d (11) 

From all the captured backscattering images, a ROI was selected 
from the light incidence point (maximum intensity) towards the fruit 
contour (Fig. 4). Then, the mean intensity mono-exponential signal 
decay curves from each ROI were extracted for each wavelength 
following the pipeline shown in Fig. 4. The extracted distance- 
dependence curves were fitted to Equation (1) by a non-linear curve 
fitting based on least-squares applying the trust-region-reflective algo-
rithm (Coleman and Li, 2006). Then, the absorption and the reduced 
scattering were calculated, and the estimated penetrability was obtained 
using Equation (9) for each wavelength. 

Finally, a linear regression was applied to relate the actual depth 
with the estimated for each wavelength. This method obtains the best 
relationship by finding the best fit linear function. For the analysis of the 
goodness-of-fit parameter, the R2, the RMSE and the RPD were used. 
Generally, a good model must have a high R2 with a low RMSE and an 
RPD above 2.5 (Cortés et al., 2017). These parameters can be defined by 
Equations 12–14. Pearson’s correlation coefficient was also calculated to 
assess this relationship. 
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2
(12)  

RMSE =
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SD

(
xip

)

RMSE
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All the algorithms were developed and implemented using Matlab 
R2020b (MathWorks, Natick, MA, USA) and the Imaging Processing 
Toolbox with custom Matlab scripts. 

3. Results and discussion 

The results of the actual and estimated light penetration depth in 
each wavelength are shown in Table 1. The actual light penetration 
depths ranged (mean ± standard deviation) from 0.33 ± 0.38 mm (500 
nm) to 2.12 ± 0.89 mm (700 nm). The estimated light penetration 
depths ranged from 0.82 ± 0.46 mm (500 nm) to 2.00 ± 0.85 mm (1050 

Fig. 2. HSI-based in-house bench-top prototype for the actual measurement of 
penetrability depth. 
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nm). These results show high variability since the selection of the 
samples was not carried out attending to any internal quality criteria. 
Furthermore, as Fig. 5 shows, no differences were found between 
astringent and deastringed persimmons for the averaged actual and 
estimated penetrability for all wavelengths. 

The Pearson’s correlation results (Table 1) showed a significant and 
positive correlation (r > 0.92 and p-value<0.05) for all wavelengths, 
except for the spectral range 510–540 nm, with high values for wave-
lengths greater than 610 nm. These significant correlations show a 
strong linear relationship between the light penetration obtained in both 

experiments. However, Pearson’s correlation could not measure the 
agreement between the depth light penetration values of the non- 
destructive experiment and those of the destructive one. 

Additionally, a linear regression was performed to compare both 
penetrability depths for each wavelength. A significant regression 
equation was found for each wavelength (F (1,58) > 5.18, p-value 
<0.02), except for the wavelengths between 510 nm and 530 nm (p- 
value >0.05). The estimated penetrability depth significantly predicted 
the actual penetrability depth (p-value <0.027) for each wavelength, 
except for the range mentioned above. 

Fig. 3. Pipeline for measuring the actual light penetration depth using the set-up depicted in Fig. 2.  

Fig. 4. Pipeline to estimate the light penetration depth using the set-up depicted in Fig. 1.  
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The results of the goodness-of-fit features (R2, RMSE and RPD) of the 
linear regression models for each spectral wavelength are shown in 
Table 2. The wavelengths that presented the high performance (R2 > 0.8 
and RPD>2.5) to estimate the light penetrability depth ranged from 610 
nm to 1050 nm (Table 2), showing a low performance in the rest. This 
proves that the estimated light penetration depth is reliable in the range 

from 610 nm to 1050 nm, although it is not confirmed in the range from 
450 nm to 600 nm. 

Some linear regressions were plotted in Fig. 6. The close relationship 
between the actual and estimated depth values above 610 nm shows a 
strong correlation between the two variables. It can be observed the 
presence of a sample whose estimated penetrability exceeds the mean 

Table 1 
Results from actual and estimated light penetration for each wavelength.  

λ (nm) Actual depth (mm) Estimated depth (mm) Pearson’s Correlation λ (nm) Actual depth (mm) Estimated depth (mm) Pearson’s Correlation 

mean ± sd mean ± sd r p-value mean ± sd mean ± sd r p-value 

450 1.13 ± 0.62 2.05 ± 1.18 0.90 <0.00 760 1.92 ± 0.77 1.83 ± 0.74 0.98 <0.00 
460 0.48 ± 0.37 1.41 ± 1.10 0.62 <0.00 770 1.87 ± 0.75 1.84 ± 0.75 0.98 <0.00 
470 0.45 ± 0.38 1.15 ± 0.74 0.49 <0.00 780 1.90 ± 0.78 1.86 ± 0.78 0.98 <0.00 
480 0.36 ± 0.40 0.90 ± 0.59 0.30 0.02 790 1.94 ± 0.79 1.88 ± 0.79 0.98 <0.00 
490 0.35 ± 0.41 0.86 ± 0.53 0.29 0.03 800 1.96 ± 0.80 1.90 ± 0.77 0.99 <0.00 
500 0.33 ± 0.38 0.82 ± 0.46 0.29 0.02 810 1.96 ± 0.80 1.90 ± 0.77 0.98 <0.00 
510 0.39 ± 0.50 0.83 ± 0.44 0.23 0.08 820 1.98 ± 0.80 1.91 ± 0.80 0.98 <0.00 
520 0.46 ± 0.59 0.89 ± 0.44 0.20 0.13 830 1.88 ± 0.76 1.90 ± 0.78 0.98 <0.00 
530 0.56 ± 0.58 0.98 ± 0.46 0.22 0.10 840 1.87 ± 0.74 1.87 ± 0.76 0.98 <0.00 
540 0.66 ± 0.49 1.10 ± 0.55 0.32 0.01 850 1.80 ± 0.73 1.88 ± 0.77 0.99 <0.00 
550 0.81 ± 0.46 1.20 ± 0.60 0.38 0.00 860 1.79 ± 0.72 1.87 ± 0.74 0.99 <0.00 
560 0.88 ± 0.48 1.25 ± 0.67 0.40 0.00 870 1.80 ± 0.72 1.87 ± 0.76 0.98 <0.00 
570 0.97 ± 0.51 1.31 ± 0.66 0.40 0.00 880 1.74 ± 0.70 1.86 ± 0.76 0.98 <0.00 
580 1.12 ± 0.50 1.40 ± 0.70 0.53 <0.00 890 1.72 ± 0.68 1.84 ± 0.76 0.98 <0.00 
590 1.31 ± 0.53 1.52 ± 0.73 0.71 <0.00 900 1.67 ± 0.65 1.84 ± 0.75 0.98 <0.00 
600 1.53 ± 0.60 1.58 ± 0.71 0.86 <0.00 910 1.63 ± 0.65 1.82 ± 0.73 0.98 <0.00 
610 1.71 ± 0.70 1.65 ± 0.69 0.93 <0.00 920 1.56 ± 0.62 1.80 ± 0.72 0.98 <0.00 
620 1.85 ± 0.79 1.73 ± 0.69 0.95 <0.00 930 1.49 ± 0.59 1.74 ± 0.68 0.98 <0.00 
630 1.93 ± 0.84 1.78 ± 0.71 0.96 <0.00 940 1.39 ± 0.55 1.67 ± 0.68 0.98 <0.00 
640 1.98 ± 0.86 1.80 ± 0.73 0.96 <0.00 950 1.19 ± 0.52 1.60 ± 0.66 0.93 <0.00 
650 2.02 ± 0.89 1.85 ± 0.75 0.96 <0.00 960 1.17 ± 0.48 1.53 ± 0.67 0.96 <0.00 
660 2.04 ± 0.92 1.85 ± 0.77 0.96 <0.00 970 1.14 ± 0.47 1.51 ± 0.64 0.95 <0.00 
670 2.05 ± 0.95 1.88 ± 0.81 0.96 <0.00 980 1.12 ± 0.46 1.52 ± 0.65 0.95 <0.00 
680 2.09 ± 0.95 1.91 ± 0.87 0.95 <0.00 990 1.14 ± 0.46 1.53 ± 0.70 0.95 <0.00 
690 2.02 ± 0.93 1.97 ± 0.81 0.97 <0.00 1000 1.15 ± 0.46 1.55 ± 0.68 0.95 <0.00 
700 2.12 ± 0.89 1.89 ± 0.79 0.98 <0.00 1010 1.18 ± 0.47 1.57 ± 0.66 0.95 <0.00 
710 2.09 ± 0.87 1.89 ± 0.78 0.98 <0.00 1020 1.22 ± 0.49 1.63 ± 0.71 0.95 <0.00 
720 2.04 ± 0.85 1.87 ± 0.82 0.98 <0.00 1030 1.28 ± 0.51 1.70 ± 0.76 0.96 <0.00 
730 1.96 ± 0.80 1.85 ± 0.78 0.98 <0.00 1040 1.35 ± 0.53 1.82 ± 0.78 0.96 <0.00 
740 1.88 ± 0.77 1.82 ± 0.76 0.98 <0.00 1050 1.42 ± 0.56 2.00 ± 0.85 0.96 <0.00 
750 1.87 ± 0.76 1.83 ± 0.77 0.98 <0.00      

λ = wavelength; sd = standard deviation. 

Fig. 5. Comparison between astringent (A) and deastringed (DA) persimmon fruit: averaged actual penetrability depth (left) and averaged estimated penetrability 
depth (right). 
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Table 2 
Performance criteria of linear regression for each wavelength.  

λ (nm) R2 RMSE RPD λ (nm) R2 RMSE RPD λ (nm) R2 RMSE RPD 

450 0.81 0.52 2.27 660 0.92 0.22 3.56 870 0.97 0.13 5.63 
460 0.36 0.90 1.24 670 0.92 0.23 3.44 880 0.97 0.14 5.52 
470 0.22 0.67 1.13 680 0.90 0.27 3.18 890 0.96 0.14 5.24 
480 0.09 0.57 1.04 690 0.93 0.21 3.80 900 0.97 0.13 5.63 
490 0.08 0.51 1.03 700 0.96 0.17 4.73 910 0.97 0.13 5.49 
500 0.09 0.45 1.04 710 0.96 0.16 4.99 920 0.97 0.13 5.37 
510 0.05 0.43 1.02 720 0.96 0.17 4.82 930 0.97 0.13 5.32 
520 0.04 0.44 1.01 730 0.96 0.15 5.26 940 0.96 0.14 4.68 
530 0.05 0.46 1.02 740 0.96 0.15 4.94 950 0.86 0.25 2.61 
540 0.10 0.53 1.05 750 0.96 0.15 5.04 960 0.92 0.19 3.46 
550 0.15 0.56 1.07 760 0.96 0.15 4.83 970 0.90 0.20 3.21 
560 0.16 0.62 1.08 770 0.97 0.14 5.37 980 0.90 0.21 3.13 
570 0.16 0.61 1.08 780 0.97 0.14 5.64 990 0.90 0.22 3.19 
580 0.28 0.60 1.17 790 0.97 0.15 5.38 1000 0.91 0.21 3.28 
590 0.50 0.52 1.40 800 0.97 0.13 5.90 1010 0.91 0.20 3.27 
600 0.74 0.37 1.94 810 0.96 0.15 5.30 1020 0.90 0.23 3.11 
610 0.86 0.26 2.69 820 0.96 0.15 5.25 1030 0.92 0.21 3.62 
620 0.90 0.22 3.08 830 0.97 0.14 5.48 1040 0.92 0.22 3.58 
630 0.92 0.20 3.60 840 0.96 0.16 4.72 1050 0.91 0.25 3.38 
640 0.93 0.19 3.72 850 0.97 0.13 5.88     
650 0.93 0.20 3.64 860 0.97 0.13 5.78     

λ = wavelength; RMSE = root mean square error; RPD = ratio of performance to deviation. 

Fig. 6. Estimated by actual penetrability depth value scatter plots for four selected wavelengths (510, 610, 780 and 940 nm).  
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value, which can be due to the heterogeneous nature of the persimmon 
samples used in this study. In order to ensure this sample was not an 
outlier, it was removed from the regression, and similar values of R2 and 
RMSE were obtained. In fact, the estimated value of light penetration 
depth turned out a close value to the actual one, indicating that this 
sample was valid and, therefore, not removed from the analysis. 

Nevertheless, the fact that no relationship was found in this range 
was expected according to Farrell’s diffusion theory. This theory can 
only be used when the reduced scattering is much higher than absorp-
tion (μ’s≫ μa) (Martelli et al., 2009). However, this condition is not 
always fulfilled in biological tissues due to the high absorption coeffi-
cient of biological chromophores, as is the case of carotenoids, antho-
cyanins or chlorophylls, which are dominant in fruit and vegetable 
tissues and responsible for colour. In addition, it is known that the 
persimmon spectral reflectance experiences a high absorption in the 
range of 450–600 nm due to these chromophores (Munera et al., 2019a; 
Rajkumar et al., 2012). Therefore, this inherent characteristic is 
responsible for the uncorrelated results obtained in this range, con-
firming the accuracy of the Vis-NIR HSI-based systems and Farrell’s 
diffusion theory used to estimate the light penetrability depth. 

According to Equation (9), the estimated penetrability is related to 
the values of the absorption and reduced scattering coefficients. This 
relationship is really useful because the absorption and scattering can be 
validated indirectly by comparing them to the actual penetrability. 
Thus, the close relationship between the estimated and actual light 
penetrability depth values obtained in this study in the wavelengths 
between 610 nm and 1050 nm reinforces that the non-destructive HSI- 
based systems can measure absorption and reduce scattering reliably. 
Therefore, this methodology accurately estimated the penetrability of 
light on persimmon fruit, where the maximum depth was reached no 
more than 2 mm. 

This result confirms that HSI system in the range 450–1050 nm can 
only obtain the spectral information of the outermost tissues of the 
persimmon fruit, being unable to identify certain molecules and com-
pounds distributed within the flesh directly. This is the case of the water- 
soluble tannins, molecules that are heterogeneously located in the flesh 
of ‘Rojo Brillante’ persimmon fruit (Munera et al., 2017). Munera et al. 
(2019) attempted to estimate non-destructively the content of these 
molecules in this cultivar of persimmon using the same HSI system in the 
same spectral range. Still, they could not accurately detect it when the 
content was low. They concluded that this imaging technology could 
predict the physiological and structural changes that persimmon fruit 
undergoes in the outermost tissues during the deastringency process, but 
not these molecules directly. 

There are numerous works in the literature based on spectroscopy 
and hyperspectral imaging with the aim of evaluating non-destructively 
the internal quality of fruits with different skin thickness, flesh trans-
lucency and size (Arendse et al., 2018; Cortés et al., 2019; Li et al., 2019; 
Y. Lu et al., 2020; Walsh et al., 2020; Alamar et al., 2023). In either case, 
the methodology proposed here could provide important information 
when designing an experiment, selecting a specific spectral and illumi-
nation system, offering explanations for variations in the prediction of 
quality parameters, and understanding the depth of light penetration 
into the tissue. 

Regarding the estimation of light penetration depth in fruit, no works 
have been found in the literature based on HSI technology, and only a 
few have been found using spectroscopy. The here estimated light 
penetrability depth differs from those obtained in previous studies 
performed destructively in apples and using spectroscopy (Lammertyn 
et al., 2000; Monago-Maraña et al., 2021), where values from 2 mm to 8 
mm were obtained. These differences in penetrability depth were 
possibly due to the use of one-point spectroscopy systems and different 
light configurations and also to the difference in the fruit studied. 

4. Conclusions 

In this study, a non-destructive HSI-based SR approach developed to 
estimate the depth of light penetration in the fruit using a Vis-NIR region 
was validated. This validation was performed by comparing the light 
penetrability depth, which was calculated using the estimated absorp-
tion and reduced scattering, with the actual penetrability light depth 
measured by a destructive study specially designed for this purpose. The 
results obtained demonstrated that the proposed non-destructive 
approach is helpful for measuring the absorption and reduced scat-
tering features of persimmon fruit over the spectral range 610–1050 nm. 
The depth of penetrability obtained by both protocols (estimated and 
actual) presented a high relationship (R2 > 0.8 and RPD>2.5). However, 
the penetrability estimated for persimmon fruit was limited to a 
maximum depth of 2 mm. 

This particular study on persimmon fruit has demonstrated that the 
information is only extracted from the flesh layers closest to the surface 
because the light only penetrates a few millimetres inside the fruit. This 
fact confirms HSI systems’ challenges in acquiring information on the 
fruit. This non-destructive approach could be a key method to know the 
optical properties of any fruit, taking into account the optical and illu-
mination system used and being able to accurately estimate the quality 
properties of the fruit at a particular and known depth. 

In future work, further studies will be carried out to evaluate the 
penetration depth using a wider range of wavelengths, as the present 
study was conducted within the range between 450 and 1050 nm. Also, 
to state that this non-destructive HSI approach is effective, other types of 
fruit with different skin thicknesses will be tested. Finally, more studies 
should be done to evaluate the influence of the illumination power and 
the length of light incidence on the fruit tissues. 
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