FORSCHUNGSBERICHT AGRARTECHNIK
des Fachausschusses Forschung und Lehre der
Max-Eyth-Gesellschaft Agrartechnik im VDI (VDI-MEG)

615

Luna Shrestha
Process optimisation and development of non-invasive
monitoring approaches for the drying of apples

Dissertation

Witzenhausen 2020

Universität Kassel
Fachbereich Ökologische Agrarwissenschaften
Fachgebiet Agrartechnik
Prof. Dr. sc. agr. Oliver Hensel

Process optimisation and development of non-invasive
monitoring approaches for the drying of apples

Dissertation zur Erlangung des akademischen Grades Doktor der
Agrarwissenschaften (Dr. agr.)

von
M.Sc. Luna Shrestha
aus Nepal
2020

Die vorliegende Arbeit wurde vom Fachbereich für Ökologische Agrarwissenschaften,
Fachgebiet Agrartechnik, der Universität Kassel als Dissertation zur Erlangung des
akademischen Grades Doktor der Agrarwissenschaften angenommen.

Tag der mündlichen Prüfung: 13.11.2020
Erster Gutachter:

Prof. Dr. Oliver Hensel

Zweiter Gutachter: Prof.Dr. Elke Pawelzik

Mündliche Prüfung: Prof. Dr. Oliver Hensel
Prof. Dr. Elke Pawelzik
Prof. Dr. Tobias Plieninger
Prof. Dr. Claudia Neu

Gedruckt mit Unterstützung des Katholischer Akademischer Ausländerdienst (KAAD).

Alle Rechte vorbehalten. Die Verwendung von Texten und Bildern, auch auszugsweise,
ist ohne Zustimmung des Autors urheberrechtswidrig und strafbar. Das gilt
insbesondere für Vervielfältigung, Übersetzung, Mikroverfilmung sowie die
Einspeicherung und Verarbeitung in elektronischen Systemen.
© 2020.
Im Selbstverlag:

Luna Shrestha

Bezugsquelle:

Universität

Kassel,

FB

Fachgebiet Agrartechnik
Nordbahnhofstr. 1a
37213 Witzenhausen

Ökologische

Agrarwissenschaften

Declaration
“I herewith give assurance that I completed this dissertation independently without
prohibited assistance of third parties or aids other than those identified in this
dissertation. All passages that are drawn from published or unpublished writings,
either word-for-word or in paraphrase, have been clearly identified as such. Third
parties were not involved in the drafting of the content of this dissertation; most
specifically, I did not employ the assistance of a dissertation advisor. No part of this
thesis has been used in another doctoral or tenure process.”

Erklärung
„Hiermit versichere ich, dass ich die vorliegende Dissertation selbständig, ohne
unerlaubte Hilfe Dritter angefertigt und andere als die in der Dissertation
angegebenen Hilfsmittel nicht benutzt habe. Alle Stellen, die wörtlich oder sinngemäß
aus veröffentlichten oder unveröffentlichten Schriften entnommen sind, habe ich als
solche kenntlich gemacht. Dritte waren an der inhaltlichen Erstellung der Dissertation
nicht beteiligt; insbesondere habe ich nicht die Hilfe eines kommerziellen
Promotionsberaters in Anspruch genommen. Kein Teil dieser Arbeit ist in einem
anderen Promotions- oder Habilitationsverfahren durch mich verwendet worden.“

Witzenhausen, den 18.03.2020

Luna Shrestha

Acknowledgements
First and Foremost, I would like to express my sincere gratitude to Prof. Dr. Oliver
Hensel for his support. His dynamic vision, sincerity and motivation have inspired me
to complete my Ph.D. even when I felt that the going was tough. I am extremely
grateful to PD Dr habil. Barbara Sturm for her immense and unlimited encouragement,
motivation, moral support and for mentoring me throughout this process of Ph.D.
studies and research. She acted like a mother and has always been there in every
phase of this journey saying, ‘everything will be fine and the challenges you face are
normal’. I cannot imagine completing the Ph.D. without her positive and warm vibes.
It was a great privilege and honour to work and study under her guidance. I would
also like to thank Prof. Dr. Elke Pawelzik for assessing this dissertation, and Prof. Dr.
Tobias Plieninger and Prof. Claudia Neu for their participation as oral examiners.
I would like to extend my thanks to Katholischer Akademischer Ausländerdienst
(KAAD) for their financial support and for offering seminars which gave me the
opportunity to learn many things and to have valuable intercultural and interreligious
connections with many people.
I want to thanks to Dr. Stuart Crichton, Boris Kulig, Dr. Aditya Parmar, and Dr. Joseph
Kudadam Korese for assisting and helping me to understand the academic
circumstances within which we are operating. I am thankful to all the colleagues at the
Department of Agricultural Engineering, especially to Sharvari Raut, Gardis von
Gersdroff, Dr. Abozar Nasirahmadi, Jackline Ogolla, Christian Schellert, and John
Nydisa for their immense support and for many good moments. A special thanks to
my friends Ada Gutierrez and Ulrike Speck for treating me like a sister and taking care
of me when I was in a great need.
I am extremely thankful to Prof. Dr. Elke Pawelzik who provided the space for me to
conduct my chemical experiments at the Department of Crop Protection at the
University of Göttingen. Many thanks to all the participants in Nepal who gave time to
participate in the survey. I’m indebted to many people whom I might not be able to

mention or have forgotten to mention, who have supported me and made my life
cheerful.
I would like to especially thank my husband Joringel Gutbub for his patience,
encouragement, showing a way of life, always being a backbone to achieve my goal
and bringing more smile into my life. I truly feel the reason why you came into my life
in the middle of the Ph.D. phase. Thank you for everything. I am eagerly looking
forward to welcome the new life that will come out of our connection. This is
immensely encouraging and motivating for me on the way to finish this academic
journey. I also want to express my deepest gratitude and love for my family and
friends. Great respect goes to my mom who has always trusted in me and has been
the strongest strength when facing problems in life. Last but not least, I have no words
to express for my Dad, what he has done for me. He will be dearly missed forever.

List of Scientific Papers Published from this Thesis
1. Shrestha, L., Parmar, A., Kulig, B., Hensel, O., & Sturm, B. (2019). Feeding practices of pre‐
school children and associated factors in Kathmandu, Nepal. Journal of Human Nutrition
and Dietetics.
2. Shrestha, L., Kulig, B., Moscetti, R., Massantini, R., Pawelzik, E., Hensel, O., & Sturm, B.
(2020). Optimisation of Physical and Chemical Treatments to Control Browning
Development and Enzymatic Activity on Fresh-cut Apple Slices. Foods, 9(1), 76.
3. Shrestha, L., Kulig, B., Moscetti, R., Massantini, R., Pawelzik, E., Hensel, O., & Sturm, B.
(2020). Comparison between hyperspectral imaging and chemical analysis of polyphenol
oxidase activity on fresh-cut apple slices. Journal of Spectroscopy, 2020.
4. Crichton, S., Shrestha, L., Hurlbert, A., & Sturm, B. (2018). Use of hyperspectral imaging
for the prediction of moisture content and chromaticity of raw and pretreated apple slices
during convection drying. Drying technology, 36(7), 804-816.
5. Shrestha, L., Crichton, S. O., Kulig, B., Kiesel, B., Hensel, O., & Sturm, B. (2019).
Comparative analysis of methods and model prediction performance evaluation for
continuous online non-invasive quality assessment during drying of apples from two
cultivars. Thermal Science and Engineering Progress, 100461.

List of Abstracts in Conference Proceedings
1. Shrestha, L., Moscetti, R., Crichton, S., Hensel, O., & Sturm, B. (2018, September). Organic
apples (cv. Elstar) quality evaluation during hot-air drying using Vis/NIR hyperspectral
imaging. In IDS 2018. 21st International Drying Symposium Proceedings (pp. 973-980).
Editorial Universitat Politècnica de València.
2. Shrestha, L., Gurung, P., B., Kulig, B., Hensel, O., & Sturm, B. (2018). Willingness and
Knowledge of Nepalese Mothers to Improve Babies' Diet to Upgrade their Nutritional
Status. Tropentag Conference, Ghent, Belgium.

Table of Contents
List of figures ................................................................................................................... vi
List of tables ..................................................................................................................... x
1

2

General introduction .............................................................................................. 1
1.1

Objectives of the research .................................................................................. 5

1.2

Approaches and investigated factors .................................................................. 7

1.3

Structure of the thesis ......................................................................................... 9

State of the art..................................................................................................... 11
2.1

Food insecurity in Nepal.................................................................................... 12

2.2

Nutritional status of children and the consumption of processed products in
Nepal ................................................................................................................. 13

2.3

Fruits and vegetables losses in Nepal and demand for processed foods ......... 15

2.4

Apple as an example: To reduce the post-harvest losses by using drying
technology in Nepal .......................................................................................... 16

2.5

The drying process and its performance........................................................... 20

2.6

Determination of the food quality attributes by using a non-invasive approach
........................................................................................................................... 25

2.7
3

Application of method comparison studies in food sectors ............................. 27

Feeding practices of pre-school children and associated factors in Kathmandu, Nepal
............................................................................................................................ 30
3.1

Abstract ............................................................................................................. 30

3.2

Introduction....................................................................................................... 31

3.3

Materials and Methods ..................................................................................... 35

3.4

3.3.1

Study design and setting ....................................................................... 35

3.3.2

Sample size and sampling procedure ................................................... 36

3.3.3

Data collection tools and procedures ................................................... 37

3.3.4

Study variables ...................................................................................... 38

3.3.5

Data analysis ......................................................................................... 38

Results ............................................................................................................... 39
3.4.1

Characteristics of mothers and their children ...................................... 39

i

3.4.2

Complementary food practices and mother’s perspective towards
lacking diets........................................................................................... 42

3.4.3

The association of level of social life with the economic status of
mothers based upon the selection of pre-school ................................. 43

3.4.4

The association of changing the feeding practices with several factors;
fruits and vegetables consumption patterns of mother ...................... 44

4

3.5

Discussion .......................................................................................................... 47

3.6

Conclusions........................................................................................................ 49

Optimisation of physical and chemical treatments to control the browning
development and enzymatic activity on fresh-cut apple slices .............................. 51
4.1

Abstract ............................................................................................................. 51

4.2

Introduction....................................................................................................... 52

4.3

Materials and Methods ..................................................................................... 59

4.4

4.3.1

Raw material ......................................................................................... 59

4.3.2

Reagents and Chemicals ....................................................................... 59

4.3.3

Sample preparation .............................................................................. 59

4.3.4

Sample characterization ....................................................................... 59

4.3.5

Anti-browning treatments .................................................................... 60

4.3.6

Colour Assessment ................................................................................ 60

4.3.7

Enzyme Activity Assessment ................................................................. 61

4.3.8

Design of Experiments .......................................................................... 62

4.3.9

Statistical analysis ................................................................................. 63

Results ............................................................................................................... 65
4.4.1

Apple fruit characterization .................................................................. 65

4.4.2

Numerical optimization for colour changes of apple slice surface ...... 65

4.4.3

Effect of treatments on the development of the CIE 1976 colour
difference (ΔE) ...................................................................................... 68

4.5

4.4.4

Effect of treatments on changes in L* and a* values ........................... 71

4.4.5

Assessment of oxidative enzymes activity at optimum goals .............. 74

Conclusions........................................................................................................ 78

ii

5

Comparison between hyperspectral imaging and chemical analysis of polyphenol
oxidase activity on fresh-cut apple slices .............................................................. 79
5.1

Abstract ............................................................................................................. 79

5.2

Introduction....................................................................................................... 80

5.3

Materials, Methods and Statistics..................................................................... 84

5.4

5.3.1

Samples preparation ............................................................................. 84

5.3.2

Anti-browning treatments .................................................................... 85

5.3.3

Hyperspectral imaging, image segmentation and pre-processing ....... 86

5.3.4

Colour Assessment ................................................................................ 87

5.3.5

PPO enzyme activity (wet-chemistry method) ..................................... 88

5.3.6

Statistical Analysis, modelling technique and method comparison ..... 88

Results ............................................................................................................... 91
5.4.1

Prediction of polyphenol oxidase activity ............................................. 91

5.4.2

Comparing the methods of measurement ........................................... 94

5.4.3

The Bland-Altman plot to check general agreement instead of
correlation between methods .............................................................. 96

6

5.5

Discussion .......................................................................................................... 97

5.6

Conclusions........................................................................................................ 99

Use of Hyperspectral Imaging for the Prediction of Moisture Content and
Chromaticity of Raw and Pre-Treated Apple Slices during Convection Drying ...... 100
6.1

Abstract ........................................................................................................... 100

6.2

Introduction..................................................................................................... 101

6.3

Material and Methods .................................................................................... 104

6.4

6.3.1

Weight and Colorimetric measurements ........................................... 105

6.3.2

Hyperspectral image capture.............................................................. 106

6.3.3

Image processing ................................................................................ 107

6.3.4

Use of spectral pre-processing ........................................................... 109

6.3.5

Experimental methodology ................................................................ 111

6.3.6

Moisture content measurement. ....................................................... 112

6.3.7

Modelling technique ........................................................................... 112

Results ............................................................................................................. 113

iii

6.5
7

6.4.1

Moisture content prediction............................................................... 113

6.4.2

CIELAB chromaticity prediction .......................................................... 116

Conclusions...................................................................................................... 121

Comparative analysis of methods and model prediction performance evaluation for
continuous online non-invasive quality assessment during drying of apples from two
cultivars ............................................................................................................. 122
7.1

Abstract ........................................................................................................... 122

7.2

Introduction..................................................................................................... 123

7.3

Material and Methods .................................................................................... 128
7.3.1

Overview of the experimental design ................................................. 128

7.3.2

Sample preparation ............................................................................ 129

7.3.3

Drying experiments ............................................................................. 129

7.3.4

Reference measurements ................................................................... 130

7.3.5

Overview of Hyperspectral data processing and analysis .................. 132

7.3.6

Hyperspectral image acquisition, image segmentation and preprocessing ........................................................................................... 133

7.4

7.5
8

7.3.7

Multivariate data analysis ................................................................... 134

7.3.8

Statistical analysis ............................................................................... 137

Results and Discussion .................................................................................... 138
7.4.1

Drying behaviour (Effect of variables on drying time) ........................ 138

7.4.2

Colour assessment .............................................................................. 140

7.4.3

PLS analysis ......................................................................................... 141

Conclusions...................................................................................................... 153

General discussion, critical review of the thesis, limitations and future research 154
8.1

General discussion .......................................................................................... 154
8.1.1

Assessment of nutrient gap of pre-school children in Kathmandu, Nepal
............................................................................................................. 155

8.1.2

Influence of processing lag time and pre-treatments on fresh-cut apple
slices .................................................................................................... 157

8.1.3

Influence of different drying settings and pre-treatments during
convective apple drying ...................................................................... 159

iv

8.1.4

Polyphenol oxidase assessment on fresh-cut apple slices and evaluation
of quality parameters during drying of apples by non-invasive methods
and application of method comparison approach ............................. 161

9

8.2

Critical review of the thesis ............................................................................. 165

8.3

Limitations and future research ...................................................................... 166

Summary ........................................................................................................... 168

Zusammenfassung ........................................................................................................ 175
10

References ......................................................................................................... 183

11

Appendix ........................................................................................................... 221

v

List of figures
Figure 1-1: Sodium-meta bisulphite treated dried apple slices. ............................................... 5
Figure 1-2: Interlinked causes of malnutrition. ......................................................................... 5
Figure 2-1: Variation of crop diversity, food and nutrition insecurity in three different ........ 13
Figure 2-2: Drying of apple slices under .................................................................................. 19
Figure 2-3: Drying of apple slices ............................................................................................. 19
Figure 2-4: Post-harvest handling and processing of fruits in Nepal. ..................................... 20
Figure 2-5: The structure of intelligent control, focused on product quality.......................... 27
Figure 3-1: Study setting and design. ...................................................................................... 36
Figure 3-2: Complementary foods feeding pattern. ................................................................ 42
Figure 3-3: Food groups lacking in the feeding practices of the children age (6 - 36 months).
.................................................................................................................................................. 43
Figure 3-4: Fruits and vegetable fresh consumption of mothers. ........................................... 47
Figure 4-1: Numerical optimization for surface colour development of Elstar slices subjected
to treatments and exposure to air at room temperature for 0, 30 and 60 min. Red dot =
factors; blue dot = responses. Climbing up the response ramps means more desirable value.
.................................................................................................................................................. 67
Figure 4-2: Numerical optimization for surface colour development of Golden Delicious slices
subjected to treatments and exposure to air at room temperature for 0, 30 and 60 min. Red
dot = factors; blue dot = responses. Climbing up the response ramps means more desirable
value. ........................................................................................................................................ 67
Figure 4-3: Changes in the CIE1976 colour difference (ΔE) on slices (cv. Golden Delicious) at 0
(a), 30 (b) and 60 min (c) of air exposure. No = no physical and/or chemical treatment
(control); HWB = hot-water blanching; SB = steam blanching; X1 = a: Water Source; X2 = D:
Variety; B: Citric acid 1% = No; C: Ascorbic acid 1%= no; red point = D1 Golden Delicious; green
point = D2 Elstar. ...................................................................................................................... 70
Figure 4-4: Changes in luminance (L*) on slices (cv. Golden Delicious [red colour] and Elstar
[green colour]) before applying treatments (a) and at 0 (b), 30(c) and 60 min (d) of air
exposure. No = no physical and/or chemical treatments (control); HWB = hot-water blanching;
SB = steam blanching; X1 = a: Water Source; X2 = D: Variety; B: Citric acid 1% = No; C: Ascorbic
acid 1%= Yes; red point = D1 Golden Delicious; green point = D2 Elstar. ............................... 72

vi

Figure 4-5: Changes in the redness (a*) on slices (cv. Golden Delicious and Elstar) before
applying treatments (a) and at 0 (b), 30 (c) and 60 min (d) of air exposure. No = no physical
and/or chemical treatments (control); HWB = hot-water blanching; SB = steam blanching; X1
= a: Water Source; X2 = D: Variety; B: Citric acid 1% = No; C: Ascorbic acid 1%= Yes; red point
= D1 Golden Delicious; green point = D2 Elstar. ...................................................................... 72
Figure 4-6: Optimum treatment for both polyphenol oxidase (PPO) and peroxidase (POD)
enzymes activities on Golden Delicious (a) and Elstar (b) slices expressed as desirability index.
No = no physical and/or chemical treatments (control); HWB = hot-water blanching; SB =
steam blanching. ...................................................................................................................... 74
Figure 4-7: Polyphenol oxidase activity on treated slices (cv. Golden Delicious) exposed to air
at room temperature for 0 (a), 30 (b), and 60 min (c). No = no physical and/or chemical
treatments (control); HWB = hot-water blanching; SB = steam blanching. ............................ 75
Figure 4-8: Peroxidase activity on treated slices (cv. Golden Delicious) exposed to air for 0 (a),
30 (b), and 60 min (c). No = no physical and/or chemical treatments (control); HWB = hotwater blanching; SB = steam blanching. .................................................................................. 76
Figure 5-1: Illustration of the appearance of fresh-cut apple slices at different conditions: (a)
control slice; (b) slice immediately after treating with 70 °C HWB + 1 % A.A + 1 % C.A; (c) 70
°C HWB + 1 % A.A + 1 % C.A treated slice exposed for 60 min at room temperature ............ 86
Figure 5-2: VIP plot for PPO activity (a), a* (b), b* (c) as a function of wavelength. .............. 92
Figure 5-3: Spectral profile of apple slices............................................................................... 93
Figure 5-4: (a) RMSE PRESS plot for PPO as a function of the number of factors. (b) Method
comparison – Regression Analysis: Regression analysis: PPO predicted by PLS vs. PPO
measured by the gold standard method. The dashed grey line: a line of equality, solid red line:
result of the Deming regression with the obtained fit ratio, solid blue line: a line of PassingBablok regression. .................................................................................................................... 94
Figure 5-5: Method comparison – Bland-Altman plot: (a) Bland-Altman plot: The differences
between PPO predicted and PPO measured vs the mean value of both measurements. Dashed
grey lines indicate the limit of agreement (0 ± 1.96 S.D. of difference), the solid blackline is
the line of equality, the solid red line shows the mean difference (bias) and the dashed red
lines show the 95 % CI around the mean difference. .............................................................. 96

vii

Figure 6-1: Emission spectra of the halogen light source. (Note that the fluctuations in
spectrum are typical of halogen bulb spectra.) ..................................................................... 106
Figure 6-2: Basic imaging layout. The translation stage moves horizontally in the direction
shown, allowing single scan lines to be acquired sequentially by the camera from the apple
slice. a) Hyperspectral camera; b) halogen light source; c) direction of movement (30 cm scan
length); d) white reference; e) apple slice. ............................................................................ 107
Figure 6-3: Segmentation of complete raw image. a) Original RGB image; b) the NIR
thresholded image; and c) the blob-detected image for the automatic detection and
numbering of imaged samples. ............................................................................................. 108
Figure 6-4: Average reflectance spectra of the apple slices for different treatment conditions
and at different time points during the drying process: a) 0 minutes; and b) 180 minutes.
Different coloured lines correspond to different treatments, labelled as in the legend, and
itemised in Table 6-1.............................................................................................................. 114
Figure 6-5: Illustration of a) changes in spectral reflectance for apples dried at 50 °C
(treatment condition 1) across different time points, corresponding to different coloured lines
as in the legend, and b) the loading function for the moisture content prediction PLSR model
with 4 components for each of the 10 apple treatment conditions. .................................... 115
Figure 6-6: The a) drying curve for apple treatment Condition 7; Ascorbic acid and HWB at 70
°C and b) comparison of the actual and predicted moisture content. .................................. 118
Figure 6-7: Images of a single apple slice at two different drying times. At 0 minutes (prior to
drying): a) the sRGB image generated from the original hyperspectral image and pseudo
colour images for b) moisture content [where 0 = 0g H2O /g dry mass, 1 = 11.2g H2O /g dry
mass (extreme predicted value of <10 pixels)], c) CIELAB a*, and d) CIELAB b*. After 60
minutes of drying at 50 °C: e) – h), with image types in the same order as the left-hand
column. .................................................................................................................................. 120
Figure 7-1: Diagram of the experimental design. .................................................................. 128
Figure 7-2: Flowchart showing a general overview for each hyperspectral image and data
processing methodology........................................................................................................ 132
Figure 7-3: 2 mm, 3mm, and 4 mm thickness apple slices (cv. Elstar and Golden Delicious)
drying process at 60 °C (a) and 70 °C (b). .............................................................................. 139

viii

Figure 7-4: RMSE PRESS plot for MR (a), L* (b), a* (c), b* (d), BI (e), S (f) and RR (g) as a function
of number of factors .............................................................................................................. 143
Figure 7-5: VIP plot for MR (a), L* (b), a* (c), b* (d), BI (e), S (f) and RR (g) as a function of
wavelength............................................................................................................................. 144
Figure 7-6: Partial least squares models for MR (a), L* (b), a* (c), b* (d), BI (e), S (f) and RR (g)
using training (blue) and validation (red) set of apple samples. ........................................... 147
Figure 7-7: Prediction of the variables [MR (a), L* (b), a*(c), b*(d), BI (e), S (f), RR (g)] using
the PLS validation model of independent samples. The dotted line represents the line of best
fit while the red line is a reference line plotted at the diagonal. Bland Altman plot showing the
difference against the average of test hyperspectral imaging method and standard
measurements with limits of agreement (LoA) (broken lines) for the variables [MR (h), L* (i),
a*(j), b*(k), BI (l), S (m), RR (n)]. X-axis represents the mean of the two variables and the Yaxis depicts the difference. The solid red line represents the mean and the dotted lines show
the standard deviation. When the plot shows no relationship between discrepancy and the
level of measurement, so that LoA are valid. ........................................................................ 150
Figure 9-1: Interlinkage between nutritional and food processing aspects to combat child
undernutrition and post-harvest loss. ................................................................................... 169

ix

List of tables
Table 1-1: Approaches and investigated factors. ...................................................................... 8
Table 2-1: The composition of apple fruit for 100 g−1 fresh weight. ....................................... 17
Table 3-1: Description of local diet intake of children, their constituents and method of
preparation. ............................................................................................................................. 34
Table 3-2: Mothers and child's characteristics. ....................................................................... 40
Table 3-3: Association of social bonding with the mother’s socio-economic background. .... 44
Table 3-4: Mothers’ association towards changing their feeding practices with several factors.
.................................................................................................................................................. 45
Table 4-1: Description of different treatments applied on different cultivars based upon
previous research..................................................................................................................... 54
Table 4-2: Factors and responses included in the experimental design. ................................ 63
Table 4-3: Chemical characteristics of the apple fruits from the two varieties studied in the
experimentation. ..................................................................................................................... 65
Table 5-1: Analysis details of the Passing-Bablok regression Orthogonal regression. ............ 95
Table 5-2: Analysis details of the Orthogonal regression. ....................................................... 95
Table 5-3: Description statistics from Bland-Altman analysis. ................................................ 97
Table 6-1: Description of different apple slice treatments. .................................................. 105
Table 6-2: Performance of moisture content PLSR models. ................................................. 115
Table 6-3: Performance of CIELAB a* PLSR models............................................................... 116
Table 6-4: Performance of CIELAB b* PLSR models. ............................................................. 117
Table 7-1: CIELab and BI parameter of apple slices at different settings.............................. 140
Table 7-2: Regression data from method comparison for MR, L*, a*, b*, BI measured by
hyperspectral imaging as a reference method (x) and routine laboratory measurement(Y).
................................................................................................................................................ 150

x

List of acronyms
AA
ABPSD
ANOVA
BI
CA
CAV
CV
DOE
EA
ECD/PPCs
ER
F&Vs
FAO
FW
GUM
HHP
HPRPs
HSI
HWB
IFAD
LB
LOA
LPRPs
MC
MC
MN
MPRPs
MR
MSC
NDHS
NER
NIPALS
NPHC
OLS
ORs
PBS
PCA
PHL
PLS

Ascorbic acid
Agri-Business Promotion and Statistics Division
Analysis of Variance
Browning index
Citric acid
Computer-Aided Vision
Cross-validation
Design of experiments
Enzyme activities
Early Childhood Development and Pre-primary classes
Enzymatic reactions
Fruits and vegetables
Food and Agriculture Organisation
Fresh Weight
Guide to the expression of uncertainty in measurement
High hydrostatic pressure
High price range pre-schools
Hyperspectral imaging
Hot-water blanching
International Fund for Agricultural Development
Laser backscattering
Limits of agreement
Low price range pre-schools
Moisture content
Moisture content
Macherey-Nagel
Medium price range pre-schools
Moisture ratio
Multiple scattering correction
Nepal Demographic and Health Survey
Non-enzymatic reactions
Nonlinear Iterative Partial Least Squares
National Population and Housing Census
Ordinary least square
Odds ratios
sodium phosphate buffer
Principal Component Analysis
Post-harvest losses
Partial Least Square

xi

POD
PPO
PRESS
PVPP
REML
RMSE
RR
S
S&M
SB
SD
SPSS
TA
TI
TSS
UNICEF
VIP
Vis/SWNIR
VIS-NIR
WFP
WHO

Peroxidase
Polyphenol oxidase
Predicted residual errors sum of squares
Polyvinylpolypyrrolidone
Restricted Maximum Likelihood
Root mean square error
Rehydration ratio
Shrinkage
Small and medium
Steam-blanching
Standard deviation
Statistical Package for the Social Sciences
Titratable acidity
Thermography
Total soluble solids
United Nations International Children's Emergency Fund
Variable Importance in the Projection
Visible and shortwave near-infrared
Visible and near infrared range
World Food Programme
World Health Organisations

xii

List of symbols
%
°C
µg
a*
b*
cm

Per cent
Celsius (degree)
Microgram
Redness
Yellowness
Centimetre

g

Gram

L*
Min

Luminance
Minute

mL
mm
mm2
mol/L
nm
r
s
v/v
w/v
x
ΔE

Milliliter
Millimetre
Squared Millimetre
Mole per Litre
Nanometer
Correlation coefficient
Second
Volume per volume
Weight per volume
Chromaticity coordinate
Total colour change

xiii

1

General introduction

Fresh fruits and vegetables (F&Vs) are organic materials that are susceptible to the
highest post-harvest losses (PHL) which accounts for 45 % of losses (Gustavsson et al.,
2011). Reducing PHL is important to improve food security and livelihoods in low and
medium-income countries (Kiaya, 2014). It is therefore the most significant challenge
as approximately one-third of the food produced for human consumption globally is
lost or wasted, while one billion people suffer from hunger and malnutrition,
particularly in developing countries (FAO, 2015). Furthermore, the total world
population is increasing drastically and assumed to reach nine billion by 2050 (United
Nations, 2019a). The United Nations Food and Agriculture Organization (FAO)
estimates that about 10.8 % of the world's population was chronically malnourished
in 2016 (United Nations, 2019b). Even though many efforts by organizations such as
the United Nations aim at reducing food waste by 2030, it is predicted that most
regions of the world (especially in Africa and Asia) will suffer from a drastic increases
of food waste and malnutrition problems (FAO et al., 2019). This is because
industrialisation and a growing population are causing increases in food waste (Bricas,
2019). In developing countries, waste occurs mainly during the primary production
process caused by poor harvesting infrastructure and knowledge, inadequate storage
and transportation systems, while in rich countries, food waste is mainly caused by
high aesthetical standards or excessive purchasing habits of suppliers and consumers.
Additionally, changing food habits of people in newly industrialised and developed
countries dramatically impact on the rise of food waste, particularly because of the
strongly increasing consumption of meat and dairy products. In these countries,
approximately 75 % of the cereals (wheat, corn, etc.) suitable for human consumption,
are used as feed to animals. As a consequence, feeding a growing population might be
the greatest challenge to humanity and thus might lead to a scarcity of foods in the
future. Therefore, the issues of food availability, food quality and safety have become
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a priority to achieve sustainable development and stability of food markets (FAO,
2015).
Several type of preservation techniques such as drying, pasteurization and cooling are
implemented while considering strategies to reduce losses and improve food security.
These techniques work on the basis of common physical, chemical and microbial
processes including heat transfer, moisture removal, and prevention of enzymatic and
chemical reactions (Amit et al., 2017). Among such techniques, drying is one of the
most common and oldest preservation techniques used for preservation of
agricultural products. Drying process conditions to extend the long shelf life of foods,
reduce post-harvest losses and improve food and nutritional security vary significantly
for different products (Mujumdar and Law, 2010). It is well known that hot-air
dehydration with a long drying time results in undesirable physical and chemical
degradation of finished products (Nadian et al., 2015). Hence, the researcher has been
focused to improve the design and operation of dryers using several sensors, tools and
controlling units that examine the quality of food during the whole process. The use
of non-invasive techniques (i.e. Hyperspectral imaging (HSI)) is therefore useful to
develop dynamic multi-factorial process control strategies in the drying process, in
order to produce premium quality dried products in future. HSI is rapid, precise, nondestructive and a multi-analytical approach which offers high spectral and spatial
resolution of spectroscopy and optical imaging devices. It can predict the
concentration of quality attributes (e.g. moisture content, colour parameters) present
in food simultaneously from the same spectrum and to optimise the drying process
(Kamruzzaman and Sun, 2016). Algorithms developed from the HSI method would help
to control the process conditions and operation during the food drying process.
Additionally, information acquired from the developed algorithms could be a basis for
the development of smart drying technique in future. The smart drying technique
includes manufacturing process dryer, the probe and online analysis to deliver highquality dried food products (Su et al., 2017). This is achieved by a real-time monitoring
of the drying process that helps to detect and monitor various food quality parameters
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that vary with the given drying time. Implementing smart drying technologies requires
high end-products, must reduce operating and energy costs, increase the production
rate, and has to optimise design and operating parameters of industrial-scale dryers
(Sun et al., 2019).
Furthermore, drying is a feasible technology in regions with little infrastructure or
knowledge about how to preserve foods that are rich in important nutrients like
vitamins, amino acids, etc. However, when drying is not performed properly, the
quality of the product (i.e. dried apple) is not desirable (the surface colour of dried
slice will appear brown and occurrence of nutritional degradation) (Yuan et al., 2019;
Bonazzi and Dumoulin, 2011). For example, the majority of farmers in Nepal have so
far been using sun drying to produce dried apples. Recently, few farmers have started
to have access to solar drying (Amgai et al., 2017). However, a lot of chemical
preservatives (i.e. sodium meta-bisulphite) have been used by farmers to maintain the
colour of dried apples, as shown in Figure 1-1. Because of this, it becomes difficult to
establish good market access, since consumers and retailers are increasingly aware of
health concerns and food safety issues (Tison et al., 2012). Appropriate technologies
and methodologies are therefore necessary to solve the problem of unappetizing
brown dried apples and to increase the availability of high-quality dried apples that
are pleasing to the eye and rich in nutrients within Nepal.
In this case, the scientific insights gained through a non-invasive technique is a
fundamental solution to optimise and monitor the drying process. The optimisation of
drying variables and changes occurring during the drying process can be transferred
and dynamically applied to the small and medium (S&M) scale industries, to produce
high-quality dried products. The production of high-quality dried products can also
help to combat food loss problems occurring in Jumla and Mustang districts of Nepal,
where the lack of adequate road ways, infrastructure constraints, and inefficient trade
logistics contribute to a great PHL of apples. Increasing the processing of F&Vs within
Nepal, could possibly support local S&M scale farmers, especially by developing the
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economy of remote areas. A growing population and changes in food consumption
habits are already creating a rise in market demand for diversified foods. This is likely
to create job opportunities and economic prospects for S&M farmers.
Moreover, human awareness for the benefits of consuming fruits and vegetables
(F&Vs) is constantly growing due to increased recognition of the health-promoting
effects of F&Vs, issues of growing population, environmental and animal welfare
(Santeramo et al., 2018). F&Vs are a good source of fibre, essential minerals, vitamins
and antioxidants, which plays functional roles in the prevention of chronic diseases
such as heart disease, cancers and diabetes (Paliyath et al., 2009). However, a
considerable gap still exists between the levels of actual F&Vs consumption and the
levels recommended by authors like Liu (2013). This might be due to several reasons,
such as unavailable or inaccessible materials, consumer’s quality demands not being
met, lack of knowledge and awareness of nutritional composition of F&Vs. The issue
of less consumption of F&Vs exists in many countries such as in Nepal, where mothers
prioritize less to feed F&Vs to their children during early developmental stages. In a
developing country like Nepal, inadequate dietary intake is a distinctive problem, as
routine diets are predominantly based upon starchy staples and there is little dietary
diversification (Pandey et al., 2019). Therefore, the vulnerability to protein and
micronutrient malnutrition is a significant problem in Nepal (Figure 1-2, adapted from
Bhandari and Banjara, 2015). The causes of malnutrition observed in Nepal are the
lack of awareness and knowledge about the importance of a diversified diet among
mothers and caregivers, who are responsible for feeding children and providing health
services (Chapagain, 2012; Subba et al., 2007; Gautam et al., 2016). Therefore, the
problem of lack of diet diversification in a country like Nepal could be reduced by
producing and supplying processed F&Vs, such as dried apples. They can be consumed
as snacks or used as secondary ingredients to produce cookies, cakes etc. to upgrade
the nutritional status of children (Weaver et al., 2014).
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Figure 1-1: Sodium-meta bisulphite treated dried apple slices.
(author’s picture)

Figure 1-2: Interlinked causes of malnutrition.
Adapted from Bhandari and Banjara, (2014)
1.1

Objectives of the research

The main goal of this dissertation was to optimise the processing steps that can be
further utilised for drying process settings to produce high-quality dried apples. The
acquired knowledge and technique aim to be applicable for S&M scale apple
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processing farmers in Jumla and Mustang, Nepal. Additionally, a non-invasive way of
quality assessment was developed used to provide an in-depth understanding of the
whole processing operation unit during the development of high-quality slices. The
second approach was to acquire the information from mothers about the
consumption of fruits and vegetables as an essential part of a balanced diet and to find
out about the demand of processed foods. This would help (i) to promote dried fruits
such as dried apples which are produced in two remote districts of Nepal and (ii) to
explore the possibility for reducing the post-harvest losses that have been occurring
due to lack of road-ways, transportation and proper processing techniques. Moreover,
to reduce a post-harvest loss of apples, a proper systematic drying method and
knowledge of pre-operational techniques are crucial to maintain the quality of the final
products.
The following research statements were addressed to achieve the principal goal of the
study:
1. Complementary feeding practices, awareness about dietary deficiencies and
the factors associated with the infant (6 - 36 months) feeding practices of
mothers are crucial issues in Kathmandu, Nepal.
2. Different pre-processing and operational settings are the fundamental factors
that could influence the fresh- cut apple slices and dried apple slices during the
drying process. The application of hyperspectral imaging could be useful to
detect the quality attributes such as moisture content and polyphenol oxidase
(PPO) of apple slices.
The following specific objectives were formulated to answer the above research
statements:
i.

To identify the feeding practices, current dietary nutrient deficiencies
among children under the age of three years and their mother’s perception
and consumption habits (Chapter 3).
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ii.

To assess the effect of treatments on the enzyme activities of fresh-cut
apple slices conditioned at three different times (0, 30 and 60 min) at room
temperature and to compare the standard PPO analysis method with a nondestructive method by using method comparison (Chapter 4 and 5).

iii.

To investigate the feasibility of the hyperspectral imaging technique for the
quality prediction of raw and pre-treated apple slices during the hot-air
drying process (Chapter 6).

iv.

To investigate the effect of different drying parameters, such as apple slice
thickness and drying temperature on the production of quality dried apple
slices and to develop a robust model for the quality parameters such as
moisture content, colour attributes, shrinkage, rehydration ratio
independent of apple cultivars, slice thickness and drying temperature,
using the hyperspectral imaging method (Chapter 7).

1.2 Approaches and investigated factors
This dissertation is compiled according to the outcomes of five papers published and
submitted to peer-reviewed journals. Various research methods, experimental and
statistical methods were chosen to fulfil the objectives of each respective paper but
focusing on the main objectives of this dissertation. Thus, this chapter gives a tabular
overview (Table 1-1) of the methods and materials used and the factors investigated.
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Table 1-1: Approaches and investigated factors.
Materials (i)/ Methods (ii), Statistical approaches (iii)/ Investigated factors (iv)

Publication
(Chapter)

ANOVA (iii)

4, 5, 7

Anti-browning treatments (iv)

4, 5, 6

Apple – Golden Delicious and Elstar variety (i)

4, 5, 7

Browning index (iv)

5, 7

Children under three years of age (iv)

3

Chromaticity (ii)

4, 5, 6, 7

CIELab prediction (ii)

6, 7

Colori metry (ii)

4, 5, 6, 7

Cross-sectional study survey (ii)

3

Descriptive, multinomial analysis (iii)

3

Drying (iv)

6, 7

Drying behaviour (iv)

6, 7

Experimental design (ii)

4, 5, 7

Feeding practices, diets lacking, mother’s knowledge and other influencing factors (iv)

3

Hyperspectral image analysis (ii)

5, 6, 7

Moisture content prediction (ii)

6, 7

Moisture distribution visualisation (ii)

6

Nepalese mothers (iv)

3

Non-invasive measurement (ii)

5, 6, 7

pH (iv)

4

PLSR, VIP, PRESS-RMSE, Bland-Altman, Bablok-regression, Deming regression (ii)

5, 6, 7

Polyphenol oxidase and peroxidase analysis (iv)

4, 5

Pre-processing pre-treatment (iii)

5, 6, 7

Rehydration ratio (iv)

7

Shrinkage (iv)

7

Split-plot design (process optimisation and integration) (iii)

4, 5

TSS (iv)

4

Wavelength reduction (ii)

6
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1.3 Structure of the thesis
The thesis comprises nine chapters. Chapter 1 is a general introduction mentioning
why the study was conducted, elaborating on the main objectives, the research
statements and the specific objectives of the study, as well as approaches and
investigated factors and the structure of the thesis. Chapter 2 details the state of the
art, covering various topics, including the food security situation in Nepal, the
tendency of consumption of diversified foods and the agricultural system in Nepal, as
well as apples, drying of apples and non-invasive techniques. Chapter 3 details the
infant-feeding practices of mothers in Nepal and identifies foods lacking in the feeding
practices. One of the significant problems, which was associated with poor infantfeeding practices, is the existence of traditional feeding beliefs. To overcome the
pertinent problem and in order to provide different ways of product diversification,
the effect of different pre-treatments on apple slices before the processing operation
were evaluated in a study on apple processing presented in Chapter 4. Chapter 5
quantifies the prominent colour and thus quality deterioration in fresh-cut apple
slices, caused by polyphenol oxidase (PPO) enzyme activities. Since the analysis of PPO
is critical to measure, a non-destructive analysis method: HSI was used to correlate to
the wet chemical approach. Method comparisons were applied to verify whether
interchangeability of the two measurement systems is acceptable or not. Chapter 6
details the drying of apple slices using different pre-treatments using an HSI and
performance of models developed for future predictions. Chapter 7 explores the
general drying setting approach without using pre-treatments and optimising the
downtime before processing experimentation using HSI. This study provides the first
model development based upon Partial Least Square (PLS) regression, irrespective of
apple cultivars, apple thickness and drying temperatures to predict quality attributes
such as moisture content and colour space specified by the International Commission
on Illumination for the lightness ‘L’, ‘a’ for greenness/redness and ‘b’ for
blueness/yellowness (CIELab) parameters, browning index, rehydration ratio and
shrinkage. Both laboratory and non-invasive methods were also verified using method
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comparisons analysis such as Bland-Altman, Passing-Bablok regression and Deming’s
regression. Chapter 8 of the thesis is a general discussion, where the results of the
particular studies are explained and related to one another in detail. This part of the
thesis also comprises of critical review of the thesis, future research and the reflections
on the methods used. Chapter 9 is the executive summary of the thesis. Chapter 10 is
an annex, providing templates of the questionnaire used and supplementary
documents.
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2

State of the art

The current thesis was conducted to investigate the pre-processing operation units,
i.e. exposure time at room temperature and the effect of use of different treatment
on fresh-cut apple slices. Further, the chapter contains detail information on the
influence of different drying settings such as drying temperature, slice thickness, and
apple cultivars that impact the quality of final products. More specifically, use of a noninvasive method, hyperspectral imaging as a dynamic process is included in the
research to develop a robust model to predict the quality attributes on fresh-cut apple
slices and slices during the drying process. The developed model can be a basis for the
development of smart drying technologies, as well as to reduce laborious and
expensive quality attributes analysis in future. The dietary needs for children in Nepal
could be fulfil by promoting the use of local resources using the example of apples to
develop high-quality dried fruits. It could help to improve the nutritional situation of
children under the age of three years in Kathmandu as dried apples can be used in the
production of weaning foods for children and also help to reduce the apple losses in
Jumla and Mustang districts of Nepal. The chapter presents the review of related
literature to food insecurity in Nepal; the nutritional status of children; and apple
processing and adopted technology by farmers in Nepal. The research further presents
information on the influential settings that could impact the drying process. The
significance of drying technology is not only for preservation but also to manufacture
foods rich in nutritional and functional characteristics. The quality characteristics of
the final product are significantly affected by the process conditions and the way it is
conducted. In this regard, monitoring of product properties such as moisture content,
product appearance (colour), and operating parameters such as temperature need to
be precisely controlled and optimised during a drying process in order to produce good
quality products or improve operating efficiency.
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2.1 Food insecurity in Nepal
Enough food is essential for an active and healthy life and to make life secure (World
Bank, 2011). In contrast, famine and hunger are the result of food insecurity (nonaccessible and non-available food). In South Asia, food insecurity is a complex social,
economic and political issue. In Nepal, food insecurity prevails, with approximately 3.9
million people have inadequate access to sufficient calories and the majority of
children and women are affected (Gauchan and Shrestha, 2017; World Bank, 2012).
Although Nepal has a great diversity of bio-physical and socio-economic
environments, with the potential for producing cereals, vegetables and fruits (Joshi
and Shrestha, 2018), most of the basic needs are fulfilled by imported foods from
neighbouring countries (especially, China and India). Thus, socioeconomic changes
continuously alter Nepal’s nutritional landscape and the level of national food security
(Koehler, 2011). About 42 out of 75 districts in Nepal suffer food deficits each year and
poverty in the country exists in a wide variation depending on the rural-urban divide,
geography, gender, and ethnic groups and occupational castes (UNDP, 2009). Poverty
incidence, gap, and severity analyses of the country suggest that poverty is more
widespread, deeper, and more severe in rural areas, and much worse in the hills and
mountains as presented in Figure 2-1. This clearly shows that Nepal is one of the
poorest countries in the world with vast income disparities and poor access to
necessary infrastructure (Devkota, 2007). Because of the lack of necessary
infrastructure such as proper road ways and storage condition, most of the people
from the hilly and mountainous regions suffer from food-deficits for almost half of the
year (Gauchan and Shrestha, 2017). Additionally, food insecurity leads to malnutrition
problems such as under-nutrition and deficiency in micro-nutrients, which is a severe
issue in Nepal and many developing countries (Ghale, 2010). The WHO ranked Nepal
as the last among 177 countries in terms of the proportion of children classified as
underweight with a 48 percent incidence of children being under the crisis level of
malnutrition (UNDP, 2009). The prevalence of malnutrition is mainly caused by the
limited availability of food, and by high poverty rates in the region (FAO et al., 2017).
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Figure 2-1: Variation of crop diversity, food and nutrition insecurity in three different
regions of Nepal.
Adapted from Joshi and Shrestha, (2018)

All of the problems mentioned above could be reduced by emphasising the
development of agriculture and the improvement of infrastructure to make the
country self-sufficient and to reduce poverty. Several factors such as higher yields,
expansion in the cropped areas, changes in retail prices, diversifying production from
staples to high value fruits and vegetables, will help to boost agricultural income.
Furthermore, this could also help to improve the nutritional profile and alleviate food
insecurity through enhanced agricultural production in the country (World Bank
Group, 2016; Gauchan and Shrestha, 2017).
2.2 Nutritional status of children and the consumption of processed products in
Nepal
Malnutrition and micro-nutrient deficiency are serious problems in Nepal, leading to
levels of stunting among children under five years of age is as high as 36 percent, 27
percent of these children being underweight, and 10 percent of them exhibiting
symtoms of wasting, based on the 2016 Nepal Demographic and Health Survey (NDHS,
13

2016). The principal sufferers of undernutrition are pregnant women, lactating
mothers, infants and children under five years of age (Schulze et al., 2014). Overall,
Nepal’s six major nutritional issues include: low birth weight, childhood
undernutrition, chronic energy deficiency in mothers and various disorders associated
with deficiencies of vitamin A, iodine and iron (McGuire, 2015). Micronutrient
deficiency, or “hidden hunger”, is most commonly caused by poor diet diversity, which
in turn is usually due to high consumption of a staple diet, rich in carbohydrate and
low in bio-available proteins and micronutrients. Micronutrient deficiency causes dietrelated non-communicable diseases and increases susceptibility to illness and
infection (FAO et al., 2017). There has been a significant increase of the
undernourished population from 3.9 million to 4.1 million within a decade in Nepal
(Gauchan and Shrestha, 2017). The increment in undernourishment might be caused
by the rapid change in consumption patterns, mostly by the shift to potentially
unhealthy dietary patterns. Subedi et al. (2017) found that the Nepalese diet is
diverting more towards modern processes foods with higher total energy, total fat,
and sugar. The reasons for that are rapid urbanisation and nutrition transition
happening in an urban area. Subsequently, these shifts lead to an increased prevalence
of overweight/obesity and diet-related non-communicable diseases. Additionally,
tourism, food advertising and mass media seemingly influenced the changes in dietary
patterns. Different dietary patterns vary according to the geographical region (Figure
2-1). The mountain region, being in closer proximity to China, is influenced by the
nutrition tradition of China while the Terai region of Nepal, located close to India, is
more influenced by Indian dietary patterns (Subedi et al., 2017). According to several
studies (Khanal et al., 2013; Oli et al., 2015; Pries et al., 2016; Akhter et al., 2018),
children are experiencing dietary transitions stronger than adults, i.e. the increasing
trend of consuming processed foods, mostly commercially produced snack foods and
beverage products. The consumption of snack foods by the children aged 6 - 23
months was higher compared to their consumption of dark green leafy vegetables,
fleshed fruits, vegetables and eggs (Pries et al., 2016). These consumption patterns
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establish unhealthy eating patterns among children and increase the risk of overnutrition and related chronic disease later in life. Sharma et al. (2019) observed that
the caregivers of young children prefer snack options that are nutrient-rich because of
their convenience. This shows that parents in Nepal would greatly benefit from healthy
processed foods such as dried apples which could improve the nutritional status of the
children rather than feeding noodles, sugar and fat-rich cookies.
2.3 Fruits and vegetables losses in Nepal and demand for processed foods
On a global scale, fruits and vegetables are the food product which are subject to the
highest wastage, estimated to be 45 percent by FAO (Gustavsson et al., 2011). Food
losses occur mostly in low and medium-income countries and food wastes mostly in
developed countries. This difference is due to the accessibility of more advanced and
newer technologies used in developed countries (Hodges et al., 2011). However, a lowincome country like Nepal contributes to a high proportion of fruits and vegetables
losses/waste which exceeds more than 50 % in the worst conditions (UNDP, 2018).
Reasons are poor infrastructure (e.g. poor roads and therefore bad access to urban
areas), and poor storage, processing and marketing facilities. Major infrastructural
limitations impose severe constraints to domestic distribution itself and leads to
higher losses. Since fruits and vegetables are perishable, it is difficult to schedule the
supply to meet market demand in the situation of poor infrastructure (Pandey et al.,
2017). The production of fruits and vegetables is of significance for the farmers if the
produce is able to reach the consumer in good condition and at a reasonable price
(Shrestha, 2015). Reduction of postharvest losses is essential in increasing food
availability from existing production. The success of production lies in the proper
distribution of products and its subsequent utilisation by the consumer with zero
waste in the process. In order to reduce losses in fresh F&Vs, they need to be
processed to a value-added product. Many consumers today are becoming
increasingly conscious of their health and being aware of the nutritional benefits of
the food they consume, trying to avoid the consumption of chemically treated foods.
A systematic approach should be followed to utilise the potential of underutilised
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fruits to produce value-added more nutritious and diversified products. F&Vs were
processed primarily into jams, jellies, dried fruits and vegetables since time
immemorial (Khan and Kalne, 2012). The most crucial challenge is to retain the natural
functional properties and the sensory and nutritional quality of fruits while improving
shelf life and safety. However, drying was considered to be the most diverse and
common methods of processing, where many physical and chemicals changes take
place. In recent times, considerable emphasis has been set on the drying of fruits and
vegetables with a more advanced system such as rapid freezing. However, these
dryers are very expensive and sophisticated to apply especially in the case of smallscale farmers. It is noteworthy that using simple technology and optimising the
processing operation in hot air drying makes it possible to produce a good quality dried
product with ‚ “fresh like attributes’’. This can be achieved better by considerable
innovation and equipment management systems, stringent adherence to food safety
principles/practices and an optimal pre-processing time before the drying process.
2.4 Apple as an example: To reduce the post-harvest losses by using drying
technology in Nepal
Apple (Malus Domestica) is a temperate tree species, which belongs to the family
Rosaceae. The origin of apple is in central Asia, Himalayan India and Pakistan and in
Western China (Brown, 2012). Apple has been one of the most consumed fruits
(second after banana) in the world for decades (Bondonno et al., 2017) because of the
taste availability and antioxidants properties that prevent from several diseases (i.e.
cancer, heart problem, diabetics) (Boyer and Liu, 2004; Hyson, 2011). The major
antioxidant constituents in apples is phenolic compounds. Several studies have been
conducted on the phenolic compounds and antioxidant activity of different apple
cultivars (Vieira et al., 2011). There are several groups of phenolic compounds
available in apple: (a) hydroxybenzoic acids: p-hydroxybenzoic acid, protocatechuic
acid, gallic acid, syringic acid, gentistic acid, (b) hydroxycinnamic acids and their
derivatives: p-coumaric acid, caffeic acid, ferulic acid, chlorogenic acid, (c) flavonols:
quercetin presents in glycosylated forms, (d) dihydrochalcones: phloridzin and its
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derivatives, (e) anthocyanids: cyanidines and its glicosides, (f) monomeric flavanols:
epicatechin, catechin, (g) oligomeric flavanols: procyanidins (Khanizadeh et al., 2007;
Wu et al., 2007; Kalinowska et al., 2014). However, the phenolic compounds in apples
vary according to different cultivars, environmental conditions, fruit maturity, light
exposure, storage and processing and other post-harvest factors (Petkovsek et al.,
2007; Drogoudi et al., 2008; khanizadeh et al., 2008; Łata et al., 2007). Besides the
presence of valuable phenolic compounds, apples are a good source of pectin,
monosaccharides, minerals, dietary fibre, and various biologically active compounds,
such as potassium as shown in Table 2-1. Apples contain 0.18 µg Vitamin E, 1.8 Vitamin
K which is higher than that of bananas with 0.1 µg Vitamin E, 0.5 Vitamin K (USDA,
2019).
Table 2-1: The composition of apple fruit for 100 g−1 fresh weight.
Composition

Amount

Water

85.81 g

Protein

0.28 g

Total lipid (fat)

0.15 g

Ash

0.16 g

Carbohydrate

13.6 g

Fibre, total dietary

2.4 g

Sugar (total)

10.04 g

Calcium, Ca

6 mg

Iron, Fe

0.13 mg

Phosphorus, P

10 mg

Magnesium, Mg

5 mg

Potassium, K

100 mg

Folate, total

3 µg

Choline, total

5.1 mg

Vitamin A

3 µg

Vitamin E

0.18 µg

Vitamin K

1.8 µg

Carotene, beta

25 µg

Source: Adapted from USDA (2019)
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Apples are among the high-value crops and most consumed fruits in Nepal,
contributing 14 percent of the total GDP. Apple covers 31.6 percent of the total fruit
production and is the first fruit grown in the mountainous region (ABPSD, 2017). The
demands of apples in Nepal remains largely insufficient from the domestic production
as nearly 30 percent apples losses occur due to spoilage and thus the majority of
apples are imported from the neighbouring countries (World Food Programme, 2007).
The low yield and production could be caused by several reasons: the apple producers
mainly from two districts of Nepal, Jumla and Mustang have not embraced any
modern storage, associated technical and managerial skills in food production and
have to deal with lack of proper road-ways for transportation, lack of post-harvest
processing and also marketing mechanisms as shown in Figure 2-4 (Shrestha, 2015;
Subedi et al., 2018). About 20 % to 44 % of fruit and vegetable losses is caused by the
lack of proper postharvest handling technologies (Faqeerzada et al., 2018). High postharvest losses of products negatively affect food availability, food security, and
nutrition, as the producer can sell less of the farm yield and the net availability of these
food commodities for consumption is reduced (HLPE, 2014). Thus, farmers in Nepal
are always looking for new technologies and ideas to sell apples and apple products in
more efficient and effective ways (Atreya and Kafle, 2016). Due to the lack of proper
infrastructure and skilled human resources, they are using the traditional method to
dry the apple i.e. sun drying (Figure 2-2) and very few farmers have solar dryers (Figure
2-3). Nevertheless, they are proactive in changing and adapting to new conditions and
technologies to establish the market value of their produce. This prompts the necessity
of different type of post-harvest technology requirements to maintain product quality
for a longer time (storage and distribution) and to diminish the postharvest losses. The
maintenance of fruits and vegetables in a cold chain system delays the quality
degradation rate and retains nutrient values, while on the other hand it requires
continuous energy for system operation which is very expensive (Hasan et al., 2019).
Furthermore, especially in developing countries where cold chain systems are poorly
established or distribution systems and handling facilities are lacking (Figure 2-5),
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drying can be a suitable alternative for the prevention of produce loss by removing the
water and preserving the nutritional value. It has been noted that currently over 20 %
of the worlds perishable crops are dried to increase their shelf life and promote food
security (Grabowski et al., 2003). Among other preservation technologies, drying is
one way to minimise the losses of fruits and vegetables (Krokida and Marinos-Kouris,
2003; Hasan et al., 2019). If the drying process is optimised, dried fruits and vegetables
retain several sources of nutrients such as vitamins, bioactive compounds, minerals
and fibres (Chang et al., 2016). These dried products add value and offer an
opportunity for the creation of sustainable livelihoods and the economic development
of the nation. Nowadays, around the world, the value-added products i.e. dried fruits
are drastically increasing in the market and attracting significant investment (Sadler et
al., 2019). This finally might help to maintain postharvest losses management of highly
perishable crops by adopting advanced technology that can be easily applied for use
at every level in the food system from small scale farmers to the postproduction
system.

Figure 2-2: Drying of apple slices under

Figure 2-3: Drying of apple slices

sun in Mustang district.

under solar dryer in Mustang district.
(own's picture)

(own's picture)
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Figure 2-4: Post-harvest handling and processing of fruits in Nepal.
Adapted from Faqeerzada et al. (2018)

2.5 The drying process and its performance
Drying is one of the oldest operating preservation techniques of foodstuffs. It
effectively delivers food products by lowering the moisture content, prolonging the
shelf life, inactivating microorganisms, enhancing nutritional values and convenience.
It can be used before further processing (milling, mixing or segregation) and thus
further enhancing food security (Sokhansanj and Jayas, 2015). Many types of research
have been extensively carried out in the field of drying technology whereby different
types of dryers have been established to improve the quality attributes of foods such
as aesthetical and nutritional value and also to increase the shelf life of products (Yang
et al., 2018). Cabinet, tunnel, belt, conveyor band, spray, drum, freeze, vacuum are
commonly used dryers depending up on particularities of the food products
(Mujumdar and Huang, 2007; Sokhansanj and Jayas, 2015). However, many new
challenges evolve due to ever-diversifying product ranges while optimising the
product quality and meeting the higher quality expectation of the consumers. This
might be due to a gap in understanding the fundamental interrelations between
process settings, product changes (physical, chemical and mechanical) that happen
during the process with largely unknown energy demand and other influencing factors
(Sturm, 2019). Therefore, a balance among these factors is necessary to achieve the
economic aim of the manufacturing procedures while meeting the consumer demands
by delivering quality products (Chen, 2008). The basic principle of drying of food
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materials is the removal of water vapour (transforming from the liquid phase inside
the moist material to gaseous phase) from its surface into the surrounding space,
resulting to a dried product (Del Real-Olvera, 2016). Amongst the different drying
technologies, convective drying is the most commonly used globally due to its
operating and maintenance purpose (Mujumdar and Law, 2010). During drying, the
product characteristics change significantly as it is one of the most time and energyintensive unit operation (Motevali et al., 2014). The primary influencing factors during
drying are: air temperature, cumulated thermal load, humidity and drying time, energy
utilisation and resulting product quality. However, all these settings are significantly
interdependent (Sturm, 2018). Many studies have focused mostly on investigating
process optimisation rather than the whole processing chain (from raw material to
pre-processing steps and finally to the desired characteristics of the end product).
Recently, investigation of the overall process has been recognised to be vital for the
optimisation of the process and the enhancement of a good end-product quality
(Sturm, 2018).
The shift in food consumption patterns demands more diversification in the product,
leading to a higher-value product (Sun-Waterhouse, 2011). In this phenomenon, dried
F&Vs are gaining market value due to their convenience, adequate shelf life, richness
in nutritional content and utilisation as a secondary ingredient (Ravichandran and
Upadhyay, 2019). However, it is very challenging to achieve a good quality dried
product with an increase in nutritional value and colour similar to fresh-like produce.
The control of process and production settings and the design have to be evaluated,
analysed and modelled in detail to obtain good quality dried products during the
drying process (Sturm, 2010). Several novel strategies have to be adopted that modify
existing food processing techniques to meet the current market demands fulfilling the
consumer’s satisfaction. Even though, it is difficult to quantify the consumer’s
understanding of quality. The first impression of the consumer’s decision to buy a
product mostly depends on the appearance of the product. The secondary preferences
are connected to taste, nutritional value, hygiene and shelf life of the product
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(Barbosa-Cánovas and Gould, 2000). The different process settings such as the
temperature-time, moisture-time of the product surface and the product thickness
substantially influences the sensory and nutritional aspects of a dried food product
(Amjad et al., 2018). Thus, the most important quality criteria of dried foodstuffs are
colour, shape, appearance and taste, retention of nutritional compounds and absence
of microorganisms. These aspects need to be included in process and product
development. There are three types of reactions that causes the degradation of food
quality during the drying process: 1. Hydrolytic changes; 2. Oxidative changes; 3.
Enzymatic and non-enzymatic browning reactions (Bonazzi and Dumoulin, 2011).
Mechanisms of quality changes on product quality during drying
Several mechanisms change the quality of produce and its final product. Some of the
mechanisms are the following:
i.

Physical changes

Physical changes occur due to the removal of moisture and lead to change in shrinkage
volume and texture during drying. These changes intensely influence the final product
characteristics. Moisture content (MC) in fresh produce is the critical parameter that
controls the quality of foods. Most of fresh produce contains the highest level of water
but it varies greatly depending on the products (Chakraverty and Singh, 2014). The
moisture in the product is present as bound or free water. The rate of water removal
is an essential parameter for the drying process that regulates most of the degradation
reactions and shelf life of the products. The optimum MC for the stability of a product
is where the sum of all degradation reactions is at its minimum. The spatial distribution
of the water content and temperature distribution within the product being dried
plays a critical role in determining the product quality (Chen, 2008). During the
phenomenon of water evaporation from the centre to the external surfaces of the
product, the cellular membranes collapse and thus reduction in shape and size of food
tissue (shrinkage) occurs (Mahiuddin et al., 2018). Shrinkage of the product is linearly
associated with the removal of moisture content during the drying process which has
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been found in several studies (Schultz et al., 2007; Joardder et al., 2015). Yuan et al.
(2019) observed that the moisture stress caused by the moisture gradient was
significant factor that causes the drying shrinkage-deformation of the apple slices
compared to the thermal stress produced by the temperature gradient. During drying
of F&Vs, changes in texture are another standard parameter (e.g., hardness,
cohesiveness, springiness and chewiness). The high temperature and long drying time
in hot-air drying often result in heat-damage and losses in texture (Vega-Gálvez et al.,
2012; Ngamwonglumlert and Devahastin, 2018).
ii.

Discolouration (Pigment changes, enzymatic browning and non-enzymatic
browning)

Colour retention is an important attribute for the post-harvest handling and
processing of F&Vs fulfilling the consumers’ demands. However, many mechanisms
occur during processing of F&Vs (i.e. drying) that are responsible for colour changes.
Nuñez Vega (2015) mentioned the colour change depends on the drying conditions in
different ways due to a combination of complex reactions. Depending on the product
and the drying conditions, three significant colour mechanisms take place which are
due to pigment degradation (i.e. chlorophylls and carotenoids); enzymatic reactions
(ER) and non-enzymatic reactions (NER) (Chakraverty and Singh, 2014). ER and NER
are two primary reactions that occurs in most of F&Vs degrading the colour, nutritional
value, aesthetical value of a product causing the product to become unappealing and
subsequent discolouration (‘browning’) make it unacceptable to the consumers. ER is
the enzymatically catalysed degradation of the phenolic components (particularly
chlorogenic acid, catechin and epicatechin) into polymeric products (Lavelli and
Caronni, 2010). The main ER is due to the presence of polyphenol oxidase (PPO) and
peroxidase (POD). These PPO and POD are very critical to phenolic component
concentrations, pH, temperature and oxygen availability (Vitti et al., 2011). The
oxidation of mono- and ortho-diphenols are catalysed by PPO forming quinones that
cyclise, undergo further oxidation, and condense to form brown pigments (melanins).
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PPO are relatively heat-labile, and their heat resistance depends on the species and
cultivars. Several approaches are applied to deactivate PPO: removal of substrates
(Phenols, O2), reduction of pH, the addition of antioxidants (ascorbic acid (AA) and
citric acid (CA), as well as application of several heat treatments. NER is an umbrella
term for many different reactions, such as chemical oxidation of phenols, Maillard
reaction, caramelisation and Madeirisation (Manzocco et al., 2000). Maillard reaction
is one of the elementary reactions that occur during drying. It involves a group of
diverse reactions between amino groups and active carbonyl groups forming the
insoluble brown, polymeric pigments ‘melanoidin’ (Oke et al., 2012). In some of the
products such as bread baking, Maillard reaction is desirable due to desirable brown
colour. In many products such as dried apples however, it is considered to be
deleterious because of the formation of brown colour and also loss of nutritive value.
The deterioration occurs through the reactions involving the α-amino group of lysine
moieties and other groupings in proteins, types of reactant sugars, and are influenced
by pH, temperature, and aw (Scopes, 2002; Bisswanger, 2011). Hence, it can be
proposed that both ER and NER have a great influence on the resulting product quality
in terms of colour changes and changes in nutritional value and flavour. Therefore,
process control development needs to target a reduction of both ER and NER (Perera,
2005). This in turn will lead to an increase of the nutritional value, as well as the desired
sensory properties of a product.
Different ways of pre-treatment in the form of physical (mainly thermal) and chemical
(additives) treatment can be used to inhibit both ER and NER depending on the nature
of the raw materials. In F&Vs, application of heat (blanching) and chemical treatment
deactivates enzymes which cause ER and consequently NER (Reis, 2017). Sulfites are
very useful in inhibiting both ER and NER but they are also known to cause adverse
health effects (Martin-Belloso and Fortuny, 2010). Therefore, reducing agents
(ascorbic acid and analogues, sulfites), acidulants (ascorbic acid, citric acid, malic acid,
phosphoric

acid),

chelating

agents

(ethylenediaminetetraacetate,

sodium

diethyldithiocarbamate, sodium azide), complexing agents (cyclodextrins, chitosan)
24

(cyclodextrins, chitosan) (Garcia and Barrett, 2002; Jukanti, 2017) have been applied
to maintain the surface colour. A combination of several pre-treatments (e.g. a
combination of thermal and use of acidulants) is used to reduce the adverse effect and
it was found more effective compared to individual pre-treatment (Loredo et al., 2013;
Chen et al., 2016; Crichton et al., 2018).
iii.

Nutritional quality changes

The nutritional composition of F&Vs depends on the species, cultivar, maturity stage
and their chemical composition. During food processing such as drying, the
degradation and/or isomerisation of chemical compounds might take place. The
primary chemical compounds present in F&Vs are ascorbic acid (AA), carotenoids,
anthocyanins and phenolic content (PC). All these components are essential nutrients
in the human diet. During hot-air drying, losses in some of these components such as
vitamin C, carotenoids losses, are higher than the ones related to freeze-drying
(Shofian et al., 2011). Phenols are a large group of compounds consisting of at least an
aromatic ring with one or more hydroxy-substituents. Phenols compounds are
considered to have high antioxidant activity that acts as a defence mechanism against
pathogens and parasites. Therefore, the regular consumption of F&Vs rich in phenols
is associated with a reduction in the risk of developing chronic diseases, such as cancer
and cardiovascular disease (Boyer and Liu, 2004). During food processing operation
(i.e., peeling, slicing, drying), significant loss of phenols occurs due to reaction between
phenols and oxygen present in an air.
2.6 Determination of the food quality attributes by using a non-invasive approach
The product characteristics are mostly measured invasively after processing which is
time and human resources intensive and also costly. In recent years, non-invasive
measurement techniques such as Computer-Aided Vision (CAV), thermography (TI),
laser backscattering (LB) and hyperspectral imaging (HSI) have been discovered for the
quality evaluation of food products that can be used as on–inline measurement
systems to develop smart operating systems (Wu and Sun, 2013; Martynenko, 2017;
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Lu et al., 2020; Martynenko and Sturm, 2019; Ma et al., 2019). These techniques have
been applied with a high potential for the analysis of chemical (phenolic content, total
antioxidant) and physical characteristics (colour, moisture content, texture, firmness,
shape and shrinkage) of agricultural products (Walsh, 2016). Amongst them, HSI
techniques have been regarded as a smart and promising analytical tool for both
automatic target detection (specific attributes) and also for recognising chemical
composition that could be easily applicable in research, control, and industries (ElMesery et al., 2019). HSI is a technique which consist of both spectroscopic and twodimensional imaging techniques to investigate different components and their spatial
distribution in the tested sample. It generates a spatial map of spectral variation from
> 100 wavebands from an object, making it a useful tool in many applications such as
in the fields of astronomy, agriculture, pharmaceuticals and medical diagnostics
(Burger and Gowen, 2015). For example: mapping of moisture content in apple slices
(Crichton et al., 2018), potatoes (Amjad et al., 2018), mushroom (Taghizadeh et al.,
2009). HSI creates a third-dimension image which includes the two spatial dimensions
and one spectral dimension specified by spectral wavelengths, which is known as the
data cube or hypercube. Each image pixel of each component represents a particular
spectral band. This contains significant improvements compared to conventional
analysis methods involving manual and instrumental performance, since they have
some disadvantages with the procedure being either subjective or destructive. The
main advantage of HSI is minimal sample preparation, non-destructive nature, fast
acquisition times and visualising spatial distribution of numerous chemical
compositions. Through the spectral and spatial information obtained from a sample,
different stages of the food processing chain can be easily assimilated that could
delivers reliable and accurate information. Since many physical, chemical and
nutritional changes occurs during drying, utilisation of smart drying is one of the most
promising techniques that involves the use of sensors and tools (i.e. non-destructive
technologies as HSI) and thus monitoring and controlling the food quality and drying
parameters during the operational units (Nicolaï et al., 2006). Smart drying technology
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is proactively suitable to optimise energy consumption and reduce adverse impact on
environment delivering high-value final products while being cost-effective (Sun et al.,
2019). For instance, Sturm et al. (2009) have mentioned that utilising real-time
monitoring system for colour changes during the in-online drying process provides a
product with good visual appearance that would be acceptable to the consumers. The
smart technique helps to avoid quality degradation such as colour change and also
retains nutritional value of the product during the drying process by directly giving
feed back into the process control as shown in Figure 2-5. The combination of
microcontrollers and single-board computers, real-time data analytics has a huge
potential to enable timely and precise interventions, to significantly increase the
production of products of high quality in a sustainable way (Sturm, 2018).

Figure 2-5: The structure of intelligent control, focused on product quality.
Adapted from Sturm (2018)

2.7 Application of method comparison studies in food sectors
A design of experiments (DOE) is vital in the research for the identification and
elimination of common factors and process performance control and optimisation.
Additionally, DOE has been applied in several real scenarios, e.g. industry to guarantee
a robust process design. Specific statistical methods are used for designing the
experiment relevant to the research objectives. For many years, the spilt-plot design
has been applicable in the industry being cost and time effective (Ryan, 2007).
Many new techniques have been developed as an improvement and replacement over
the sophisticated and time-consuming measurement procedures. In the process of
confirming and validating a new and precise method, a multivariate statistical
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technique is widely used in many fields. Over the past years, many algorithms have
been developed for hyperspectral image analysis. In order to mitigate this dilemma,
an alternative approach has been established, called method comparison. It includes
the Bland-Altman (Giavarina, 2015), the Passing- Bablok regression (Bilic-Zulle, 2011)
and the Deming regression (Martin, 2000) to assess the suitability of interchangeability
with the standard method while analysing the foods quality attributes. Additionally, a
comparison of two different methods is performed using statistical approach to
measure the quantity. In this regard, it is however difficult to predict if either method
gives the actual value of the quantity being measured. This is because of not being a
full measurement system analysis (Carstensen, 2011). The main purpose is to
determine if a new, cost-effective and quick method of measurement is equivalent
and agreeable with those of an established method currently in use. It is always a big
question in the agricultural and food processing sectors, whether the two methods of
measurement agree sufficiently closely. This probably can be answered using a variety
of statistical techniques of method comparison studies as already mentioned, BlandAltman analysis, Passing- Bablok regression and Deming’s regression analysis (Altman
and Bland, 1983). Method comparison studies are a well-accepted international
standard (ISO 15189), which has been used in the clinical and medical sector since the
1980s (Altman and Bland, 1983; Bland and Altman, 1986). It helps to assess the
agreement or to detect disagreement (bias) between two measurement procedures
which measure the same quantity (Choudhary and Nagaraja, 2017).
Bland and Altman’s plot is an approach to investigate the extent of agreement
between two independent measures (instruments, tests) of the same variable, which
includes plotting the paired differences between the measures against the paired
means of the measures based on graphical techniques (Sedgwick, 2013). The average
difference between the two measures is interpreted as the “relative bias” between
measure, and the 95 % reference interval created using the observed standard
deviation of the differences is interpreted as the precision, or “limits of agreement”
between the measures (Altman and Bland, 1983; Bland and Altman, 1986). It is
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therefore used to evaluate the precision and accuracy of regression models for
estimating dependent variables. Passing-Bablok regression for method comparison is
a robust, nonparametric method for fitting a straight line to two-dimensional data
where both variables, X and Y, are measured with error. It is estimated by using a linear
regression line and testing whether the intercept is zero and the slope is one. The
Passing- Bablok regression procedure fits the intercept (0) and the slope (1) of the
linear equation. Deming regression refer to linear regression analysis in which the sum
of the squares of the deviations from the line in both X and Y direction is minimized,
weighting them by the ratio of the analytical variances of the two methods that are
assumed to be constant over the range of observations. It takes the random error of
both the comparative and test methods into account showing a significant error
(Martin, 2000; Johnson, 2008).
To date, no comprehensive framework for optimisation of pre-treatments and
processing lag time to inhibit the PPO enzyme activity and to maintain surface colour
of apple slices has been documented, especially regarding the prediction of PPO
activity by using non-invasive technology. Additionally, most of the study has focused
on parameters such as drying air velocity, drying temperature, humidity to
characterise the quality of end product. As drying is a part of a processing chain which
has impact on the overall system, investigation on the influencing factors, inputs and
outputs for each processing step and the whole system is vital to achieve high-quality
product. Limited information is available for appropriate algorithms independent of
applied pre-treatments, slice thicknesses, drying temperatures and cultivars that
combine product (chemo-metric and visual information) and process (e.g.
temperature, air velocity, retention time) for intelligent design and control of systems.
Therefore, the presented research in this thesis has addresses the gaps perceived,
which is vital basis to facilitate the development of smart drying system.
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3.1

Abstract

Background: In developing countries such as Nepal, many children aged below 3 years
do not grow at a sufficiently high rate and are vulnerable to micronutrient deficiencies
(e.g. vitamin A). Challenges to child nutrition can result from poverty, unhealthy
traditional practices, inadequate caring and feeding practices. The present study
aimed to assess the feeding practices of pre-school children and their associated
factors.
Methods: A cross-sectional study was carried out in pre-schools located in Kathmandu
district between February and March 2018. Three levels in terms of price range (lower,
medium and higher level) of pre-schools were selected to reach the mothers of
children aged ≤3 years. A structured questionnaire was administered to 145 mothers.
Descriptive analyses were conducted to observe the characteristics of the population.
Multinomial logistic regression analyses were performed to identify the association for
the factors of mothers’ perception of their current feeding practices.
Results: We found that dal-bhat/jaulo was a common complementary food
irrespective of socio-economic background. Interestingly, mothers who had received
a higher education were significantly less likely to change their feeding practices (odds
ratio = 0.118, confidence interval = 0.01–0.94). The mothers that fed a higher quantity
porridge to their children showed a high willingness to change the feeding practices.
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Conclusions: Poor feeding practices are still an important public health problem in
Nepal and were observed to be associated with low socio-economic status,
unawareness and a lack of knowledge towards dietary diversity combined with strong
beliefs related to social forces and cultures.
Keywords: dietary knowledge, infants’ diet, malnutrition, Nepalese mother, socioeconomic status.
3.2 Introduction
Despite the drop in the global child mortality rate by approximately 50 % between
1990 and 2016, child malnutrition continues to be a global problem which must be
eliminated (World Health Organization, 2018). Malnutrition includes undernutrition
(wasting, stunting, and underweight), micro-nutrients deficiency (vitamins or
minerals), overweight, and obesity (Lamichhane, 2018). The majority of overweighed
children live in developed countries (Schienkiewitz et al., 2013). Overweight induced
malnutrition leads to several diseases such as diabetes and various forms of coronary
heart disorders. In contrast, children from developing countries are mainly suffering
from underweight and stunting, leading to other malnutrition-related health
conditions such as diarrhoea, chronic obstructive pulmonary disease (Grubesic, 2004;
World Health Organization, 2018). Inadequate micro-nutrients intake leads to onethird of child deaths in Africa (ACPF, 2019) and similar challenges are faced in the
south-east Asian countries like Nepal. Nepal has 2.7 million children below 4 years
(USAID, 2014) and 1.6 million children are estimated to suffer from chronic
undernutrition and the severe long-term consequences associated with stunting
(United Nations Committee for Development Policy, 2018). Malnutrition is the
persistent problem where 35.8, 27, 1.2 and 9.7 % of children under five years of age
are stunted, underweight, overweight and wasted respectively (data based on the year
2016) (Nepal Demographic and Health Survey, 2017). The negative impact of being
underweight, overweight or obese during childhood can lead to permanent and
irreversible impairment and increases the risk of several chronic diseases, as the first
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five years of life are fundamental for the development of organs and bones (UNICEF,
WHO, & World Bank, 2018).
Inappropriate feeding practices among infants are one of the major causes of
malnutrition in Nepal (Osei et al., 2010). Awareness of the need of feeding various
types of foods by mothers or caretakers have a significant influence on the health and
nutrition of the children (United Nations Committee for Development Policy, 2018).
For instance: Karkee et al. (2014) identified that Nepalese mothers were more
breastfeeding (98.0 %) and feeding lower (13.4 %) levels of infant complementary
foods at the age of 22 weeks. This resulted in poor feeding practices at the critical
stage (6 - 24 months) causing malnutrition in many children at a vulnerable stage of
their growth. It is recommended that children aged 6 - 23 months must be fed from
four or more out of seven food groups daily [(i) grains, roots, tubers; (ii) legumes and
nuts; (iii) dairy foods; (iv) fruits and vegetables; (v) green leafy vegetables and other
fruits; (vi) meat, poultry, and fish and (vii) eggs] (WHO, 2008). In Nepal, 53 % of children
of the age between 6 - 23 months, do not reach the minimum dietary diversity, and
only 36 % consume a minimum recommended diet (Nepal Demographic and Health
Survey, 2017). Traditionally, complementary feeding practices start after the
“Annaprashan” (rice feeding) ceremony. The ritual is normally held in the 5th month of
a girl’s and the 6th month of a boy’s life (Locks et al., 2015). Even though the time of
initiation of complementary foods in the Nepalese context accords with the
recommendations on complementary feeding, the feeding practices and dietary
diversity are still lacking behind recommendations (Na et al., 2017). According to
previous studies (WHO, 2019; Locks et al., 2015; Na et al., 2017) identified several
factors to explain the mother's decision on poor feeding practices. The major factors
were stated as the mothers’ education and dietary knowledge, socio-economic
conditions, socio-cultural and physiological aspects, family pressure on continuing the
traditional feeding practices, lack of social support. In the case of developing countries
such as Nepal, a key factor affecting all underlying determinants is poverty (Patel et
al., 2010). A low economic background limits access to a good education and health
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system. Additionally, it reduces the affordable products range, as well as quality and
quantity thereof. This leads to poor feeding practices and consequently causes child
malnutrition. The cultural context, especially at the local level, is also an influencing
determinant directly affecting the feeding practices (Singh et al., 2009). Since Nepal is
a culturally diversified country, feeding practices might vary according to the
geographical region, ethnic groups and cultural taboos (Na et al., 2017).
Several local infant food formulas, their constituents and method of preparation are
presented in Table 3-1 (Nidhi, 2018). Generally, “Dal-Bhat” (pulse-rice) is the primary
weaning food, where fruits and vegetables are rarely fed (Bhandari and Banjara, 2014).
The other supplementary foods given are cow, buffalo and goat milk. Types of semisolid foods are jaulo (rice, turmeric and salt), chapatti (home-made breads), lito
(roasted rice flour (occasionally maize or millet), ghee (clarified butter and sugar),
sarbottam pitho (local market porridge), vegetables, dal (pulse soup), eggs and meat
(Chapagain, 2012). The National Planning Commission (NPC), World Food Program
(WFP), World Bank (WB), AusAID, & UNICEF, (2013); National Planning Commission
(NPC) et al. (2013) reported starchy staples diets to lack essential micronutrients
(vitamins, iron, zinc, magnesium and so on) and, therefore, to contribute to
malnutrition.
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Table 3-1: Description of local diet intake of children, their constituents and method of preparation.
S.No

Local food name

1.

Dal-bhat/jaulo

2.

Lito

3.

Sarbottam pitho

4.

Commercial baby foods

5.

Routine foods

Constituents

Method of preparation

Dal-bhat: Made from mixture of rice and
lentils soup.
Jaulo: Made from rice and turmeric or rice
and salt
Made from roasted rice flour (occassionally
maize or millet), ghee (clarified butter) and
sugar.
Two parts pulse – soybeans, small beans,
grams and peas (any one of these can be
use).
One-part whole grain cereal – maize or rice.
One part another whole grain cereal – wheat,
millet or buckwheat.
*All pulses and grains are roasted well
(separately) and ground into fine flour and
then stored in airtight container.

Rice and lentils semi-solid consistency.

Nestle cerelac baby foods - Rice, Soya Bean,
Sugar, Skimmed Milk Powder (Cow's Milk),
Vegetable Oils, Apple Powder (Glucose,
Apple Juice Concentrate), Minerals (Calcium
Carbonate, Sodium Phosphate, Ferric
Pyrophosphate, Zinc Sulphate, Potassium
Iodide), Contains emulsifier as permitted
food conditioner. Contains permitted
flavouring. All additives are of plant or
synthetic origin.
Daily food routine – Rice, bread, lentil,
pulses, fruits and vegetables, meat, eggs.

Cerelac is mixed with boiled water.

* is used to emphasise the roasting process of all pulses and grains.
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All mixture is stirred into boiling water or milk
and cooked for a short time.
All mixture (flour) is stirred into boiling water
or milk and cooked for a short time.

Only spices are avoided to provide to baby.

Despite the existence of many nutritional studies on Nepal, little is known about the
feeding practices of pre-school children (6 - 36 months) located in Kathmandu district.
Furthermore, most of the previous studies were conducted in hospital settings. Preschools could be a good platform to reach mothers of a mixed socio-economic
background to encourage them to vary their feeding practices. This study, therefore,
intended to assess the feeding practices of mothers and identify the associated factors
which can be used as a vital indicator of the overall nutrition and healthy development
of the pre-school children.
3.3 Materials and Methods
3.3.1 Study design and setting
In this study, a cross-sectional survey was conducted between February and March
2018 in Kathmandu valley, Nepal. This design was chosen because it is appropriate for
a short period of data collection and to assess the relationship between the selected
variables (Levin, 2006).
Nepal has a population of approximately 29 million and is divided into 75
administrative districts. Amongst these, Kathmandu valley has a total population of
2.8 million i.e. almost 10 % of the overall population. Kathmandu valley is comprised
of five Metropolitan cities: Kathmandu Metropolitan City, Lalitpur Metropolitan City,
Bhaktapur Municipality, Kritipur Municipality and Madhyapur Thimi Municipality.
Kathmandu Metropolitan City, which has approximately 1 million residents (Panta and
Dongol, 2009, was chosen for the present study. Based on the National Population and
Housing Census (NPHC) 2011, there are 763 Early Childhood Development and Preprimary classes (ECD/PPCs) available in the Kathmandu valley (CBS, 2014). This
number was not used to calculate the sample size because it lacks information only for
ECD.
In this study, 27 different pre-schools located in Kathmandu Metropolitan City were
sampled to recruit mothers from a range of socio-economic backgrounds. Currently,
the trend of the pre-schooling education is increasing in the three Kathmandu sub35

districts but still not profoundly activated in other districts of Nepal. Furthermore,
different levels of pre-schools are available in Kathmandu: low price range pre-schools
[LPRPs] charges NRs 550 (5 $), medium price range pre-schools [MPRPs] charge NRs
2500 (22 $) and high price range pre-schools [HPRPs] (expensive) charge NRs 6000 (53
$) per month on average. The survey plan as split by of pre-schools is presented in
Figure 3-1. Selecting mothers from pre-schools of all price ranges was relevant to reach
different income group families and to gain a perspective towards differences in
feeding practices, their own (healthy) consumption habits and influences of social
bonding towards their feeding practices.

Figure 3-1: Study setting and design.

3.3.2 Sample size and sampling procedure
Mothers with children of an age between 6 and 36 months who have lived in the
Kathmandu district for at least 6 months were eligible for the study. Study participants
were selected through a random sampling method of the pre-schools available, i.e.
who gave permission to use their pre-school premises to take an interview with
mothers. With the consent of the chief or head leader of the pre-schools, mothers
were pre-informed and invited to participate in the research. Only those who had an
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interest and the time to participate in the study volunteered. Mothers of children aged
more than 36 months were excluded from this study. The final sample comprised of
145 mothers excluding the ones (n=8) who refused to participate (Figure 3-1). The
refusal of mother approached was generally due to lack of interest, lack of time and
the fact that they could not manage the infants during the interview (n = 8). The age
range of 6 to 36 months was selected for design reasons relating to feeding practices
which are of paramount importance nutritionally to promote optimal development
and growth of the child.
3.3.3 Data collection tools and procedures
The structured questionnaires were used to collect data; a copy of the questionnaire
is provided in the Supporting information (Data A1). Feeding practices were assessed
according to the key indicators recommended by WHO, (2010). The outcome variables
such as type of complementary feeding adopted by mothers were assessed. Data
collectors created a conducive environment by keeping mothers apart and making
them comfortable during data collection to minimize the social desirability bias. A
structured interview schedule was used as tool to gather information on factors
associated with feeding practices. The questionnaires comprised mainly of details on
household profiles like age, sex, education level and occupation of household
members and household size. Specifically, the following factors were considered:
Characteristics of mothers (age, occupation, residence, number of children etc.).
i.

The pattern of complementary foods and the mother’s perspective towards

lacking diets.
ii.

Association between different levels of social life and socio-economic

background of the mother
iii.

Association of changing the feeding practices with several factors such as

sociodemographic characteristics.
iv.

Mother’s fruit and vegetable consumption habits.
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Quantitative data were designed continuously with the help of a 1 - 9 scaling score
(Krosnick & Presser, 2010). An objective rescaling distance was created while
performing the analysis, for instance, 1 - 3 scaling score.
A pre-tested questionnaire initially developed in English and then translated in the
local language (Nepali) was used for data collection. A facilitator and a student
assistant who has a background in social work study were involved to conduct all
interviews. Prior to data collection, the research assistants (data collectors and
supervisors) were trained for 2 days on interview techniques. The questionnaire was
pre-tested on 10 subjects in two pre-schools in the study area. The clarity, acceptability
and applicability of the procedures were evaluated during the pre-test and used to
make any necessary correction in the questionnaire and the mode of question delivery
to the subjects.
3.3.4 Study variables
The dependent variable in this study is considered as feeding practices. The tendency
of mothers to change their feeding practices was taken as the source to determine the
likelihood to adapt appropriate feeding practices. These are indicated by feeding foods
in a diversified way such as animal and plant-based food products. The independent
variables were mainly related to the mothers’ socio-demographic and economic
characteristics (age, education, employment, religion, household size and marital
status, child characteristics (age, sex), maternal consumption habits (mother’s fruits
and vegetable consumption patterns), and health conditions of the children). The
selection of pre-school was organized based on a mother’s capability to afford that
price level and is a representation of the socio-economic background of the Nepalese
population. Each of the variables was measured using a single question.
3.3.5 Data analysis
Data were checked for completeness, inconsistencies and collated using a Microsoft
excel sheet before analysis. All data were analysed using the Statistical Package for the
Social Sciences version 22.0 (SPSS Inc., Chicago, IL, USA). Socio-demographic
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characteristics and prevalence of complementary feeding practices were analysed
using descriptive statistics, the results were presented as frequency. Multinomial
logistic regression analysis was used to determine the associations of feeding practices
and their different factors such as socio-economic characteristics of mothers and child
status. Associations were examined by odds ratios (ORs) for the above-mentioned
indicators to determine the likelihood of changing the feeding practices. The backward
elimination method was used, to avoid any statistical bias, by double-checking and
following procedures: (1) entered only variables with p-value < 0.05; (2) tested the
backward elimination by also including all potential confounders; and (3) tested and
reported variables that are highly corrected in a logistic regression model.
3.4 Results
3.4.1 Characteristics of mothers and their children
Table 3-2 provides the characteristics of mothers and their children. All 145
respondents were married. Remarkably, 60 % of the mothers were of university-level
education followed by a higher secondary degree (37.2 %). 89 % of the mothers were
residing in an urban area. The reasons for living in the urban area were cited as
marriage (40.8 %), better opportunities (24.2 %) and to achieve higher education (21.7
%). The extended family structure was found to be almost twice as often represented
(60.7 %) compared to a nuclear family structure (33.8 %). The majority of mothers had
a single child (66.9 %) and 75.2 % of the children were aged below 24 months.
Noteworthy, the majority of mothers selected medium priced range pre-schools
compared to high and low-priced range.
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Table 3-2: Mothers and child's characteristics.
Variables
Mothers’ age

Ethnicity

Education level

Origin of residence

Current residence
Reason to migrate

Occupation

No of children
Sex of child

Categories

(Frequency) %

<21

(2) 1.4

21-25

(46) 33.7

26-30

(55) 37.9

>30

(42) 29.0

Chhetri

(30) 20.7

Brahmin

(32) 22.1

Magar

(11) 7.6

Tharu

(3) 2.1

Tamang

(22) 15.2

Newar

(27) 18.6

Others

(20) 13.8

Primary school

(4) 2.8

Secondary school

(54) 37.2

Academic/university

(87) 60.0

Urban

(36) 24.8

Peri-urban

(47) 32.4

Rural

(62) 42.8

Urban

(129) 89.0

Peri-urban

(16) 11.0

Marriage

(64) 40.8

Education

(34) 21.7

Family

(21) 13.4

Better opportunity

(38) 24.2

Housewife

(70) 48.3

Informal sector

(51) 35.2

Formal sector

(14) 9.7

Self employed

(10) 6.9

1

(97) 66.9

2

(41) 28.3

3

(7) 4.8

Male

(76) 52.4

Female

(69) 47.6
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Child age group

Family structure

Type of pre-school

6-12 month

(12) 8.3

13-24 month

(109) 75.2

25-36 month

(24) 16.6

Own’ s parent

(4) 2.8

Extended Family

(88) 60.7

Nuclear Family

(49) 33.8

Alone

(4) 2.8

Higher level

(42) 29

Medium level

(92) 63.4

Lower level

(11) 7.6
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3.4.2 Complementary food practices and mother’s perspective towards lacking
diets
In Nepal it is very common practice to introduce complementary food after the rice
feeding ceremony. Nevertheless, complementary feeding practices differ greatly
between the mothers, see Figure 3-2. The findings in this study indicate staple food
(dal-bhat/ Jaulo) to be the most commonly used complementary food (36.10 %)
among the children. A strong negative correlation was found between the willingness
of the mother to change their feeding practices and current feeding by staple foods (P
< 0.05). 32 % of the mothers fed their child with homemade porridge known as ‘Lito’.
It is remarkable that 15.10 % of mothers fed their children with commercial food
products such as cerelac and only less than half (6.40 %) chose a diet based on local
products like Sarbottam pitho. 10.40 % of the children were fed with routine foods
(pulses-rice, roots and tubers, fruits and vegetables, meat products).

Figure 3-2: Complementary foods feeding pattern.
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Figure 3-3: Food groups lacking in the feeding practices of the children age (6 - 36 months).

The food groups lacking the most, according to the mothers’ perception, were pulses,
fruits and vegetables (fresh and dried) and milk products (Figure 3-3). The participants
with a higher education level emphasised the importance of consuming fruits and
vegetables for a balanced diet. However, the majority of the mothers stated fruit and
vegetable consumption was lacking in their daily routine. Only a few mothers (5 %)
considered there to be a lack of meat and meat products in their feeding practices.
3.4.3 The association of level of social life with the economic status of mothers
based upon the selection of pre-school
Table 3-3 shows the association of social bonding with the socio-economic ability of
mothers. Other factors such as education, age, and the number of children were not
significantly associated with the different levels of social bonding, and thus, not
presented in the result. In this study, the mothers who sent their children to a highly
priced pre-school (i.e. assuming the mothers from a higher socio-economic
background) were less likely to be socially active [0.95 (0.33 - 2.69)]. However, there
was no significant difference between mothers selecting high- and medium-priced
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pre-schools. Mothers who are sending their children to a low-priced pre-school (i.e.
assuming the mothers are from a low socio-economic background) were more likely
to engage with the society and have a higher level of social bonding.
Table 3-3: Association of social bonding with the mother’s socio-economic background.
Type of
Pre-

Not at all
Coeff

school

OR (95

Average
p-value

Coeff

OR (95

% CI)

Lower

2.22

Higher

-0.05

9.20

Very much
p-value

% CI)
0.004

1.75

5.75

OR (95

0.08

2.83

16.90

(0.83-

(0.74-

40.99)

39.74)

385.47)

0.95

0.926

0.73

2.08(0.6

p-value

% CI)

(2.06 -

(0.33 -

0.19

9 – 6.27)

2.69)
Medium

Coeff

2.97

19.50

0.08

0.06

(0.90 –
422.09)

1

1

1

3.4.4 The association of changing the feeding practices with several factors; fruits
and vegetables consumption patterns of mother
Table 3-4 shows the factors associated with mother in Kathmandu Metropolitan City
changing their feeding practices. Mothers from a high socio-economic background
have an average likeness [0.118 (0.01 – 0.94)] to change their feeding practices. There
is a significant difference (p <0.05) between the mothers who had the opinion that
their children are healthy, average and not healthy. The mothers that fed more
porridge to their children showed a significantly different (p <0.05) willingness to
change their feeding practices compared to those that fed medium and low
proportions of porridge. The OR of other factors such as the age of children, number
of children, education of mothers were not significantly associated with changing the
feeding practices.

44

Table 3-4: Mothers’ association towards changing their feeding practices with several factors.
Variables

Not important

Average

Very important

OR (95 % CI)

OR (95 % CI)

OR (95 % CI)

Education level
Basic education

0.52 (0.04 - 6.09)

1.23(0.10- 14.64)

1.89 (0.16 -21.80)

Higher level education

0.83 (0.39 - 1.78)

1.13(0.44 - 2.87)

1.19 (0.55 – 2.55)

Academic level education

1

1

1

Type of Pre-school
Lower

0.72 (0.12 - 4.21)

2.50 (0.60 - 10.29)

0.35(0.05 -2.15)

Higher

2.04(0.93-4.46)

0.12 (0.01 – 0.94)

0.72(0.12 – 4.12)

Medium

1

1

1

Opinion on baby health status
Not healthy

2.63 (0.62 -11.16)

5.55 e-9 (5.55 e-9 -5.55 e-9)

0.36 (0.08 -1.56)

Average

1.75 (0.56 -5.45)

1.12(0.25 - 4.87)

0.53 (0.17 – 1.68)

Healthy

1

1

1

0.09 (0.01 - 1.22)

3.66 (0.73 – 18.33)

Age of child (months)
6-12

0.12 (0.04 - 1.59)
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13-24

0.09 (0.01 - 1.41)

0.72 (0.18- 2.79)

1.57 (0.57 – 4.29)

25-36
No of children
1

0.12 (0.01 -1.77)

0.15(0.010- 2.24)

3.79(0.36 – 38.35)

2

0.09 (0.01 -1.41)

0.11(0.01-1.78)

5.32(0.49 – 57.31)

3

1

1
Routine feeding Practices

Homemade porridge (No)

1.61 (0.59 - 4.40)

3.47 (1.13-10.95)

0.62 (0.22 –1.70)

Homemade porridge (Yes)

1

1

1

Locally available porridge (No)

1.69 (0.45 - 6.35)

11.66(1.17-115.90)

0.59 (0.15 –2.21)

Locally available porridge (Yes)

1

1

1

Breast milk and dairy foods (No)

0.99 (0.42 – 2.32)

0.27(0.06 - 1.11)

1.01 (0.43 –2.37)

Breast milk and dairy foods (Yes)

1

1

1

Commercial market product (No)

0.55 (0.23 - 1.27)

0.61 (0.19 -1.88)

1.81 (0.78 –4.20)

Breast milk and dairy foods (Yes)

1

1

1

All type of foods (No)

0.77 (0.289 - 2.09)

0.62 (0.19 - 2.03)

1.28 (0.47 –3.45)

All type of foods (Yes)

1

1

1
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The consumption of fruits and vegetables per day by mother is presented in Figure 3.
Interestingly, 71 % of mothers consumed at least 1-2 fresh fruits per day and 75.2 %
consumed 3-4 fresh vegetables per day. The consumption of dried fruits and vegetable
juice was found to be negligible. However, the consumption of dried vegetables such
as gundruk, sinki, dried broccoli, and mushroom was very common.

Figure 3-4: Fruits and vegetable fresh consumption of mothers.

3.5 Discussion
The present study reports the baseline information collected from mothers in
Kathmandu Metropolitan City on their feeding practices towards their children and
associated factors. Most participants (60 %) had an academic level (bachelor level or
above) of education. This is in accordance with the study carried out by Cunningham
et al. (2017) which showed the educational level in Nepal has substantially progressed
during recent decades because the net enrolment rate in elementary education has
increased from 66.3 % in 1999 to 97 % in 2016. Likewise, female participation in
educational attainment has also increased dramatically (Levine, 2019). This
phenomenon can be observed globally as the role of women has changed over the last
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decades (Altbach et al., 2009). They are progressively coming closer to being granted
equal rights to men regarding education and the range of opportunities.
Most mothers were assumed to be from a middle-class background because they sent
their children to a medium price pre-school. In the present study, mothers were not
open to answering how high the family income was. Thus, the price level of pre-schools
was used as an indirect income indicator based on the assumption that it reflected the
affordability.
Furthermore, the extended family structure still exists in large parts of Nepalese
society and was found to have the greatest influence on child feeding practices. The
children raised within this context were fed mostly staple foods (dal-bhat/jaulo). This
might be result of the influence of elders, traditional and religious rituals, and their
way of consumption habits. Mothers from a low socio-economic background were
significantly more socially bonded than mothers from a high socio-economic
background. This might be why mothers from a low socio-economic background
wanted to learn about improving their feeding practices. Moreover, being socially
active encourages mothers modifying their feeding behaviour and improving the
health status of infants.
Most mothers considered the current diets to be lacking fruits and vegetables (fresh
and dried), as well as milk and milk products, rather than meat and meat products.
This confirmed that dietary diversification is still lacking for infants among mothers’
practices, which aligned well with a study carried out by Cunningham et al. (2017).
Those mothers who fed their children with more homemade and locally available
porridge were significantly interested in changing their feeding practices to improve
the health status of their children. The willingness to change feeding practices
increased with a high educational level of the mothers. Thus, it appears that mothers
with a higher education have a better understanding of the necessity of balanced
infant diets and are more aware of issues related to feeding practices.
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The results of the present study show clearly that feeding practices in relation to fruits
and vegetables and mothers’ consumption were interrelated. Mothers who did not
consume fruits themselves did not prioritise feeding fruits and vegetables to their
children. These findings agree with the findings of Locks et al. (2015) in that only some
mothers fed their children fruits and vegetables alongside the porridge. This might also
be a result of the influence of joint family structures, as well as of changing living
standards (i.e. moving from the county side to the city). However, education and social
bonding were found to have the greatest impact on mothers’ willingness to improve
feeding practices and could define what types of food are missing or lacking in infant
nutrition. This might explain why the overall child nutrition status has not improved as
much would be expected, irrespective of the education and social status of mothers.
Additionally, the respondents in the present study were self-decision makers and
mostly willing to change feeding practices to upgrade the nutritional status of their
children. The self-decision capability may be a result of the effect of the education
level and social interaction motivations. Imdad et al. (2011) reported that educated
mothers emphasise highly on feeding nutrient-rich animal source foods as a diet
diversification. Obviously, this might vary again according to ethnicity, residence
region and cultural aspects (Manikam et al., 2018).
3.6 Conclusions
An important aspect of the present study was the assessment of primary associations
of changing feeding practices with several influencing factors, such as education,
economic conditions, and family structure. This helps to understand the mechanisms
behind mothers’ knowledge on feeding practices and the health status of their
children in a real-world context. Mothers were well aware of the fact that the first
years of the children’s life are crucial for physical and mental development, with a
lifelong impact. However, very few mothers had appropriate knowledge regarding the
necessary modifications to the dietary intake of children, as well as how to analyse the
results by observing the health status. These findings reflect the importance of
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generating awareness of the current situation and the need for improving the
knowledge of mothers about child feeding practices, which, in turn, will help to reduce
the malnutrition problem in Nepal.
A clear limitation of the present study is that we analysed cross-sectional data;
therefore, the findings could be relevant the study context and similar settings. The
relationship between mothers’ fruit and vegetable consumption and that of their
children might be associated. To further clarify the cause and effect relationship,
longitudinal analyses are needed. In addition, the present study was focused on the
mothers and their feeding dietary and consumption patterns, which may evoke
desirability bias. This implies that the need for interventions to increase the dietary
diversification patterns, rather than focusing on the traditional way of feeding, should
be emphasized. Future studies could include other caregivers and entities, such as
grandparents, fathers, school and childrens’ hospitals to obtain a broader picture on
child feeding practices by assessing method of feeding, prelacteal feeds, colostrum,
types of diet, age of complementary food, and types of complementary food.
Another limitation was the small sample size, which was a result of the limited time
boundary and resources. Hence, there could have been a recall bias. Because the
results have been drawn from an urban population, this cannot be generalised to the
rural population or other parts of Nepal. Nevertheless, the strength of the study is that
it has determined some important aspect regarding feeding practices and lacking
diversity of diets among Nepalese mothers at pre-schools located in Kathmandu
Metropolitan City. Although some indicators identified in the present study provide
baseline information, there is still a need to conduct further studies to increase
awareness amongst mothers to improve the diets of the children under 3 years of age.
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Optimisation of physical and chemical treatments to control the
browning development and enzymatic activity on fresh-cut apple slices
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4.1 Abstract
Optimisation of processing time and pre-treatments are crucial factors prior to apple
drying to produce a high-quality product. The purpose of the present study was to test
the utility of physical (hot-water, HWB and steam blanching, SB) and chemical (1 %
ascorbic acid, AA; and 1 % citric acid, CA) treatments, alone or in combination in
reducing surface discolouration as well as oxidative enzymes activities of apple slices
(cv. Golden Delicious and Elstar) exposed to air at room temperature for 0, 30 and 60
min. The total colour change (ΔE) for Golden Delicious was equal to 2.38, 2.68, and
4.05 after 0, 30 and 60 min of air exposure, respectively. Dipping in AA solution (1 %
w/v) was found to be the best treatment to limit surface discolouration of both apple
cultivars. The best heat treatments to inhibit polyphenol oxidase/peroxidase enzymes
activity were 70 °C HWB for Golden Delicious and 60 °C HWB for Elstar slices, both in
combination with a solution of 1 % AA and 1 % CA. The tested apple cultivars were
found to require different treatments at minimum ambient air exposure to obtain the
best surface colour condition.
Keywords: fresh-cut apple; antibrowning treatment; peroxidase; polyphenol oxidase;
optimisation; browning.
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4.2 Introduction
Processed product consumption trends are rapidly increasing in different food
practices due to nutritional, functional and convenience aspects (Sinha, 2012). For
example, frozen or dried apple slices are typically used in bakery or cereals applications
to meet nutritional and food security needs (Liu et al., 2016; Weaver et al., 2014).
Therefore, the apple processing industry aims to design products characterized by
sensory and nutritional properties similar to those of fresh produce to fulfil consumer
demands. The fresh-like products are made by applying different chemical additives
during processing operations. Table 4-1 provides a list of pre-treatments that have
been previously applied in fresh-cut apple to minimize the discolouration and enzyme
activities (EA). Sulfur dioxide (SO2) or sulfites (SO3

2-

) are added to foods to control

enzymatic and non-enzymatic browning, microbial growth, as reducing agents or
antioxidants. However, they are not permitted in the organic food production sectors.
This is due to adverse side effects on asthmatics and restriction by the US Food and
Drug Administration (Martin-Belloso and Fortuny, 2011).
More than 50 per cent of foods susceptible to browning are wasted due to
discolorations caused by enzymatic reactions (Lee and Whitaker, 1996). Undesirable
endogenous enzymatic reactions occur at intermediate processing operations such as
washing, cleaning, sorting, peeling, coring and cutting (Kim et al., 2018). Polyphenol
oxidase (PPO) and peroxidase (POD) are the two enzymes responsible for the oxidative
browning reactions. These enzymes are present in almost all plants, but most
abundantly active in fruits such as apples (Oke et al., 2012; Queiroz et al., 2008). During
cutting operations, the fruit cell ruptures allowing oxygen in the air to react with the
PPO and substrate thereby causing browning (Yildiz, 2019). PPO catalyzes the
oxidation of monohydroxy phenols (phenol, tyrosine, p-cresol) to o-dihydroxy phenols
(catechol, dopamine, and adrenaline) and dehydrogenation of o-dihyroxy phenols to
o-quinones producing melanins which manifest as brown colour in the foods (Jukanti,
2017; Li et al., 2019). Additionally, enzyme activity leads to the deterioration of
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nutritional quality, flavor and shelf life of the products (Ioannou and Ghoul, 2013). In
this context, apples are more vulnerable to browning reactions because of the
presence of various phenolic compounds such as chlorogenic acid, which are oxidized
to quinones by the PPO. Subsequently, quinones are polymerized with other quinones
and amines to form brown pigments (Bisswanger, 2014; Burke, 2010; Taranto et al.,
2017). Phenolic compounds present in apples vary with cultivars, environmental
parameters, agronomic practices, harvesting and storage conditions (Cofelice et al.,
2019; Li et al., 2019). Therefore, it is essential to control the pre-processing conditions
accurately to avoid the discolouration caused by enzymatic activities, losses of
nutrients, weight and colour change (Han et al., 2019).

53

Table 4-1: Description of different treatments applied on different cultivars based upon previous research.
Apple cultivar

Fuji

Braeburn

Fuji apple – 1.5 cm
cubes

Pre-treatments

(i) 0.5 % CA (ii)
exposed to UV-C
lamp; (iii) dipped in
CA + exposed to UV-C;
(iv) Control – 5 min
dipping time

(i) 55 °C Hot water
(HW) treatment (ii) 65
°C HW- treatment for
30 s – immersed in
AA/CA solution (40 g
AA and 20 g citric acid
in 1 L deionized
water) for 5 min
i) 0.5 % Ascorbic acid
(AA); ii) 0.5 % cysteine
(CS); iii) Distilled
water (DW); iv) 0.01 %
Chlorinated water
(CW) – 2 min dipping
time

Conditions

-After treatment,
fresh-cut apples were
placed in plastic foam
tray (15 X 21 X 2.5
cm) and wrapped
with PE cling film and
stored at 5 ± 2 C for
15 days

Parameters
measured

Results

-TPC
-Phenolic compound
-Δ E
-PPO

-CA has negative
impact on Δ E
compared to control
-UV and UV + CA:
reduce BI
-UV, CA and CA + UV
treatments: inhibit
PPO activity (P < 0.05)
-UV + CA: control BI,
lowering the
microbial activity and
PPO activity

-Tissue strength
-Browning index (BI)
-Total soluble solid
(TSS)
-Titratable acidity (TA)
-Vitamin C
-Microbial analysis

-Apple slices were
stored immersed in
sugar syrup in pails
for up to 13 days

-Stored in low density
polyethylene (LDPE)
bags without sealing
in the dark at 4 °C, 90
% RH for 7 days
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-Polyphenol oxidase
activity (PPO)
-Total Phenolic
content (TPC)
-Browning Index (BI)
-Color changes (Δ E)

Source

Chen et al., 2016a

-HWT at both 55 °C
and 65 °C had positive
effect on important
quality parameters
such as TSS, TA or
vitamin C

Rux et al., 2019

-0.5 % CS: to control
PPO activity and BI
-CS and AA: lower the
TPC

Jeong et al., 2008

Golden delicious (GD);
Cripps Pink (CP) – 1
cm

i) control; ii) 1 % w/v
AA and 0.2 % w/v
Citric acid (CA)
with/without
ultrasound; iii)1 % w/v
Ca-ascorbate
with/without
ultrasound – 3 min
dipping time

Golden delicious

(i) Blanched in a
deionized water bath
at 100 °C - 4 min; (ii)
Control /unblanched

Golden delicious – 14
mm

i) AA; ii) CA;
(iii) Sodium Chloride
(NaCl)
iv)potassium
metabilsulfite (PBS);
(v) 1g/L AA + 1g/L CA;
(vi)PBS + CA; (vii) AA +
NaCl
(a) AA 1 g/L and CA 1
g/L; AA
1 g/L and CA 2 g/L; AA
10 g/L and CA lg/L; AA
10 g/L and CA 2 g/L;
(b) PBS 0.1 g/L and CA
1 g/L; PBS 0.1 g/L and
CA 2 g/L; PBS 0.3 g/L
and CA 1 g/L; PBS 0.3
g/L and CA 2 g/L; (c)
AA 10 g/L and NaCl
0.2 g/L; AA 10 g/L and
NaCl 0.5 g/L; AA 10
g/L and NaCl 1 g/L

-After the treatments,
pieces were
immediately
packaged in 20 X 20
cm bags with
modified atmosphere

-Freeze dried and
stored in a dark under
vacuum at – 20 °C
until used.

-Samples were
dripped for 2-3 min
and kept at 2 °C prior
to analysis

55

-Δ E

-Combination of AA
and CA with
ultrasound: to reduce
ΔE
-Ca- ascorbate: best
treatments
-GD shows endure
browning better than
CP

-Δ E
-Antioxidant content
-Antioxidant activity

-Control sample:
better Δ E > blanched
sample
stored at 40 °Cat aw <
0.32
-High PPO in
unblanched apples
stored at the 0.56 aw
level at 20 °C
-Catechin is the most
unstable phenolic
compounds in both
conditions

-PPO activity

- 1 % AA + 0.2 % CA:
best treatment
-0.05 % NaCl + 1% AA:
completely inhibit the
PPO enzymes
-The concentration
between 0.2-10g/L of
AA, CA, NaCl
individual application
has low impact on
inhibiting the PPO
activity
-10g/L AA + 2g/L CA:
inhibited 87 % the
PPO activity
-10 g/L AA + 0.5 g/L
NaCl: completely
inhibited the PPO
activity

Putnik et al.,2017a

Lavelli and Caronni,
2010

Pizzocaro et al., 1993

(d)control dipped in
deionized water – 5
min

Granny Smith

(i)10 µL/L Nitric oxide
(NO) exposure;
(ii)Diethylenetriamine
/nitric oxide, DETANO
treatment – 2 hours

-Stored at 5 °C

-PPO activity

-Effect of treatments
is DETANO<NO gas
<water<untreated
-PPO activity
increased with
storage period (6
months<3 months< 0
months)

Granny Smith

(i)CA + Ca- ascorbate
+ NAC, and CA +AA
+NAC. Tested levels
for AA/Ca ascorbate
were 0–7 % with 3.5
% as center points;
and for NAC, the
levels tested were 1–2
% - 3 min dipping time

-Placed into zipper
sealed bags (15.2
X12.7 cm) and stored
at 4 C for 21 days

-Colour CIELAB
parameters

-Combinations of 4 %
CA, 3–4 % AA and
1.5–2.0 % NAC: the
best combination pretreatments

-Δ E
-BI

-Fresh-cut processing
act differently
affected different
apple cultivars
-GD and Cripps Pink
showed the least Δ E
and BI
-Air exposure showed
largest influence on BI
regardless of cultivar
from 60 to 180 min
storage
-CIELab variables
remained unchanged
during 60-180 min of
storage.
-Ca-ascorbate: best
antibrowning solution

Idared, Golden
Delicious, Gala,
Gloster, Cripps Pink,
Braeburn, and Fuji – 1
cm thick

(a) Control; (b) AA
(1%, w/v) and CA
(0.2%, w/v); (c) AA
(1%, w/v)1NaCl
(0.05%, w/v); (d) NaCl
(1%, w/v); (e) CA (1%,
w/v), and (f) Caascorbate (1%, w/v)

-Apple slices storage
times (0, 30, 180,
1440 min)
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Huque et al., 2013

Fan et al., 2018

Putnik et al., 2017b

Royal Gala – 1 cm

i) 5 g/L Carrageenan,
20 g/L alginate,
Exopolysaccharide
(EPS) 5 g.L–1, EPS 10
g.L–1, 5 g/L pectin or
2 g/LCMC solutions- 2
minutes dipping time

-Stored in the boxes
(polypropylene, l * w
* h: 105 * 75 * 55
mm). All the boxes
were covered with a
lid, but not closed to
not create a modified
atmosphere; then,
they were stored at
4°C

-Colour CIELAB
parameters
-PPO activity

Jonagored red – 1.5
cm

i)42.6 mM AA (0.75%
w/v); ii)21.3 mM AA +
33.8 mM CC and 14.2
mM AA + 22.5 mM CC
+ 13.0 mM CA

-Cubes were stored in
open glass jars at 4 °C
and atmospheric
pressure for 7 days in
the dark

-Colour CIELAB
parameters
-BI
-TPC
-PPO

Red delicious (RD) and
Granny Smith (GS)

i)100 mg/L ClO2;
ii)100 mg/L ClO2 + 3
% AA

-Each sampling time
at 0, 48, 96 h after
cutting were stored at
4 °C

-PPO
-POD
-BI
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-A good correlation
between the colour
and the PPO activity
of the coated apple
cubes.
-Pectin solution was
the best coating to
reduce the PPO
activity
-AA: best treatment
-Large correlation
were found between
colour parameters
and the total phenolic
compounds
-A negative
correlation observed
between L* value and
BI
-No correlations were
observed between
PPO activity, colour
parameters, BI or TPC
-At 0 h, BI in GS is
lower than RD
-At 48 h, ClO2 + AA
had lower BI, inhibit
PPO and POD activity
on both RD and GS
slices
-GS has lower PPO
activity compared to
RD

Bertrand et al., 2015

Roch and De Morais,
2005

Remorini et al., 2015

Consumer awareness on the different type of ingredients applied in the processed
foods is increasing (Minatel et al., 2017). At the same time, the idea of organically
produced food is growing in most part of the world because people are getting more
concerned about their health and environment aspects (Tison, 2012). Therefore, the
production of diversified food products without using chemical ingredients such as
sodium metabisulphate has become primacy matter of concern in the food processing
industries. Moreover, new advanced techniques such as high hydrostatic pressure
(HHP) have emerged to preserve the nutritional content and colour of final dried
products (Iqbal et al., 2019; Tylewicz et al., 2019). However, the application of these
sophisticated techniques might be challenging to small and medium (S&M) scale
processing units due to lack of technical knowledge and economic cost. Therefore,
application of blanching and use of ascorbic and citric acid, which are cost effective
and easy to use might be helpful to minimise the browning of dried apple slices and to
maintain their nutritional content.
Previous studies have focused on several antibrowning pre-treatments such as calcium
ascorbate with ultrasound to reduce the enzymatic activity in apple slices. These pretreatments might be difficult to apply for S&M scale processing units. Thus, there is a
need of technique that could be easily application and cost effective. Based on the
author’s knowledge, no studies have been documented related to the combined effect
of acids (ascorbic or citric acid) and blanching pre-treatment (hot-water or steamblanching) on Golden Delicious and Elstar apple cultivars. Additionally, less attention
has been given to the duration of air exposure after the pre-processing stage and most
of the studies have focused on the storage duration (Abbasi et al., 2013; Chisari et al.,
2008). This study aims to test the potential of physical and chemical treatments, alone
and in combination, and to find out the best pre-treatments to reduce the browning
development of apple slices from two cultivars exposed to air at room temperature.
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4.3 Materials and Methods
4.3.1 Raw material
Apples of cv. Golden Delicious and Elstar originating from Germany were purchased
from a local supermarket Edeka (Goettingen, Germany) and a farm of the University
of Kassel, Hessische Staatsdomäne Frankenhausen, (Grebenstein, Germany),
respectively. The apples were stored at 4 °C until use in experiments.
4.3.2 Reagents and Chemicals
All chemicals and reagents used in the experiments were of analytical grade. Disodium
phosphate (Na2HPO4), monosodium phosphate (NaH2PO4), dipotassium phosphate
(K2HPO4), monopotassium phosphate (KH2PO4), catechol, guaiacol, hydrogen
peroxide, polyvinylpolypyrrolidone (PVPP) and Triton X100 were purchased from Carl
Roth (Carl Roth GMBH + Co.KG, Karlsruhe, Germany). Deionized water was used in the
preparation of solutions and buffers.
4.3.3 Sample preparation
Apples of uniform size and colour wereselected for the experiments. The apples were
cored using a stainless-steel corer of 250 mm (Lurch, Hildesheim, Germany) and sliced
to 5 mm thickness using an electrical slicer (Graef, Allesschneider Vivo V 20, Arnsberg,
Germany). Apple slices were cut into equal outer diameter using a cookies dicer of 620
mm diameter (Lurch, Hildesheim, Germany). The sample preparation was performed
at ambient temperature for 2 min.
A total of 192 apples were used for the experiments. Each apple was sliced to 3 slices
and each slice was exposed to air for 0, 30 and 60 min respectively. The average values
of measurements on 3 apple slices were calculated for each run. Colour determination
and PPO/POD extraction were carried out in triplicate for the three exposure times.
4.3.4 Sample characterization
A digital refractometer (OPTECH GmbH, München, Germany) was used to measure
total soluble solid content (TSS) in the two apple varieties. TSS was expressed as a
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percentage. The pH of the juice extracted from the apples was measured using a digital
pH meter (Inolab digital pH meter, Wissenschaftlich-Technische Werkstätten,
Weilheim, Germany). Titratable acidity (TA) was determined using a standard titration
method described by (Bartolini et al., 2015). TA was expressed as gram (g) of malic acid
per 100g Fresh Weight (FW). Moreover, the TSS / TA ratio was also calculated by
dividing the TSS values by TA values.
4.3.5 Anti-browning treatments
Slices of both cultivars were treated using blanching and dipping treatments, alone
and in combination. The blanching treatment consisted of (1) hot-water blanching
(HWB) at 50, 60 and 70 °C, (2) steam blanching (SB) at 65, 75 and 85 °C, and (3) control
(no blanching). Both blanching treatments were performed in a water bath with a
maximum capacity of 22 L with interior dimension of 350 x 220 x 290 mm (Memmert
GmbH Co, WNB22, Schwabach, Germany). Steam blanching involved injecting steam
through an equally stainless-steel perforated wire tray with stands in which apple
slices were placed. During both water and steam blanching treatments temperature
was monitored with a K292 data logger thermometer (Voltcraft, Hirschau, Germany).
Dipping treatments were performed using anti-browning agents by using (1) 1 % AA
(ascorbic acid), (2) 1 % CA (citric acid) and (3) 1 % AA + 1 % CA solutions as well as (4)
control (no dipping). All blanching and dipping treatments were carried out for 3 min
(Chen et al., 2016a; Heras-ramírez et al., 2012). All treated samples were exposed to
air at room temperature and analytical measurements were performed at 0, 30 and
60 min of air exposure.
4.3.6 Colour Assessment
The colour of apple slices was measured with a Chroma Meter CR-400 colorimeter
(Minolta, Osaka, Japan). The mode used for acquiring data was CIE Standard Illuminate
C and 2° observer angle. The colorimeter was calibrated using a standard white
reflector plate with values of Y (92.4), x (0.316) and y (0.3322). Four replications were
carried out for each sample by performing two colour measurements on each side of
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the apple slice. The results were expressed in the CIELab colour space in terms of
luminance (L*), redness (a*), yellowness (b*). Moreover, the browning index (BI, eq.
1) and the CIE 1976 colour difference (ΔE, eq. 3) (Aguayo et al., 2015; Moscetti et al.,
2013) were both calculated by comparing colour coordinates taken before and after
treatment at 0, 30 and 60 min of exposure to air. BI and ΔE*were acquired to obtain
complementary information related to changes in colour during air exposure at room
temperature. The BI indicates brown colour purity of the food products rich in sugar
(Perez-Gago et al., 2006).
BI =

(𝑥 − 0.31)
100
0.172

(4 − 1)

Where, x is the chromaticity coordinate calculated from the XYZ tristimulus values
according to the following formula

x =

(a∗ + 1.75 L∗ )
5.645 L∗ + a∗ − 3.012 b ∗

(4 − 2)

The change in colour ΔE is calculated by using following formula
1

𝛥𝐸 = ( 𝛥𝐿2 + 𝛥𝑎2 + 𝛥𝑏2 )2

(4 − 3)

Where,
∆𝐿∗ = 𝐿∗ − 𝐿∗0 ; ∆𝑎∗ = 𝑎∗ − 𝑎0∗ ; ∆𝑏 ∗ = 𝑏 ∗ − 𝑏0∗
The subscript ‘0’ refers to the initial colour parameters of each sample at the beginning
of experiment.
4.3.7 Enzyme Activity Assessment
PPO and POD enzyme activities were both measured with a mod. HP 8453 UV - Vis
spectrophotometer system (Agilent Technologies GmbH, Waldbronn, Germany)
following the protocols described by Furumo and Furutani, (2008) and Zhang and
Shao, (2015), with some modifications.
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Approximately 10 g of sample were homogenized with 20 mL sodium phosphate buffer
(PBS, 0.1 mol/L, pH 6.5) containing 1.5 % (w/v) polyvinylpolypyrrolidone and 1 % (v/v)
Triton X100. The homogenization was performed under ice-cooling by using an Ultra
Turrax T25 (IKA Instruments Ltd, Staufen, Germany). The mixture was centrifuged at
12,400 x g for 20 min at 4 °C using a centrifuge mod. Eppendorf 5416 (Eppendorf
GmbH, Hamburg, Germany). The supernatant was then filtered through a MachereyNagel (MN) 640 w filter paper. Finally, the crude enzymatic extract was stored at -80
°C until use. PPO enzyme activity was measured using a reaction mixture containing
1.5 mL of catechol (40 mmol L-1), 2.3 mL of PBS (0.1 mol L-1, pH 6.5) and 0.2 mL of crude
enzyme.
POD enzyme activity was assayed using a reaction mixture containing 0.15 mL of
guaiacol, 0.05 mL of H2O2 (1% v/v), 2.3 mL of PBS (0.1 mol l-1, pH 6.8) and 0.5 mL of
the enzyme extract.
PPO and POD enzyme activities were measured as changes in absorbance at 420 nm
and 470 nm, respectively. Absorbance values were recorded every 2 seconds for 2 min
upon oxidation of the substrate catalysed by the enzyme. One unit of enzyme activity
(1 UEA) was defined as an increase in absorbance of 0.001 min-1.
4.3.8 Design of Experiments
In this study, a multilevel 4 factor-fractional design was chosen in a split-plot design as
shown in Table 4-2. The study was accomplished in 64 runs in 14 main plots to describe
the colour changes and enzymatic activity in apple slices from two cultivar. The
software Design-Expert 10.0.5 (Stat Ease Inc, 2016) was used to formulate the design
and for data analysis.

62

Table 4-2: Factors and responses included in the experimental design.
Factor name

Factor type

Water Source

Hard-to-change

Levels

Description

Control

No treatment

HWBa 50 °C

Hot-water blanching at 50 °C

HWBa 60 °C

Hot-water blanching at 60 °C

HWBa 70 °C

Hot-water blanching at 70 °C

SBb 65 °C

Steam blanching at 65 °C

SBb 75 °C

Steam blanching at 75 °C

SBb 85 °C

Steam blanching at 85 °C

Elstar
Apple variety

Easy-to-change
Golden Delicious

Dipping in CAc

Dipping in AAd

Control

0 % (w/v) citric acid

1 % CAc

1 % (w/v) citric acid

Control

0 % (w/v) ascorbic acid

1 % AAd

1 % (w/v) ascorbic acid

Easy-to-change

Easy-to-change

HWBa – hot-water blanching; SBb – steam blanching; CAc– citric acid; AAd– ascorbic acid.

4.3.9 Statistical analysis
Split-plot design was designated to conduct the experiments, where the Restricted
Maximum Likelihood (REML) approach was adopted to estimate unbiased variance
components. The split-plot design divides the experimental runs into two strata: the
whole plots and subplot runs. A whole plot is a group of runs where the hard-to-change
factor is set up and the individual subplot runs consists of easy-to change factors (Jones
and Goos, 2009). The final model (i.e. general linear model) was obtained by applying
a backward selection strategy. At the beginning, a full model with all available terms
up to 2nd order interactions and quadratic terms was built. The goodness-of-fit of the
polynomial equation was characterized by the coefficient of determination (R 2). The
difference between the R² and adj. R² was minimized via iterative model selection, to
get a robust model for prediction. All non-significant (α > 0.05) terms were eliminated
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stepwise from the model in compliance with the hierarchy basis. Thus, the final model
contains only significant terms considering the hierarchy of the model. Graphical tools
were used to identify deviation against basic model assumptions. In case of
heterogeneity and non-normality of the residuals, a statistically useful and technically
relevant transformation to the response variables was carried out. Furthermore,
ANOVA was performed to evaluate the significant effect of each factor at a probability
at 95 % confidence level (Yolmeh et al., 2014). The coefficient estimates were
determined in coded units; therefore, the actual factor levels were standardized on a
range from -1 for the lowest actual level to +1 for the highest actual level for each
factor. Since all estimators were computed in standardized form, the leverage of a
factor was directly interpreted in the same units as the response variable. Derringer’s
desirability function was applied to find the experimental conditions (factor levels) to
reach and the optimal value for all the evaluated variables during the optimization
procedure. Individual desirability indices for each response were determined using the
fitted models and establishing the optimisation criteria. A combined desirability index
was then built for all responses to balance out conflicting goals to find an overall
optimum value. Desirability take values between 0 and 1, with 0 for undesirable
values, and 1 representing a completely desirable value (He et al., 2012). The value of
desirability, however, depends on the severity of the goals being defined. It can thus
be interpreted in relation and serves only as a mathematical criterion for the
optimisation algorithm. In any case, the highest value reached is also the operation
point at which the global goal is best reached.
Only treatments which showed residual PPO/POD enzyme activity higher than 0 were
included in the experimental design. The output focused on the optimum findings and
best solution regulating the settings of the targeted goal (i.e. minimising the colour
change and the residual EA on apple slices). Data from sample characterization (i.e.
TSS, TA, pH, and TSS / TA ratio) were analysed through the pairwise comparison t-test
by using the SPSS 24.0 software (SPSS Inc, 2016, Chicago, IL, USA).
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4.4 Results
4.4.1 Apple fruit characterization
Table 4-3 indicates a significant difference (p < 0.05) in TSS, pH, TA and TSS / TA ratio
between the two cultivars. The highest TSS / TA ratio was observed in Golden Delicious
cultivar. This result was consistent with findings by Jaros et al. (2009) and Petkovska
et al. (2016), which showed Elstar cultivar to have a higher titratable acidity, lower pH
and lower TSS / TA ratio. Moreover, the findings showed apple cultivars to constitute
different chemical compositions consistent with the findings of Pires et al. (2018);
Wolfe et al. (2003); Drogoudi and Pantelidis (2011). The higher TSS / TA ratio of Golden
Delicious reflects both a sweet flavour and higher susceptibility of the fruit to browning
reactions during processing operations due to a higher sugar content. In addition, the
chemical properties of apples (i.e. sugars) could accelerate the Maillard reactions (MR)
which also contributes to browning (Manzocco et al., 2000).
Table 4-3: Chemical characteristics of the apple fruits from the two varieties studied in the
experimentation.
Cultivar
Parameters

Golden Delicious

Elstar

TSS (%)

11.6 ± 0.2a

13.16 ± 0.15b

pH

3.74 ± 0.02a

3.39 ± 0.03b

TA (meq malic acid/100g FW)

2.23 ± 0.24a

4.11 ± 0.15b

TSS / TA

5.23 ± 0.52a

3.21 ± 0.14b

Results are presented as mean ± standard deviation of the mean. Row mean values
followed by the same letter of significance are not different according to LSD (p < 0.05).

4.4.2 Numerical optimization for colour changes of apple slice surface
In the present study, the optimal output was achieved through the simultaneous
optimisation of multiple responses using the desirability function. Specifically, the
goals were combined into an overall desirability index. Additionally, an individual
response was shown at the optimum point. Under the optimized conditions, total
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desirability indices of 0.883 (Elstar) [Figure 4-1 a] and 0.871 (Golden Delicious) [Figure
4-1b] were obtained.
Samples dipped in a 1 % AA + 1 % CA solution revealed an optimum result for slices
from both cultivars minimising the brown colour development. The total colour
difference (ΔE) was more pronounced in Golden Delicious in comparison to Elstar,
after 60 min of air exposure (Figure 4-2). Thus, this gives a clear indication that the two
cultivars have differential susceptibility to browning caused by EA (Janovitz-Klapp et
al., 1989; Persic et al., 2017). Moreover, results highlighted that browning
development intensified when an apple slice was exposed to air for a long time.
In this study, blanching treatments were not effective in reducing the browning
reactions of the investigated slices. Our findings are consistent with results from Lavelli
and Caronni (2010), which showed blanched apples were darker in colour than unblanched ones. This might be due to a loss of cellular integrity due to the pre-heating
treatment which enhanced the browning rate. Nevertheless, enzyme activity was
inhibited by the blanching treatment resulting in a lower enzyme activity in blanched
apples. The applied blanching temperatures were effective in deactivating the
enzymes but degradation of several natural pigments such as flavonoids (Richter and
Häder, 2019) might also have occurred when exposed to heat leading to browning.
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Figure 4-1: Numerical optimization for surface colour development of Elstar slices
subjected to treatments and exposure to air at room temperature for 0, 30 and 60 min. Red
dot = factors; blue dot = responses. Climbing up the response ramps means more desirable
value.

Figure 4-2: Numerical optimization for surface colour development of Golden Delicious
slices subjected to treatments and exposure to air at room temperature for 0, 30 and 60
min. Red dot = factors; blue dot = responses. Climbing up the response ramps means
more desirable value.
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Table S-1 (see the Supplement Material) presents the ANOVA, where the cultivars
show a significant effect on PPO and POD and colour parameter (L* and b*) at 0 min,
30 min and 60 min air exposure timing. However, a* parameter at 0, 30 and 60 min
was not significant for both cultivars. Water blanching showed a significant effect in
30 min and 60 min waiting time for PPO and POD activity and all CIELab colour
parameters. The effect of Ascorbic acid was significant on most of the responses
except for L* and b* at 0 min air exposure timing. Citric acid and interaction effect
(ascorbic acid-variety, water source-variety) were non-significant for most of the
responses, except POD, thus these factors were eliminated from the model in
compliance with the hierarchy approach.
4.4.3 Effect of treatments on the development of the CIE 1976 colour difference
(ΔE)
As already stated, development of both ΔE and BI were more pronounced for Golden
Delicious samples. This might be due to the higher concentration of chlorogenic acid
in the Golden Delicious variety (Kalinowska et al., 2014). Chlorogenic acids act as a
prominent substrate for PPO and POD EA, thus, accelerating the browning reaction
(Janovitz-Klapp et al., 1987; Taranto et al., 2017). Perhaps, the higher level of sorbitol
in the Elstar apple partially inhibited the oxidative enzyme activity and helped to
prevent browning processes (Hecke et al., 2006; Riva et al., 2005).

68

69

Figure 4-3: Changes in the CIE1976 colour difference (ΔE) on slices (cv. Golden Delicious)
at 0 (a), 30 (b) and 60 min (c) of air exposure. No = no physical and/or chemical
treatment (control); HWB = hot-water blanching; SB = steam blanching; X1 = a: Water
Source; X2 = D: Variety; B: Citric acid 1% = No; C: Ascorbic acid 1%= no; red point = D1
Golden Delicious; green point = D2 Elstar.

There was no difference in colour change ΔE between control sample at 0 min and AA
dipped sample at 0 min. However, with increase in air exposure (i.e., at 30 min and 60
min), the colour change was more pronounced in the control sample compared to
sample treated with AA solution (Figure 4-3). The anti-browning effect of AA treatment
was much more distinguishable in 70 °C HWB than for the other treatments used.
Remarkably, the ΔE increased after 60 min of air exposure in the control samples
(Figure 4-3 c). The effect of CA did not show a significant difference in the applied
treatments (Table S-1). The ΔE was very high when a heat treatment was applied. This
can probably be ascribed to the occurrence of MR, in which the high content of sugar
(mainly fructose in apple fruit) reacts in presence of heat source resulting to
discolouration (Hecke et al., 2006; Laroque et al., 2008). At the higher water blanching
temperature, the ΔE increased. This might be due to a fast AA degradation when cells
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were disrupted, thus, Maillard reaction was accelerated (Rawson et al., 2011).
However, the addition of AA reduced the ΔE at both 50 and 60 °C HWB treatments. On
the contrary, a pronounced increase in the ΔE in the slices (cv. Golden Delicious) was
distinctive for the 70 °C HWB in combination with a dipping solution of 1 % AA.
4.4.4 Effect of treatments on changes in L* and a* values
Figure 4-4 showed trends of luminance (L*) for both Golden Delicious and Elstar slices
before applying treatments (Figure 4-4 a) and after applying treatments measured at
0, 30 and 60 min (Figure 4-4 b, 4-4 c and 4-4 d).
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Figure 4-4: Changes in luminance (L*) on slices (cv. Golden Delicious [red colour] and Elstar
[green colour]) before applying treatments (a) and at 0 (b), 30(c) and 60 min (d) of air
exposure. No = no physical and/or chemical treatments (control); HWB = hot-water
blanching; SB = steam blanching; X1 = a: Water Source; X2 = D: Variety; B: Citric acid 1% =
No; C: Ascorbic acid 1%= Yes; red point = D1 Golden Delicious; green point = D2 Elstar.

Figure 4-5: Changes in the redness (a*) on slices (cv. Golden Delicious and Elstar) before
applying treatments (a) and at 0 (b), 30 (c) and 60 min (d) of air exposure. No = no physical
and/or chemical treatments (control); HWB = hot-water blanching; SB = steam blanching; X1
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= a: Water Source; X2 = D: Variety; B: Citric acid 1% = No; C: Ascorbic acid 1%= Yes; red point
= D1 Golden Delicious; green point = D2 Elstar.

Figure 4-5 a and b indicated redness (a*) of Golden Delicious and Elstar slices
respectively at control conditions and 0 min (immediately applying the treatments).
When air exposure was extended beyond 30 min, both cultivars did not show a
significant difference of a* (Table 4-3) which is also shown by Figure 4-5 c and 4-5 d.
Considerably, lower L* values and higher a* values were observed up to 60 min of air
exposure for Golden Delicious slices. Based on the results from ANOVA (Table S.4), the
application of AA and CA, alone or in combination, did not significantly affect the L*
value at different air exposure. However, with prolongation of exposure time (i.e. up
to 60 min) the L* value decreased for slices treated with hot-water blanching at 70 °C
(Figure 4-4). The tendency of browning in different cultivars is well perceived because
of variation in characteristics of flesh, skin colour and browning potential (Toivonen
and Brummell, 2008). Delgado-Pelayo et al. (2014) and Crichton et al. (2018)
mentioned that apples consist of several pigments such as flavonoids that might also
be the cause of colour deterioration on the product’s surface. Redness (a*) of slices
from both cultivars did not show significant differences when exposed to air for 30 and
60 min. Thus, in our case, when slices were exposed for extended periods before
processing, changes in a* value were not significant regardless of cultivars (Table S.4).
The 70 °C HWB treatment was observed to be the worst as it significantly decreased
L* and increased a* in both cultivars. Eventually, the temperature at 70 °C was
sufficient to inactivate the enzymes, while apple slices lost the tissue integrity with cell
breakage, facilitating more contact to air and the release of endogenous enzymes. The
enzymes ultimately encountered substrates in different cell compartments, resulting
to surface colour changes. Moreover, the opening of the cellular pores during the
heating process might have led to the induction of secondary product synthesis,
including a variety of phenolic compounds. Therefore, blanching treatments can have
an adverse effect on cell membranes that might deteriorate in different ways such as
changes in composition, structure, function or the loss of protein functionality
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(Gonzalez and Barrett, 2010). Decreases in luminance (L*) and yellowness (b*) and
increases in redness (a*) of Golden Delicious apple slices, treated with hot-water
blanching at 100 °C for 4 min, were also reported by Lavelli and Caronni (2010).
4.4.5 Assessment of oxidative enzymes activity at optimum goals
Our findings showed the two apple cultivars to have different PPO/POD enzymes
activity. Both specific enzyme activity and substrate availability, such as the total
phenolic content, might influence the extent of the apples’ browning (Amiot et al.,
1992; Coseteng and Lee, 1987).
A low PPO and POD activity was achieved on Golden Delicious slices (Figure 4-6 a)
when treated with 70 °C HWB + 1 % AA + 1 % CA and Elstar slices (Figure 4-6 b) with
60 °C HWB + 1 % AA + 1 % CA as shown by the desirability index with a better prediction
value.

Figure 4-6: Optimum treatment for both polyphenol oxidase (PPO) and peroxidase (POD)
enzymes activities on Golden Delicious (a) and Elstar (b) slices expressed as desirability
index. No = no physical and/or chemical treatments (control); HWB = hot-water blanching;
SB = steam blanching.
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Figure 4-7: Polyphenol oxidase activity on treated slices (cv. Golden Delicious) exposed to air
at room temperature for 0 (a), 30 (b), and 60 min (c). No = no physical and/or chemical
treatments (control); HWB = hot-water blanching; SB = steam blanching.

75

Figure 4-8: Peroxidase activity on treated slices (cv. Golden Delicious) exposed to air for 0
(a), 30 (b), and 60 min (c). No = no physical and/or chemical treatments (control); HWB =
hot-water blanching; SB = steam blanching.

As expected, 70 °C HWB + 1 % AA + 1 % CA was found to be the optimum treatment
to inhibit both PPO and POD activity in Golden Delicious slices (Figure 4-7 and 4-8).
This is most probably because diffusion processes were enhanced at higher
temperatures. According to Rico et al. (2007) AA acts more effectively when combined
with other pre-treatments such as thermal treatment or citric acid. In this study, AA
treatment showed a significant effect on several treated apple slices. The efficacy of
AA seemed to control enzymatic browning. It is well known that AA reacts with oxygen
and reduces o-quinones produced by PPO-catalysed oxidation of polyphenols, back to
dihydroxy polyphenol. These findings are consistent with the results of Chow et al.,
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(2011); Jang and Moon, (2011). However, the effect of ascorbic acid is temporary.
Lamikanra and Watson, (2001) found that AA was incapable of inactivating PPO
activity of cantaloupe melon. The reason might be due to oxidation of AA entirely and
formation of browning pigment by the accumulation of o-quinone (Javdani et al.,
2013). Furthermore, Yemenicioglu et al. (1997) detected polyphenol oxidase enzymes
in the Golden Delicious apple cultivar are entirely deactivated at 68 °C which is close
to the 70 °C temperature investigated in this study. Moreover, water used in 70 °C
heat treatment might be enough to retard gas exchange resulting in oxygen deficiency
and accumulation of carbon dioxide (Kim et al., 1993).
Both PPO and POD were inactivated with steam blanching at 75 °C and 85 °C. However,
the resulting ΔE in those samples was undesirable. Apparently, PPO denatured in the
temperature range of 50-70 °C which may be due to the tertiary structure changes.
Therefore, high-temperature blanching is necessary to control the enzymatic
browning caused by both PPO and POD enzymes (Rojas-Graü et al., 2008). Meanwhile,
brown colour development in apple slices might be ascribed to both ascorbic acid
oxidation and Maillard reaction in the presence of heat treatment (Manzocco et al.,
2000).
As expected, the effect of heat treatments on the POD activity were lower than on
PPO activity, irrespective of treatments and air exposure time. However, assessment
of POD is essential as it enhances the browning reactions of PPO. Moreover, to monitor
the thermal treatment, POD is frequently used as indicator enzymes due to its higher
thermal stability and easiness in being assayed. In fact, the POD inactivation allows the
reasonable assumption that other quality-deteriorative enzymes are also inactivated
(Moscetti et al., 2017; Moscetti et al., 2018b). Further, POD may be responsible for
enhancement of degradation of phenols when coexisting with PPOs (Taranto et al.,
2017).
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4.5 Conclusions
This study investigated the effect of physical and chemical treatment and combination
of these treatment to reduce browning on apple slices at three different air exposure
durations at room temperature. Both ‘Elstar’ and ‘Golden Delicious’ showed a similar
pattern of minimal colour change at the beginning of the experiment. However, the
two apple cultivars (Golden Delicious and Elstar) showed great variation of colour
discolouration and sensitivity to the EA with the applied treatments at 30 min and 60
min air exposure at room temperature. The effect of treatments was noticeable
significantly only after 30 min of air exposure on both cultivars. From this study, it was
clear that each cultivar requires specific treatments to counteract the browning of
fresh-cut apple slices. Treatment of apple slices with AA was effective in minimising
the discolouration at the beginning of processing but incurred higher browning
sensitivity with prolongation of air exposure at room temperature. Higher blanching
temperature reduced the EA but did not prevent the surface colour change. At 60 min
exposure time, the L* value decreased for slices treated with hot-water blanching at
70 °C. Thus, the worst results for total colour change and browning index were
obtained using the 70 °C HWB in a combination with 1 % AA +1 % CA. However, the
effect of HWB was substantial to reduce EA. Accordingly, the anti-browning effect and
reduction of EA behaved contrary to each other under the applied treatments. Further
investigation should be carried out to assess the effect of these applied treatments
and air exposure on final processed products such as dried apples. Moreover, further
studies to investigate the effect of different packaging and microbial activity while
exposing treated slices at ambient temperature might be of interest.
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Comparison between hyperspectral imaging and chemical analysis of
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L. Shrestha1, B. Kulig1, R. Moscetti2, R. Massantini2, E. Pawelzik3, O. Hensel1, B. Sturm1, 4
1

Department of Agricultural and Biosystems Engineering, University of Kassel, Witzenhausen,

Germany
2

Department for Innovation in Biological, Agro-food and Forest systems DIBAF - University of

Tuscia, Italy
3

Quality of Plant Products Section, Department of Crop Sciences, Faculty of Agriculture, University

of Göttingen, Göttingen, Germany
4

School of Natural and Environmental Sciences, Newcastle University, Newcastle upon Tyne, UK

5.1 Abstract
The assessment of the quality of fresh-cut apple slices is important for processing,
storage, market value and consumption. Determination of polyphenol oxidase activity
(PPO) in apples is critical for controlling the quality of the final product (i.e. dried
apples and juices). Hyperspectral imaging (HSI) is non-destructive, non-contact and
rapid food quality assessment technique. It has the potential to detect physical and
chemical quality attributes of foods such as PPO of apple. The aim of this study was to
investigate the suitability of HSI in the visible and near-infrared (VIS-NIR) range for
indirect assessment of PPO activity of fresh-cut apple slices. Apple slices of two
cultivars (cv. Golden Delicious and Elstar) were used to build a robust detection
algorithm which is independent of cultivars and applied treatments. Partial least
square (PLS) regression using the 7-fold cross-validation method and method
comparison analysis (Bland-Altman plot, Passing-Bablok regression and Deming
regression) were performed. The 95 % confidence interval (CI) bands for the BlandAltman analysis between the methods were -4.19 and 13.11 and the mean difference
was 3.7e-12. The Passing-Bablok regression had a slope of 0.8 and an intercept of 7.6.
The slope of the Deming regression was 0.8 within the CI bands of 0.56 and 1.10. These
results show acceptable performance and no significant deviation from linearity.
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Hence, the results demonstrated the feasibility of HSI as an indirect alternative to the
standard chemical analysis of PPO enzyme activity.
Keywords: Apple; browning reaction; enzyme activity; non-invasive technique;
method comparison.
5.2 Introduction
Processed foods such as fresh-cut and dried apples are becoming more popular due to
their nutritional, functional and convenience properties. However, processed apple
products encounter a challenge in meeting the quality demands of consumers (Gould,
2000). During apple processing, the occurrence of browning reactions can lead to
aesthetically unappealing final products. The development of brown pigments during
processing is an important criterion in the determination of quality of fresh-cut apples
and dried apple slices (Chiabrando & Giacalone, 2012). The colour, occurring on the
product surface, can be attributed to the activities of polyphenol oxidase (PPO) and
peroxidase (POD) enzymes and the presence of other pigments such as chlorophyll
and carotenoids (Kim et al., 2017; Richet and Häder, 2019). PPO catalyses two
reactions: the hydroxylation of monophenols to o-diphenols and the oxidation of odiphenols to o-quinones. These quinones are highly reactive molecules that react
enzymatically or non-enzymatically, forming dark brown complex polymers known as
melanins (Taranto et al., 2017). PPO and POD activities are highly dependent on the
fruit’s maturity, phenolic content and cultivar (Guan et al., 2019; Holderbaum et al.,
2010). Moreover, they also negatively affect sensory and nutritional attributes of
fresh-cut and processed products, thereby reducing consumers’ acceptance (Machado
et al., 2017; Tomás-Barberán and Espín, 2001). Therefore, the food industry has often
strived to inactivate oxidative enzymes in order to produce visually appealing products
with a close to fresh produce appearance (Sturm, 2019).
Several techniques have been extensively investigated to estimate the browning
reaction and to control the discolouration of apple slices (Pizzocaro et al., 1993; Rocha
and De Morais, 2005; Bertrand et al., 2015; Chen et al., 2016b; Putnik et al., 2017).
However, there are limited treatments that could be convenient for small and medium
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scale farmers to inhibit the PPO activity. Additionally, consumers are becoming more
health-conscious with a preference for products containing no or a low amount of
industrial preservatives. Ascorbic acid (AA), citric acid (CA), hot-water blanching
(HWB), steam blanching (SB) and their combinations could be suitable treatments for
maintaining a good visual appearance of apple slices. Moreover, these treatments
could be affordably utilized by all farmers without extensive technical background.
Previous studies have focused on destructive methods for measuring enzymatic
reactions in apples. However, these methods are time and resource consuming and
make use of chemicals during the analysis with a potential to adversely affect both
human health and the environment (Février et al., 2017; Taranto et al., 2017). In recent
years, various techniques for analysing food quality attributes have been developed to
replace standard methods. Non-invasive imaging methods, including HSI, have a
reputation of being cost-effective in the long term and could eliminate the
laboriousness associated with the traditional standard methods (Cheng et al., 2019;
Fang et al., 2019). However, the main drawback of HSI is the data dimensionality and
size. The resulting images are called data cubes with two spatial dimensions and one
spectral dimension at different wavebands, in addition to the signal noise and highly
correlated features along the spectral range. The noise and inadequate information
can be discarded by handling HSI data which consequently reduces the computational
load (Caporaso et al., 2018). HSI has been successfully applied for reliable and accurate
measurement of sensory, chemical, and physical properties of foods, such as PPO in
mushroom (Gaston et al., 2010), PPO in lychee pericarp (Yang et al., 2015), moisture
content in white button mushroom (Taghizadeh et al., 2009) and moisture content and
colour in apple slices (Crichton et al., 2018). Since PPO exists in multiple forms, its
expression may differ among species and cultivars (Li and Thomas, 2014). Algorithms
already developed from HSI for mushroom products cannot be directly transferred to
other products. Consequently, extensive experiments are required for the
development of appropriate algorithms by conducting calibration, validation and
testing.
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A robust and accurate statistical analysis is a prerequisite for the proper validation and
interpretation of new methods (Martin, 2000). Common methods for multivariate
analysis in the field of chemometrics are Partial Least Squares (PLS) regression and
Principal Component Analysis (PCA). These methods help to analyze a set of
dependent variables from a large set of independent variables or predictors (Andersen
and Bro, 2010). Models are built by extracting successive orthogonal latent factors that
maximize the covariance structure between the response and predictor variables in a
robust way. PCA is then performed on the pre-processed spectra collected from all
samples. PCA uses orthogonal transformation to convert highly dimensional and highly
correlated data into linearly uncorrelated variables known as Principal Components
(PCs). A particular original wavelength variable has a specific loading on each PC. High
loading indicates high importance of a specific wavelength on a PC. PCs explain the
descending importance of explainable variation in datasets. Loadings of the first few
PCs with the greatest contribution are used to identify important wavelengths.
In many algorithms, the correlation coefficient (r) is used to investigate the
effectiveness of the model. However, the correlation coefficient (r) is a criterion to
evaluate the linear association between variables but does not signify a good
agreement between the two methods. Therefore, the correlation coefficient (r) does
not provide confirmation if newly developed techniques perform as well as or even
better than standard methods (Sedgwick, 2013). Ideally, the magnitude of
measurement error is known from measurement systems analysis and the guide to
the expression of uncertainty in measurement (GUM) (BIPM et al., 2009). This
indicates that measurement systems are subject to certain measurement errors that
require the utilization of special experimental designs. Ordinary least square (OLS)
regression assumes only an error in the X-direction as it requires known fixed values
for X (independent variable). This approach is not suitable for method comparison; in
which an error in the Y (dependent variable) direction as well as in the X direction must
be assumed, since both methods to be compared have a specific known or unknown
measurement uncertainty. The minimization of the sum of the squares can, therefore,
82

not be achieved with an ordinary linear regression in the vertical direction. Therefore,
statistical approaches such as method comparison are applied to calibrate and validate
new methods by assessing repeatability, relative precision, robustness and
reproducibility of the new method (Dhanoa, 2016).
The agreement between methods is deemed good when the paired measures show a
high correlation and low random scattering. In the Deming and Passing-Bablok
regressions, this is indicated by an intercept which is not confidently different from 0
and a slope which is not confidently different from 1. Furthermore, the error should
not be dependent on the measured value and should not have any curvature or any
other systematic pattern. The Deming regression considers errors in both X and Ydirections and the optimization is precisely orthogonal to the fitted linear function.
The angle of the line depends on the measurement uncertainty in both X and Y
directions (Cornbleet and Gochman, 1979). The Passing-Bablok regression is more
robust against extreme values or differences (possible outliers) and non-normal
distributed measurement errors (Risius et al., 2017). Since each method covers a
specific context in which the method comparison is evaluated, both methods are
applied. The Bland-Altman plot analysis of differences and agreement offers a visual
evaluation between the two methods. Each of the paired measures is represented on
the graph by assigning the mean of the two methods as the X-value, and the difference
between the two methods as the Y-value within the limits of agreement (LOA). The
LOA is determined by using the mean and the standard deviation (SD) of the
differences between two methods, 95 per cent of the data points should lie within ± 2
SD of the mean difference. However, this does not evaluate whether the agreement is
sufficient or suitable to use one method or the other. It simply quantifies the BIAS (the
mean of the differences between the two methods) and the range of agreement. Like
the regression approach, LOA shows unsystematic scattering of errors when the
methods match well (Ludbrook, 2010).
To the best of our knowledge, no research comparing the HSI method and the standard
chemical analysis method in measuring PPO activity in fresh-cut apples has been
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documented. Moreover, previous studies have only developed algorithms specifically
for individual cultivars and treatments. In this study, a robust model that is
independent of treatments and cultivars was developed. This study assessed the
agreement between HSI and the standard chemical analysis method of determining
PPO activity in apple slices of Golden Delicious and Elstar cultivars subjected to several
anti-browning treatments. Experimental activities included (1) selecting the most
useful VIS-NIR features by using the Variable Importance in the Projection (VIP) plot
(2) developing a model to predict PPO enzyme activity of apple slice regardless of the
cultivar and treatment; and (3) validating the model using method comparison.
5.3 Materials, Methods and Statistics
5.3.1 Samples preparation
Two apple cultivars "Golden Delicious" and "Elstar" were purchased from a local
supermarket (Göttingen, Germany) and the University farm of the University of Kassel,
Hessische Staatsdomäne Frankenhausen (Grebenstein, Germany), respectively. They
were visually assessed for uniformity in ripeness and size. The apples were then stored
at 4 °C in a laboratory refrigerator, afterwards they were conditioned at room
temperature before experimental preparations. During the experiments, the apples
were washed, and the centre cores removed using 250 mm diameter stainless steel
corer (Lurch, Hildesheim, Germany) and sliced to 5 mm thickness using an electrical
slicer (Graef, Allesschneider Vivo V 20, Arnsberg, Germany).
A total of 192 apples were used for the experiments and 576 apple slices were treated
with various anti-browning treatments. The experimental design was based upon a
split-plot design with 64 runs created using the Design-Expert software version 10 (Stat
Ease Inc, 2016). Before the experiments, three slices were extracted from selected
apples. After applying treatments and holding for 60 min at room temperature,
hyperspectral images were taken and afterwards PPO activity was analysed. The
average value of the three slices was calculated for each run.
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5.3.2 Anti-browning treatments
Both HWB and SB treatments were performed in a temperature-controlled water bath
with a maximum capacity of 22 litres (L) and interior dimensions of 350 x 220 x 290
mm (Memmert GmbH Co, WNB22, Schwabach, Germany). SB involved injecting steam
through a stainless-steel perforated wire tray with stands where the apple slices were
placed. The temperatures of water and steam generated in the water bath were
measured with a K292 data logger thermometer (Voltcraft, Switzerland). Slices were
dipped in hot water of 50 °C, 60 °C and 70 °C ensuring that the slices were uniformly
under the water. The slices were exposed to steam of 65 °C, 75 °C and 85 °C. After the
blanching treatment, slices were either immediately cooled for 2 min at room
temperature or directly pre-treated by dipping in an acid solution for 3 min at room
temperature, then the residual PPO enzymatic activity was evaluated. Dipping
treatments were performed using either 1 % (w/v) AA or 1 % (w/v) CA or a combination
of both solutions. After treatment, the apple slices prepared for use as control samples
and treated samples were exposed to ambient temperature for 60 min after the slicing
operation (e.g. control slice (a), slice immediately after treating with 70 °C HWB + 1 %
A.A + 1 % C.A (b) and 70 °C HWB + 1 % A.A + 1 % C.A treated slice exposed for 60 min
at room temperature (c)) is presented in Figure 5-1.
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Control slice (cv. Elstar) (a)

Slice

immediately

after

Slice treated under 70 °C

treating with 70° C HWB + 1

HWB + 1 % A.A + 1% C.A

% A.A + 1% C.A (0 min) (b)

exposed for 60 min at room
temperature (c)

Figure 5-1: Illustration of the appearance of fresh-cut apple slices at different
conditions: (a) control slice; (b) slice immediately after treating with 70 °C HWB + 1 %
A.A + 1 % C.A; (c) 70 °C HWB + 1 % A.A + 1 % C.A treated slice exposed for 60 min at
room temperature
5.3.3 Hyperspectral imaging, image segmentation and pre-processing
The HSI system included a camera mod. V10E PFD (Specim Spectral Imaging Ltd., Oulu,
Finland) coupled with a Schneider 35 mm lens (Xenoplan 1.9/ 35, Schneider
OptischeWerke GmbH, Bad Kreuznach, Germany) and a linear translation stage
(Specim Spectral Imaging Ltd., Oulu, Finland). The camera captures slice images in the
visible (VIS) and the Near Infrared (NIR) between 400 and 1000 nm at 1.5 nm
increments. Three 60 W halogen GU10 bulbs illuminated the platform on which the
slices were placed. During scanning, the translation stage moved at a speed of 8 mm
s-1 and the exposure time was 20 msec. The distance between camera lens and the
surface of apple slices was set at 270 mm. Three slices per experiment were scanned.
Each complete image consisted of those three slices and the white reference tile. The
apple samples were saved in the ENVI 3.6 format (Research system, Inc., USA) for
further processing.
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The hyperspectral images were calibrated with both white and dark references. These
references were acquired to correct the raw images by removing random noise,
unevenness in the light source intensity and to normalize the output of the camera.
The white reference consisted of a ceramic tile of 200 × 24 mm with an overall image
spatial resolution of 1632 x 1302 pixels. The dark reference was obtained by closing
the shutter of the camera.
The relative reflectance spectrum for each pixel in the image (R (λxy)) was calculated
using equation (5 - 1) with a spatially averaged white reference illumination spectrum
W(λxy) and a sample irradiance spectrum S(λxy):
𝑅 =

𝑆 (𝜆𝑥𝑦) − 𝐷𝜆
𝑊 (𝜆𝑥𝑦) − 𝐷𝜆

(5 − 1)

The average relative reflectance spectrum for each sample was then calculated
automatically.
Hyperspectral pre-processing methods such as normalization, multiple scattering
correction (MSC), and the first derivative, were executed to improve original spectra
by eliminating noise and extracting informative spectral variables before model
development (Wang & Zhao, 2016). In this study, normalization was used to scale the
data to ensure each input parameter (pixel) has a similar data distribution and average
values.
Image segmentation, background and dead pixel removal, noise removal and average
reflectance calculation were carried out using Matlab 2015a (The Mathworks Inc.,
Natick, MR, USA), following the methods used in a previous study (Crichton et al.,
2018).
5.3.4 Colour Assessment
The surface colour of the apple slices was measured with a CR-400 Chroma Meter
(Minolta, Osaka, Japan). The measurements were based on the CIELab colour space
with the CIE Standard Illuminant Type C and 2° observer angle. The colorimeter was
calibrated using a standard white reflector plate with values of Y (92.4), x (0.316) and
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y (0.3322). Four replications were carried out for each sample by performing two
colour measurements on each side of the slices. The results were expressed in terms
of luminance (L*), redness (a*), yellowness (b*) (Xie et al., 2018).
5.3.5 PPO enzyme activity (wet-chemistry method)
Enzyme extraction
Enzyme extraction was carried out in accordance with Massantini et al., (2009). Ten
grams of apple samples were homogenized with 20 mL of chilled sodium phosphate
buffer (PBS, 0.1 M, pH 6.5) containing 1.5 % (w/v) polyvinylpolypyrrolidone and 1 %
(v/v) Triton X100. The homogenization was performed under ice-cooling conditions
using an Ultra Turrax T25 (IKA Instruments Ltd, Staufen, Germany). The mixture was
centrifuged at 12,400 x g for 20 min at 4 °C using a centrifuge mod. Eppendorf 5416
(Sigma-Aldrich, Darmstadt, Germany). The supernatant was then filtered through a
Macherey-Nagel (MN) 640 w filter paper. Finally, the crude enzymatic extract was
stored at - 80 °C until use.
Enzyme activity measurement
PPO activity was measured by following the method developed by Moscetti et al.,
(2012) with a slight modification. The assay was performed using a spectrophotometer
mod. HP 8453 UV - Vis system (Agilent Technologies GmbH, Waldbronn, Germany).
Catechol (Sigma-Aldrich, St. Louis, Missouri, United States) was used as a substrate.
The final reaction mixture contained 1.5 mL of catechol (40 mM), 2.3 mL of PBS (0.1
M, pH 6.5) and 0.2 mL of crude enzyme. Changes in the absorbance at 420 nm were
monitored for 2 min upon oxidation of the substrates catalysed by the enzyme. One
unit of enzyme activity (U) was defined as an increase in absorbance of 0.001 min -1.
Enzyme activity was measured in duplicate.
5.3.6 Statistical Analysis, modelling technique and method comparison
Partial Least Squares (PLS) regression and Principal Component Analysis (PCA) are the
common methods for multivariate analysis in the field of chemometrics. These
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methods help to analyze a set of dependent variables from a large set of independent
variables or predictors (Andersen and Bro 2010). Models are built by extracting
successive orthogonal latent factors that maximize the covariance structure between
the response and predictor variables in a robust way. PCA is then performed on the
pre-processed spectra collected from all samples. PCA uses orthogonal transformation
to convert highly dimensional and highly correlated data into linearly uncorrelated
variables known as Principal Components (PCs). A particular original wavelength
variable has a specific loading on each PC. High loading indicates high importance of a
specific wavelength on a PC. PCs explain the descending importance of explainable
variation in datasets. Loadings of the first few PCs with the greatest contribution are
used to identify important wavelengths (Clark and Ma’ayan 2011; Zhou et al. 2015).
Based on the waveform and multicollinearity of the hyperspectral data, the following
steps were performed for regression model development: (1) PCA was carried out
before developing the calibration model to visualize any relevant and interpretable
structure in the data and to detect the outliers. PCA was also performed to correlate
specific quality attributes such as water content, colour and PPO in the wavebands in
accordance with literature (Gaston et al., 2010; Hirota and Takahama, 2014); (2)
regression model development was conducted using the full spectrum with PLS. Fully
cross-validated PLS models were developed to predict PPO activity. The optimum
number of latent factors was used to build a robust PLS model to obtain the best
prediction performance. The optimum number of PLS-latent variables for each feature
and the number of factors that produced the least predicted residual errors sum of
squares (PRESS) were selected as the optimum values (Sawatsky et al., 2016). These
optimum factors were selected to guard against over and under fitting problems and
to model the variability in the data. Due to the limited number of observations, the
data was not split into a training and validation subsets; the regression model was
cross-validated using the 7-fold cross-validation (CV) method (Grayson et al., 2015;
Riedl et al., 2015).
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Additionally, the Variable Importance in the Projection (VIP) was used to select the
important wavelengths from the PLS models (Chong and Jun, 2005; (Chong and Jun
2005; Shrestha et al. 2019). The VIP scores obtained by PLS regression can be used to
select the most influential variables or predictors, x. It can be estimated for j th xvariable by Equation (5 - 2).
A

Vj

= √P ∑ SSa
a=1

(

Waj 2
)
Wa
SST

(5 − 2)

where P is the total number of variables, A is the total number of components, SS a is
the sum of squares explained by the ath component, SST is the total variance explained
by all the components, (

Waj 2
Wa

) is calculated using loading weight vectors Waj for each

component and represents the importance of the variable j for component a. The
predictor variable whose VIP score is greater than 0.8 is considered as an important
variable in this study considering the average of squared VIP score (Jun et al., 2009).
In this study, PLS was applied to find linear relationships between hyperspectral
features and PPO activity through a Nonlinear Iterative Partial Least Squares (NIPALS)
algorithm.
Statistical analysis for method validation was done by Passing-Bablok regression
(Passing and Bablok, 1983), Deming (orthogonal in case error ratio = 1) regression
(Deming, 1943) and the Bland-Altman-plot (Bland and Altman, 1999).
Due to the low signal-to-noise ratio at the lower end of the spectral range, only the
wavebands in the spectral range from 500 to 1009 nm were used to evaluate the data.
Both apple cultivars and all treatments were used to develop the PLS regression model
and for method validation. The basic assumption was that the measurement methods
were independent from the sample treatment and apple cultivar for the purposes of
model robustness (Dunn, 2007).

90

Data handling and statistical analysis were both performed using JMP Pro 14.2.0
software (SAS Institute Inc., Cary, NC, USA).
5.4 Results
5.4.1 Prediction of polyphenol oxidase activity
Selection of Wavebands from VIP plot
As shown in Figure 5-2 (a, b and c), the PPO, a* and b* parameters have VIP scores
greater than 0.8. The wavelength around 677 nm was found to be important for the
determination of PPO activity. The development of brown colour at approximately 677
nm is also noticeable in the a* and b* parameters as shown in Figure 5-2 b and c.
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Figure 5-2: VIP plot for PPO activity (a), a* (b), b* (c) as a function of wavelength.
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Characteristics of spectral profiles of apple slices
The average reflectance spectra extracted from region of interest (ROIs) of apple slices
treated with different treatments are shown in Figure 5-3 in the wavelength range of
500-1000 nm. A similar overall trend throughout the whole wavelength range was
observed for all samples.

Figure 5-3: Spectral profile of apple slices.

The wavelength at around 677 nm was found to be interesting absorption region,
which was as well as be observed from the VIP plot. The changes in the spectral profiles
for slices treated with different treatments showed similar spectral curves and slight
differences in reflectance values. For instance, Elstar slices treated with 60 °C HWB +
1 % AA + 1% CA showed nearly no spectral patterns, which might be due to the
inactivation of PPO activity. This might be due to the loss of main secondary structure
elements of PPO mainly during the thermal treatment (Baltacioğlu et al.,2015).
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5.4.2 Comparing the methods of measurement
Regression analysis to check bias between methods using the intercept and the slope
as indicators
PLS regression analysis was performed using 4 latent variables provided by the
minimum root mean PRESS (Figure 5- 4a). The comparison between measured
(reference laboratory method) and predicted values of PPO activity by PLS is shown in
Figure 5- 4b. A strictly paired dataset was built by the laboratory-measurement values
as X-variable and the predicted values by HSI as Y-variable for the method comparison
analysis. Both the Deming regression (red line) and the Passing-Bablok Regression
(blue line) were performed.
It can be observed that the values obtained from the reference chemical method and
the predicted values from the PLS model are randomly scattered around the line of
equality (Figure 5- 4b). The slope of the Deming regression was 0.80 and that of the
Passing-Bablok regression was 0.81 both of which are not confidently different from
1. The intercept of the Passing-Bablok regression was 7.62 which is also not confidently
different from 0 (Table 5-1). The orthogonal fit ratio was found to be 0.64.

Figure 5-4: (a) RMSE PRESS plot for PPO as a function of the number of factors. (b)
Method comparison – Regression Analysis: Regression analysis: PPO predicted by
PLS vs. PPO measured by the gold standard method. The dashed grey line: a line of
equality, solid red line: result of the Deming regression with the obtained fit ratio,
solid blue line: a line of Passing-Bablok regression.
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Table 5-1: Analysis details of the Passing-Bablok regression Orthogonal regression.
Passing-Bablok Regression
Parameter

Estimate

Lower CL

Upper CL

Intercept

7.620

-39.774

30.550

Slope

0.809

0.039

2.683

Tau

0.612

.

.

Table 5-2: Analysis details of the Orthogonal regression.
Orthogonal Fit Ratio = 0.641
Parameters

PPO 60

Predicted PPO 60

Mean

31.695

31.695

Std. Dev

19.067

15.261

Variance ratio

0.640

Correlation

0.800

Intercept

6.325

Slope

0.800

Lower CL

0.597

Upper Cl

1.072

Alpha

0.050
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5.4.3 The Bland-Altman plot to check general agreement instead of correlation
between methods
The Bland-Altman plot analysis of differences and agreement is provided in Figure 55. The plot was constructed by plotting the difference between the predicted data
from PLS and the measured PPO activity against the mean of both methods. The plot
displays an acceptable agreement between non-invasive HSI technique and the
chemical method, (95 % CI: - 22.4 to 22.4). As shown in Table 5 -3, the mean difference
(mean BIAS) was found to be 3.7e-12 with a standard deviation (SD) of 11.43.

Figure 5-5: Method comparison – Bland-Altman plot: (a) Bland-Altman plot: The differences
between PPO predicted and PPO measured vs the mean value of both measurements. Dashed
grey lines indicate the limit of agreement (0 ± 1.96 S.D. of difference), the solid blackline is
the line of equality, the solid red line shows the mean difference (bias) and the dashed red
lines show the 95 % CI around the mean difference.
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Table 5-3: Description statistics from Bland-Altman analysis.
Bland-Altman
Parameter

Estimate

Lower CL

Upper CL

Std Deviation

11.4295

8.5376

14.3216

Upper Limit

22.4019

15.2369

29.5668

Lower Limit

-22.402

-29. 567

-15.237

Parameter

Value

Parameter

Value

Mean

3.7 e-12

t- Ratio

1.8 e-12

Std Error

2.0528

DF

30

Upper 95 %

4.1923

Prob > Itl

1.0000

Lower 95 %

-4.1924

Prob > t

0.5000

N

31

Prob < t

0.5000

Correlation

0.8004

Difference

5.5 Discussion
The suitability of non-invasive measurement using HSI for detecting PPO activity on
fresh-cut apple slices was investigated by comparison with the standard chemical
analysis method. According to Mollazade (2017), the most suitable wavelength range
for determination of PPO activity in Button mushroom was 470-640 nm. In this study,
X-variables (spectral wavelengths) with a VIP score greater than 0.8 were found to be
important for modelling the metric (Y-variables). Around 677 nm, a VIP score plot
greater than 0.8 indicated that the pigment changes such as chlorophyll a were
perhaps related to PPO and brown colour development (Merzlyak, 2006). This could
also be due to functional pigments (i.e. chlorophyll a and the accessory pigments)
which absorb at wavelengths shorter than 700 nm (Gundlach et al., 2009; Tian et al.,
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2018). Jian et al. (2017) used the visible and shortwave near-infrared (Vis/SWNIR)
technique in the range 400 - 1100 nm to evaluate the bruising susceptibility in Golden
Delicious apple. Their findings showed a change in colour as a result of chlorophyll
content at around 680 nm during prediction of the bruising of apples at maturity stage.
Other studies have also shown that PPO activity leads to browning reactions
(Mohapatra et al., 2008; Pizzocaro et al., 1993; Taranto et al., 2017; Yang et al., 2015).
Therefore, the results from this study are in agreement with previous studies
indicating relative reflectance spectra at 677 nm.
The mean and the standard deviation of differences between the predicted and
measured PPO obtained in this study were in agreement with the statistical limits
defined by Bland and Altman (Bland and Altman, 1999). However, a full-scale
measurement system analysis could not be applied as this study only assessed
whether the HSI method can be used as an alternative to the standard chemical
analysis method. Consequently, a real measurement system analysis is necessary to
confirm the repeatability and reproducibility of the HSI method in a robust set up
(BIPM et al., 2009). Two independent methods measuring the same variable might
have their own inherent error. The dispersion observed in Figure 3 could be due to
physical and chemical heterogeneity of the sample which is indicated by outliers
outside the LOA (Carkeet and Goh, 2018). Additionally, critical patterns in the plots
indicated constant BIAS as well as slopes and curves (non-constant BIAS) or variance
heterogeneities (Bland and Altman, 1999; Carkeet and Goh, 2018). The orthogonal fit
ratio of 0.64 proved that both measurement methods had different measurement
uncertainties. Nevertheless, the two approaches were found to be comparable since
the mean difference is close to zero and the standard deviation of the differences
between measured values reveals no systematic variation from the mean of the
measurement pairs. Furthermore, the standard deviation of difference between noninvasive and the invasive methods was significantly small showing an acceptable
precision and thus the two methods can be used interchangeably to predict the
enzyme activity.
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5.6 Conclusions
The investigation on apple PPO activity is a fundamental challenge for the food
industry and to the researchers. Proper control of browning reactions prevents
adverse effects on the visual appearance of foods as perceived by the final consumer.
This study investigated the suitability of HSI as a non-invasive method for the
measurement of PPO on fresh cut apples. Results showed that the changes in PPO
activity of slices were mainly at wavelengths around 677 nm as is indicated by the VIP
plot and spectral profile. A robust algorithm that is independent of both cultivars and
applied treatments was developed. For this purpose, method comparison (BlandAltman, Passing-Bablok and Deming regression) was conducted to assess HSI as an
alternative method to the standard chemical method. Thus, the study clearly indicates
that PPO measurement using HSI is applicable for automated real time and in-line
measurement.
This study provides an important first step towards the adoption of HSI as a nondestructive method of establishing enzyme activity in apples irrespective of cultivar.
In our case, 7- fold cross validation technique was performed, which makes the chance
of overfitting much lower by striking a balance between modelling the intrinsic
structure of the data and modelling the noise. Moreover, several hundred samples for
both calibration (training) and validation sets are sufficient at the stage of a proof of
concept. However, the technique should be validated more extensively before
implementation in industry. Thus, the data is essential for evaluating model
performance using independent data to assess the suitability of the developed
models.
Further research and in-depth analysis of the spectral changes and chemometrics of
enzyme activity in apple slices from different cultivars will be needed to develop a
more precise and robust model.
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6.1 Abstract
The feasibility of using spectral reflectance information in the visible—near infrared
(400–1,000 nm) region to estimate moisture content (gW/gDM) and chromaticity
(CIELAB) of apple slices was investigated during convection drying. Apple slices were
pre-treated with hot water blanching (50 and 70 °C), acid application (citric and
ascorbic), and combinations thereof before drying at 50 and 70 °C. Prediction models
for the space-averaged spectral reflectance curves were built using the partial least
square regression method. A three-component partial least square regression (PLSR)
model satisfied the minimal root mean square error (RMSE) criterion for predicting
moisture content (avg. RMSEP = 0.13, r 2 = 0.99); importantly, the critical wavelengths
remained the same across all pre-treatments (540, 817, 977 nm). Similarly, PLSR
modelling showed that the optimal set of wavelengths (in terms of RMSE) were
invariant across pre-treatment for CIELAB a* prediction (543, 966 nm) and CIELAB b*
prediction (510, 664, 714, 914, 969 nm). The stability of the information content of
these wavelengths across pre-treatments indicates their independence of colour
changes. Additionally, the spatial information in the hyperspectral images was
exploited to visualize the performance of the predictive models by pseudo-colouring
their values for each pixel in a single apple slice across different drying times. This
visualization of spatial distribution of predicted moisture content and chromaticity
changes shows significant potential for use in online monitoring of the drying process.
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6.2 Introduction
Despite its widespread use and importance, the drying process in general is still
imperfectly understood, in terms of the influence of and interaction between different
conditions (Lewicki, 2006) and non-optimally controlled (Mujumdar and Zhonghua,
2008; Sturm et al., 2014). In conventional drying applications, for example, process
settings, technologies, and control systems are based on parameter scheduling,
without real-time feedback from the monitoring of product characteristics, such as
surface temperature or moisture content, which have been shown to influence both
product quality and drying behaviour (Lengyel, 2007; Mueller, 1992; Mujumdar, 2006;
Sturm, 2010; Sturm et al., 2012) This lack of adaptive control has far-reaching
implications for the product quality achieved as well as for process- and resourceefficiency and sustainability aspects. To ensure output product quality under these
restrictive conditions, the quality of raw materials entering the processing stage is
usually tightly controlled, resulting in unnecessarily high losses upstream, with a high
proportion of produce rejected for being outside predetermined boundaries. In
addition to this output inefficiency, drying is also energy-inefficient, with efficiencies
on average approximately 35–45 %, but in some cases, falling as low as 10 % (Fassio,
2012). Given that drying is responsible for 15–25 % of the overall industrial energy
demand across all sectors (Mujumdar, 2006), there is a strong need to improve the
energy efficiency of drying while also reducing food wastage. The production of dried
apple products, such as slices and powders, relies on removal of water to below a
specific threshold water content. Nonetheless, achieving the target moisture content
does not, on its own, ensure that the dried produce will be appealing to the consumer.
The main focus of consumers is on the visual appearance, or other sensory properties,
of the product, which consumers relate to overall product quality, and which directly
influence their purchasing behaviour (Pedreschi et al., 2006; Ragaert et al., 2004; Chen,
2008). Rejection of food products on the basis of aesthetic or safety concerns is often
cited as the major cause of food losses and waste, particularly in fruit and vegetable
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commodities (45 %) (FAO, 2003). Therefore, in optimizing the drying process for
energy efficiency and product conservation, it is also desirable to preserve the visual
appearance of a product as much as possible.
A major goal for the drying industry is therefore to develop a system in which the
drying process is adaptively optimized for energy efficiency, product conservation, and
product quality, simultaneously, through online and inline non-destructive monitoring
of product quality metrics, and the integration of feedback from such monitoring into
process control (Su et al., 2015). Su et al. (2015) comprehensively review methods
suitable for such “smart drying” systems. The central component for such a system is
the real-time estimation of moisture content. Much effort has been focused on
methods to estimate moisture content of different food products, both inside and
outside of processing stages. The gravimetric method allows for the moisture content
of a tray of produce to be estimated noninvasively during drying process, but the
estimate applies only to the entire tray, rather than to individual product particles,
whose moisture content might therefore vary above or below the target value.
Furthermore, to validate the moisture content estimates, which are based on weight
changes during drying, a representative sample must be used for final dry matter
determination at the end of the process (following the American Association of Official
Analytical Chemists), (AOAC, 1995) or, alternatively, individual samples must be
removed and their current moisture content is determined using destructive methods
(i.e., the quick test). The gravimetric method is not viable in most industrial dryers
since the integration of balances is not possible, and thus, the current moisture
content needs to be evaluated using the destructive quick test. The individual products
used for these determinations might need then to be discarded or further processed
for other purposes, leaving the wastage problem unsolved.
Noncontact, non-destructive methods for moisture content estimation include
biomimetic systems, computer vision technology, microwave dielectric spectroscopy,
near infrared (NIR) reflectance spectroscopy, magnetic resonance imaging, ultrasonic
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techniques, electrostatic sensor technology, and control systems for drying
environments (Su et al., 2015; Sipahioglu et al., 2003; Venkatesh and Raghavan, 2004)
through devices which, in combination with moveable areas of focus, enable moisture
content sampling of individual products over a period of time. Like the technique of
NIR spectroscopy (Büning-Pfaue, 2003) widely used for moisture content estimation
due to the high absorption of NIR wavelengths by water (Osborne, 2006) these
methods provide low spatial resolution. Optical methods, on the other hand, are also
non-destructive and noncontact and offer the opportunity of high spatial resolution in
conjunction with the ability to analyse each sample individually and to visualize
moisture content variation across individual samples.
Optical methods such as laser light backscattering methods (Qing et al., 2008; Romano
et al., 2011) have also been used. In the last 10 years, though, hyperspectral imaging
(HSI) has been intensively used in the food processing industry (Cheng, et al., 2014; Pu
et al., 2015), offering the high spectral resolution of spectroscopy, combined with the
high spatial resolution of optical imaging devices. In comparison to the overall HSI
literature, though, the use of HSI with regard specifically to drying is relatively
underexplored (Wu and Sun, 2013; Huang et al., 2014; Kandpal et al., 2013; Li et al.,
2016a; Li et al., 2016b; Liu et al., 2014; Okamoto et al., 2009; Pu, et al., 2015; Wu et
al., 2012; Xie et al., 2014; Yu et al., 2014 ), with only a subset of HSI drying studies,
specifically tackling moisture content estimation (Deng, 2015). While the use of HSI in
the NIR range for estimating water content is clearly desirable and powerful and has
been successfully used for some processes such as the drying of salted meat (Liu,
2014), it is also expensive, in comparison to visual to near infrared (VNIR, 400–1,000
nm) imaging, due to the cost of sensors. Investigations into the feasibility of moisture
content estimation using HSI in the VNIR region are therefore of great interest.
Previous studies using HSI - VNIR measurements during drying have related acquired
spectral signals to color and moisture content, using produce which does not require
pre-treatment (e.g., soybeans (Huang et al., 2014) and meat (Retz et al., 2017;
Gersdorff, 2017), or using drying methods which minimize color change. Commercial
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drying processes for many products do, though, use different pre-treatments to
minimize colour and shrinkage changes (Sturm et al., 2014; González-Fésler, 2008). It
is important, therefore, to examine the effects of common treatments such as
blanching on VNIR spectral signals, given the obvious (intended) effects of blanching
in the visible wavelength region.
Apples are of particular importance in this context. They are common commodities in
the dried fruit market, typically subjected to different pre-treatments to reduce
discoloration during drying, and typically produced using traditional convection driers
without automated process control. Depending on the target market, consumers’
expectations of dried apple quality differ greatly. Standard mass-produced products
are expected to be practically unchanged with regard to colour in comparison to the
fresh produce. The organic market, however, accepts or even almost expects a certain
degree of changes in colour, provided no artificial additives have been used to reduce
colour changes which might occur during preparation and/or drying.
The focus of this investigation is therefore on the changes in surface spectral
reflectance of apples during drying process, obtained through HSI, with the specific
aims: (1) to determine how these are affected by different pre-treatments (prior to
drying) which are designed to affect the visual appearance of the final product; (2) to
extract from the hyperspectral reflectance measurements’ key parameters, which
relate to moisture content and (3) to consider the feasibility of using such parameters
to provide online control of the drying process for a variety of input materials.
6.3 Material and Methods
Apples of the variety Golden Delicious were sourced from a local supermarket after
visual assessment of uniformity in ripeness and size. The apples were then stored at
room temperature until the experiments were conducted. To prepare slices, the initial
150 mm of each apple, from the stalk region, was discarded and the following three
successive 5 mm slices were utilized for experiments. The peel was kept on the apple
slices. Pre-treatments included blanching at 50 and 70 °C for 4 min, use of ascorbic and
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citric acid (1 %) and combinations thereof; these were applied before drying apple
slices at 50 and 70 °C. These pre-treatments were selected to fill gaps identified in
previous studies (Doymaz, 2009; Adedeji, 2008). Apple pre-treatments and process
settings are summarized in Table 1 below, where HWB denotes hot water blanching,
ASC denotes ascorbic acid blanching (1 %), and CIT denotes citric acid blanching (1 %).
Table 6-1: Description of different apple slice treatments.
Condition #

Treatment
Pre-treatment

Drying Conditions

1

-

50 °C

2

-

70 °C

3

50 °C HWB

50 °C

4

70 °C HWB

50 °C

5

50 °C HWB

70 °C

6

70 °C HWB

70 °C

7

ASC + 70 °C HWB

70 °C

8

CIT + 70 °C HWB

70 °C

9

ASC + CIT + 50 °C HWB

70 °C

10

ASC + CIT + 70 °C HWB

70 °C

HWB, hot water blanching; ASC, ascorbic acid; CIT, citric acid

This procedure results in samples of three slices per treatment condition, with a total
sample number of 30 slices. Apple slices were placed directly onto a uniformly black
translation stage. The physical size of the slices averaged 70 mm in diameter, with an
average area of 3,847 mm2 after removal of the core. Each complete image consisted
of three apple slices and the white reference tile. Given the imaging parameters of the
camera setup (Fig. 2), the average number of pixels captured for each individual apple
slice was around 130,000, prior to ignoring the core region, meaning that each pixel
has a spatial area of 0.03 mm2.
6.3.1 Weight and Colorimetric measurements
Drying was undertaken using a convective air cabinet dryer at the University of Kassel,
Witzenhausen, Germany (HT-Mini, Innotech Ingenieurgesellschaft mbH, Altdorf,
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Germany), which allowed for control of air temperature (±2 °C), with a fixed air speed.
Weight measurements were conducted using a Sartorius Excellence E2000D (Sartorius
AG, Göttingen, Germany). Colorimetric values were recorded using a Konica Minolta
CR-400 (Konica Minolta, Japan).
6.3.2 Hyperspectral image capture
All hyperspectral images were acquired using a Specim V10E PFD camera (Specim
Spectral Imaging Ltd, Finland, through LOT-QuantumDesign GmbH, Germany) fitted
with a Schneider 35 mm lens (Xenoplan 1.9/35, Schneider Optische Werke GmbH,
Germany) and coupled to a linear translation stage (Specim Spectral Imaging Ltd,
Finland). Illumination was provided by three 60 W halogen GU10 bulbs with the
illumination spectrum shown in Figure 6-1. Halogen bulbs offer the advantage of
having a very stable spectral and power output, requiring no warm-up period. This
setup allowed the capture of spectral data from 400 to 1,010 nm, in 1.5 nm
increments. The white reference tile measured 200 mm x 24 mm (W x H), with an
overall image spatial resolution of 1,632 by 1,302 pixels (H x W). The translation stage
moved at a speed of 8 mm/s. Samples are imaged as shown in Figure 6-2 below.

Figure 6-1: Emission spectra of the halogen light source. (Note that the fluctuations in
spectrum are typical of halogen bulb spectra.)
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This set up allowed the capture of spectral data from 400-1010 nm, in 1.5 nm
increments. The white reference tile measured 200mm* 24mm (W*H), with an overall
image spatial resolution of 1632 by 1302 pixels (H*W). The translation stage moved at
a speed of 8mm/s. Samples were imaged as shown in Fig. 6-2 below.

Figure 6-2: Basic imaging layout. The translation stage moves horizontally in the direction
shown, allowing single scan lines to be acquired sequentially by the camera from the apple
slice. a) Hyperspectral camera; b) halogen light source; c) direction of movement (30 cm
scan length); d) white reference; e) apple slice.

6.3.3 Image processing
After capture, automatic processing of the irradiance images was undertaken. The first
stage was removal of the estimated dark noise from the raw image irradiance, carried
out by calculating the spatial mean signal at each wavelength in the dark noise file and
subtracting these values from the respective hyperspectral sample image files:
𝑀𝐷𝑁𝜆 = (

∑𝑁 𝐼𝐷𝑁𝜆
𝑁

)

(6 − 1)

Ī(𝜆𝑥,𝑦 ) = 𝐼(𝜆𝑥,𝑦 ) − 𝑀𝐷𝑁𝜆

(6 − 2)

Here, 𝑀𝐷𝑁𝜆 is the mean value at the specified wavelength  of the calculated dark
noise (DN); 𝐼𝐷𝑁𝜆 is the raw DN value at that wavelength at a given pixel; N is the total
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number of pixels in the DN file; 𝐼(𝜆𝑥,𝑦 ) is the raw image irradiance; and Ī(𝜆𝑥,𝑦 ) is the
dark-noise-corrected image irradiance.
The second stage was the automatic detection and segmentation of the apple slices
and white reference tile from the background, using the dark-noise-corrected image
All image processing was undertaken using an in-house toolbox at Agrartechnik,
Universität Kassel, based upon one from the Institute of Neuroscience, Newcastle
University, written and implemented within the Matlab software package (Matlab
R2013a). This software first segments the samples and white reference from the image
background by averaging the NIR irradiance spectrum (800- 1010nm) for each pixel,
and applying a threshold function to these average NIR pixel values. The NIR region,
rather than the visible spectrum, was used for segmentation because of the lower
irradiance of the background in this region. An example of the segmentation for a
complete image is shown below, with the original RGB image, the NIR segmented
region, and the final segmented image with pseudo-coloured blobs corresponding to
apple slices and white reference.

Figure 6-3: Segmentation of complete raw image. a) Original RGB image; b) the NIR
thresholded image; and c) the blob-detected image for the automatic detection and
numbering of imaged samples.
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The aim of the following stage was to obtain the reflectance image of the apple slices,
for which the illumination spectrum at each location in the slice image must first be
calculated. Due to the use of a linear scanner and the non-uniformity of the
illumination across the imaging field, the illumination spectrum varied in the
horizontal dimension of the final image (as depicted in Figure 6-3). The average
illumination (𝑊(𝜆𝑥 )) was therefore calculated for each column in the image as the
average dark-noise-corrected irradiance of the corresponding column in the white
reference tile at the bottom of the image. The relative reflectance spectrum for each
pixel in the image (R(λx,y)) was then calculated by removing the column-dependent
illumination spectrum (𝑊(𝜆𝑥 )) from the irradiance spectrum (Ī(𝜆𝑥,𝑦 )) by simple
division;
𝑅(𝜆𝑥,𝑦 ) =

Ī(𝜆𝑥,𝑦 )
𝑊(𝜆𝑥 )

(6 − 3)

Using a logical AND operator with the segmented images (as shown in Figure 6-3b and
Figure 6-3c) to restrict the image data to regions with material slice content only, the
average reflectance spectra R(λ) for each apple slice sample was calculated from the
relative reflectance image (R(λx,y)). The calculated average reflectance spectra were
then analysed using PLSR in relation to a number of quality metrics: moisture content
(g/ g), CIELAB a* and CIELAB b*. Due to the lower emission of the halogen bulbs
between 400-500 nm all PLSR analysis was undertaken within the spectral range of
500 nm – 1010 nm.
6.3.4 Use of spectral pre-processing
The raw reflectance signal, obtained by factoring out the spatially-varying illumination
signal as described above, may under some conditions require further processing to
remove distortions caused by, for example, the effects of shadows, different particle
sizes or scattering of the incident illumination within the surface of the sample. At
times these methods are applied in an attempt to improve model classification by
decontaminating the images (see Buddenbaum and Steffens (2012) for an analysis of
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the effect if different spectral pre-processing methods on the resulting model
accuracy), but, as Amigo et al. (2013) state, much care and thought needs to be taken
prior to use, given the potential of certain scatter-correcting or derivative operations,
for example, to introduce shape changes to the spectra. Previous studies (Retz et al.,
2017; Gersdorff, et al., 2017) have also investigated the use of different spectral preprocessing algorithms on the raw irradiance spectra for each pixel, prior to calculation
of reflectance and averaging. In general, the need to use different pre-processing
techniques is related to both the physical nature of the sample being imaged, and the
electromagnetic wavelength region being measured. For example, samples with a
varied texture, which results in scattering and shadowing on the surface, require preprocessing techniques to minimise the effects of these phenomena on the raw image
irradiance or recovered surface reflectance. In this study, though, the apple slices
tested have a relatively smooth surface. In addition, the combination of perpendicular
illumination source, the use of the VNIR region, and the opacity of the sample, also
minimises any problems caused by sub-surface scattering of the test illumination
within the apple slices. Therefore, pre-processing methods to counteract scattering
effects are not required. Other pre-processing techniques include derivative-based
techniques, which may be used to highlight or extract important spectral features in
the retrieved spectra (Gersdorff, 2017). These techniques may be useful if any spectral
features being investigated are very narrow band and relatively small in amplitude. In
this study, again, the need for derivative techniques to extract signals of interest is
minimal, given that reflectance spectra in the VNIR are generally very smooth and
more broadband in nature than those in the NIR or IR regions.
The decision to use the relative reflectance format for representing the spectra in this
study has also been taken after consideration of alternative formats. Generally, most
investigations utilise the relative reflectance representation (Okamoto et al., 2009;
Doymaz, 2009; Adedeji et al., 2008; Buddenbaum and Steffens, 2012; Amigo et al.,
2013; Cheng et al., 2015; Gowen et al., 2007), although other representations, such as
absorbance, do exist (He and Sun, 2015), and may be used for spectra which have not
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under gone derivative processing. In fact, the reflectance and absorbance formats may
be considered as uniform translations of each other. The use of Kubelka-Munk (K-M)
units (Hernández-Hierro, 2014), into which reflectance spectra may be converted (He
and Sun, 2015), is a different approach. K-M theory was proposed to explain the
spectral characteristics of colourants such as dyes on paper. Its applicability is
constrained, though, by a number of environmental assumptions. Ranging from the
assumption of completely diffuse illumination, to the surface under measurement
being a flat plane and the colourants being a separate layer. Its main spectral region
of applicability is the visible region (400-780nm). When applied to foodstuffs, a
number of the assumptions can be seen to be problematic, especially in conjunction
with surface profile changes during processing (Wu et al., 2012; Gowen et al., 2007;
Liu et al., 2014). Furthermore, a comparative analysis of approaches based on these
three different formats (Cheng et al., 2015), showed that no real performance
difference existed.
With these considerations in mind, the approach taken in this work uses the raw
relative reflectance data only, acquired following the steps in section 6.3.3, as the basis
for the PLSR models. The results demonstrate that this approach results in a high level
of model accuracy.
6.3.5 Experimental methodology
For each apple treatment, apple slices were imaged, weighed and colorimetrically
measured every 30 minutes during the drying process, up to 180 minutes, and
subsequently each 60 minutes up to a total of 300 minutes. At each measurement time
point, samples were briefly removed from the test oven for the measurement process,
resulting in 9 measurements per slice (0, 30, 60, 90, 120, 150, 180, 240 and 300
minutes) and 27 measurements in total for each treatment condition except the two
control groups (conditions 1 and 2; 0 – 240 mins), for which there were 24
measurements each. The control groups were dried up to 240 minutes only, in order
to investigate a minimum drying time for the experimental apple slices.
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6.3.6 Moisture content measurement.
Moisture content was calculated using the thermo-gravimetric method. For the
determination of dry matter content (𝑀0 ), the samples were placed into an electrical
oven (Memmert Model 500, Memmert GmbH + Co.KG, Schwabach, Germany) at a
constant temperature of 70 °C for an additional 48 h following the final measurement,
then weighed. Dry basis moisture content of the samples at each time point (𝑀𝐶𝑡 )
throughout the drying experiments was calculated from the measured mass at each
time point (𝑀𝑡 ) using following equation;
𝑀𝐶𝑡 = 100 ∗

(𝑀𝑡 − 𝑀0 )
𝑀𝑡

(6 − 4)

6.3.7 Modelling technique
The aim of modelling is to extract from the dense hyperspectral reflectance image data
a smaller set of reflectance values, at a small number of critical wavelengths, which
reliably predict moisture content at each time point. For this purpose, we used
standard Partial Least Squares (PLS) regression (Wu, 2012) to construct predictors for
moisture content from the averaged relative reflectance spectra by maximising the
variance explained, (r2), in projected spaces for both, for each treatment condition
separately. The optimal number of components of the PLSR model is typically
determined by minimising RMSE and maximising r2 (Wu, 2013). Here, after examining
the effects of varying numbers of components on PLSR model performance, we
selected the most critical wavelengths related to prediction of moisture content and
chromaticity to further reduce the number of model components, guided by RMSE and
r2. RMSE is calculated as the root-mean-squared average difference between
predicted (MCpred) and measured (MCmeas) moisture content at each time point. These
reduced models were then tested with the dataset.
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6.4 Results
6.4.1 Moisture content prediction
Previous applications of combining time-series hyperspectral imaging with drying have
investigated produce under only a single drying condition (Wu, 2013; Okamoto and
Lee, 2009; Wu et al., 2012). Although investigations into moisture content prediction
of other foodstuffs, such as bananas, have introduced variations in produce through
the use of maturation (Kamruzzaman, 2016), the effects of variations due to common
product pre-treatments on the estimation models have not been investigated. A key
aim of this study is therefore to examine the effects of the distinct pre-treatment
conditions on the regression models for moisture content prediction.
The variation in reflectance spectra with different pre-treatments is evident in the
initial measurements (Figure 6-4a) as well as other time points (Figure 6-4b), although
the shape of the spectra remains broadly similar across all treatments, with the
prominent dip around wavelength ~680 nm, likely corresponding to chlorophyll a
absorbance, persisting at the 180 minute time point. The variation in reflectance
spectra with time during the drying process for a given treatment condition (Figure 65a; condition 1) shows clearly that in addition to changes in relative reflectance within
the visible spectrum, reflectance peaks in the NIR region are significantly affected by
drying.
The initial PLSR analyses were carried out on the full reflectance spectra. The complete
dataset of 53 measured spectra (24 measurements for the control groups; 29
measurements for the remaining conditions) was then split on a 2:1 ratio for the
calibration and test sets, with 2 apples randomly assigned to the calibration set, and 1
to the test set. The two data sets were therefore built using measurements from
different slices. For each treatment condition, PLSR was performed for models with
component numbers varying from 1-20, and for each of these, model creation and
testing were performed 10 times. The ten distinct loading functions, one for each
treatment condition, for the 4-component PLSR model (obtained by averaging the
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loading functions for each of the 10 model runs) are shown in Figure 6-5b. Despite the
initial differences in reflectance spectra across conditions, it is clear that the loading
functions emphasise the same set of wavelengths, with only the weights on these
wavelengths varying across conditions in the calculated models with the same number
of components.
The 3-component PLSR model satisfied the minimal RMSE criterion, leading to the
selection of a reduced set of critical wavelengths, [540nm, 817nm, 977nm]; these also
correspond to the wavelengths with largest loadings as seen in the 4-component
model (Figure 6-5b). The average results of the models obtained from the initial PLSR
on the full spectra, for each treatment, together with the average performance of the
3-component reduced-set treatment models are shown in Table 6-2.

Figure 6-4: Average reflectance spectra of the apple slices for different treatment conditions
and at different time points during the drying process: a) 0 minutes; and b) 180 minutes.
Different coloured lines correspond to different treatments, labelled as in the legend, and
itemised in Table 6-1.
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Figure 6-5: Illustration of a) changes in spectral reflectance for apples dried at 50 °C
(treatment condition 1) across different time points, corresponding to different coloured
lines as in the legend, and b) the loading function for the moisture content prediction PLSR
model with 4 components for each of the 10 apple treatment conditions.
Table 6-2: Performance of moisture content PLSR models.
Full Spectrum
Calibration
Condition

r2

RMSE (g/g)

Reduced (3-wavelength set)
Test

r2

[M.C. %]

RMSE (g/g)

Calibration
r2

[M.C. %]

RMSE (g/g)

Test
r2

[M.C. %]

RMSE (g/g)
[M.C. %]

1

1.00

0.01 [0.12]

1.00

0.11 [1.32]

0.99

0.18 [2.16]

1.00

0.09 [1.08]

2

1.00

0.03 [0.36]

1.00

0.07 [0.84]

1.00

0.18 [2.16]

0.98

0.05 [0.60]

3

1.00

0.04 [0.48]

0.92

0.68 [8.16]

0.99

0.22 [2.64]

0.98

0.15 [1.80]

4

1.00

0.05 [0.60]

1.00

0.17 [2.04]

0.99

0.27 [3.24]

1.00

0.05 [0.60]

5

1.00

0.03 [0.36]

0.95

0.43 [5.16]

0.99

0.22 [2.64]

0.97

0.28 [3.36]

6

1.00

0.05 [0.60]

0.99

0.19 [2.28]

0.99

0.25 [3.00]

0.99

0.16 [1.92]

7

1.00

0.02 [0.24]

0.95

0.70 [8.40]

0.99

0.20 [2.40]

0.98

0.29 [3.48]

8

1.00

0.04 [0.48]

0.99

0.20 [2.40]

0.99

0.24 [2.88]

0.99

0.08 [0.96]

9

1.00

0.06 [0.72]

0.99

0.18 [2.16]

0.99

0.27 [3.24]

0.99

0.08 [0.96]

10

1.00

0.08 [0.96]

1.00

0.11 [1.32]

0.99

0.27 [3.24]

0.99

0.09 [1.08]

Average

1.00

0.04 [0.48]

0.98

0.28 [3.36]

0.99

0.23 [2.76]

0.99

0.13 [1.56]
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6.4.2 CIELAB chromaticity prediction
The same methodology was utilised to investigate the feasibility of CIELAB a* and b*
prediction from descriptors extracted from the hyperspectral reflectance data. Again,
the critical wavelengths identified as important remained the same across the 10
treatment conditions. PLSR modelling showed that 2 wavelengths provided the best
performance (in terms of RMSE) for CIELAB a* prediction [543nm, 966nm], and 5 for
CIELAB b* prediction [510nm, 664nm, 714nm, 914nm, 969nm]. The model results for
both colour appearance components are shown below.
Table 6-3: Performance of CIELAB a* PLSR models.
Full Spectrum
Calibration

Reduced (2-component)
Test

Calibration

Test

Condition

r2

RMSE

r2

RMSE

r2

RMSE

r2

RMSE

1

1.00

0.10

0.99

0.25

0.97

0.44

0.98

0.24

2

1.00

0.100

0.99

0.29

0.96

0.41

0.98

0.34

3

1.00

0.08

0.96

0.46

0.97

0.40

0.97

0.40

4

1.00

0.12

0.98

0.35

0.96

0.44

0.98

0.20

5

1.00

0.06

0.95

0.48

0.97

0.38

0.96

0.42

6

1.00

0.13

0.97

0.52

0.96

0.42

0.98

0.31

7

1.00

0.12

0.84

0.80

0.97

0.38

0.94

0.40

8

1.00

0.10

0.65

0.85

0.98

0.36

0.86

0.35

9

1.00

0.11

0.99

0.25

0.97

0.39

0.96

0.41

10

1.00

0.11

0.98

0.32

0.97

0.42

0.97

0.25

Average

1.00

0.10

0.93

0.46

0.97

0.40

0.96

0.33
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Table 6-4: Performance of CIELAB b* PLSR models.
Full Spectrum
Calibration

Reduced (2-component)
Test

Calibration

Test

Condition

r2

RMSE

r2

RMSE

r2

RMSE

r2

RMSE

1

1.00

0.10

0.99

0.25

0.97

0.44

0.98

0.24

2

1.00

0.100

0.99

0.29

0.96

0.41

0.98

0.34

3

1.00

0.08

0.96

0.46

0.97

0.40

0.97

0.40

4

1.00

0.12

0.98

0.35

0.96

0.44

0.98

0.20

5

1.00

0.06

0.95

0.48

0.97

0.38

0.96

0.42

6

1.00

0.13

0.97

0.52

0.96

0.42

0.98

0.31

7

1.00

0.12

0.84

0.80

0.97

0.38

0.94

0.40

8

1.00

0.10

0.65

0.85

0.98

0.36

0.86

0.35

9

1.00

0.11

0.99

0.25

0.97

0.39

0.96

0.41

10

1.00

0.11

0.98

0.32

0.97

0.42

0.97

0.25

Average

1.00

0.10

0.93

0.46

0.97

0.40

0.96

0.33

The results of the predictive modelling of the three metrics demonstrate good
performance with large reductions in the number of wavelengths required, from the
full VNIR spectrum of 500–1,010 nm down to minimal sets of 2–5 wavelengths.
Predictive modeling of moisture content showed the importance of three wavelengths
(540, 817, 977 nm), irrespective of the existence or type of pretreatment. The stability
of information content of these wavelengths across pretreatments indicates their
independence of color changes. This fact is one which needs to be considered when
developing models which utilize imaging in the visible wavelength range. The spectral
locations of these wavelengths show that both the “green” region of the visible range
and the NIR region are important and can be utilized to estimate moisture content.
The performance of the low-component PLSR models developed here is difficult to
compare directly with previous attempts to monitor moisture content during apple
drying, largely because of the lack of such studies or their use of different error
metrics. The most directly comparable study, which uses a laser backscattering system
to estimate moisture content, (Romano et al., 2011) reports a standard error of crossvalidation of 9.8 % and a correlation coefficient of r 2 = 0.89 for the model using light
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luminescence to predict moisture content. The worst performance of the latter model
is for moisture contents of between 10 and 20 %, where prediction errors are clearly
on the order of moisture content value itself; lower moisture contents are not
validated with this technique (Romano et al., 2011). By comparison, the worst
performance of the PLSR models developed here on the basis of HSI data, occurring
for Condition 7, is characterized by a correlation coefficient of r 2 = 0.98, with a mean
model error for the predicted moisture content of 0.29 g W/gDM, or 3.49 % (Table 6-2).
The moisture content development of the investigated samples is shown in annex
Table S-2. Comparing this moisture content value with the change in measured
moisture content over drying time for Condition 7 (Figure 6a), it is clear that the threecomponent PLSR model therefore performs accurately (in terms of RMSE) for drying
times up to 90 min, and moisture contents down to around 0.1 gW/gDM. Because this
value is the target value for moisture content, the flattening of the drying curve (which
accounts for the increase in RMSE) does not adversely affect the target period of
drying. The developed models for CIELAB a* and b* both also show a good level of
performance across all treatment conditions. Both of the PLSR models for chromaticity
coordinate prediction utilize NIR wavelengths, demonstrating that it is not only
wavelengths in the expected visible region which directly predict the chromatic
properties.

Figure 6-6: The a) drying curve for apple treatment Condition 7; Ascorbic acid and HWB at
70 °C and b) comparison of the actual and predicted moisture content.
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The colour of an apple is caused by a combination of different pigments within the
flesh (ElMasry et al., 2008; Delgado-Pelayo et al., 2014). During drying, as moisture
leaves the flesh of an apple, and if we assume minimal pigment loss, the concentration
of these pigments will increase, leading to changes in colour.
Changes in apple colour might also be due to the enzymatic reactions as a
consequence of oxidation of different phenolic compounds present in apples and/or
due to Millard reactions during drying process (Amjad et al., 2017; Karam et al., 2016).
For example, Yemenicioğlu et al. (1997) observed that polyphenol oxidase enzymes in
the golden delicious apple variety are completely deactivated at 68 °C. However, this
processing temperature is not reached until the end of the drying process
(Argyropoulos, 2011). These changes in apple colour are controlled using different
pretreatments (Karam, 2016; Loredo et al.,2013; Javdani et al., 2012; Chen et al., 2016;
Ioannou, 2013; Krokida et al., 2000; Chamorro and Vidaurreta, 2012; Gómez, 2010).
Given that the original hyperspectral images for each apple slice at each drying time
contain, the full reflectance spectra at each pixel location, we may also use these data
to extract the predicted moisture content and chromaticity coordinates for each pixel
using the final reduced-set PLSR models and visualize the performance of the models
for the three metrics by pseudo-colouring their values for each pixel in a single apple
slice across different drying times. Figure. 6-7 shows the resulting pseudo-colour
images for the predicted moisture content and chromaticity coordinates in
comparison with the sRGB images created from the hyperspectral image, for a single
apple slice at two different drying times.

119

Figure 6-7: Images of a single apple slice at two different drying times. At 0 minutes (prior to
drying): a) the sRGB image generated from the original hyperspectral image and pseudo
colour images for b) moisture content [where 0 = 0g H2O /g dry mass, 1 = 11.2g H2O /g dry
mass (extreme predicted value of <10 pixels)], c) CIELAB a*, and d) CIELAB b*. After 60
minutes of drying at 50 °C: e) – h), with image types in the same order as the left-hand
column.

The spatial variation of three quality metrics over the first 60 min of drying at 50 °C is
apparent in the pseudo-colour images (Figure 6-7). The spatial distribution of moisture
within the slice can be seen to retreat toward the core during drying. The variation in
the spatial distribution of predicted CIELAB a* values over the drying time allows
features such as veins to become more apparent (Figure 6-7c, g, h). The variation in
the spatial distribution of predicted CIELAB b* values, on the other hand, is smaller
over drying time, with the greatest change occurring in the peel, visible as the bright
rim at both drying times. As drying progresses, the slice deforms and the peel becomes
more visible. At 60 min (Figure 6-7h), the rim develops more extreme values, seen
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especially along the top edge of the apple slice in Figure. 6-7h, due to the more
specular nature of the reflected spectrum within this region. Overall, the spatial maps
of predicted apple characteristics during drying provide high quality information, and,
especially when co-registered with the sRGB image, supplements and gives more
detail about particular visible features relevant to decision-making on product quality.
6.5 Conclusions
This investigation demonstrates that VNIR HSI, and specifically the image data at a
reduced number of specific wavelengths, can be used to accurately determine
moisture content and CIELAB chromaticity coordinates of apple slices during drying.
PLSR modelling demonstrates that reflectance data at three specific wavelengths are
sufficient to predict moisture content, with two and five wavelengths required to
estimate CIELAB a* and b* values, respectively. The spectral location of these critical
wavelengths remains stable across all apple treatments, including blanching to
minimize chromatic changes during drying, and therefore these wavelengths may be
considered as treatment-invariant wavelengths for the investigated quality metrics.
Because the HSI technique provides full spectral data at each pixel, the derived PLSR
models allow visualization of the predicted moisture content and chromaticity
changes across the entire apple slices. Spatial in-homogeneities in the quality metrics
over the drying time are readily visualized. The next stage of work will be to
incorporate these findings into a simplified optical system for real time monitoring of
these metrics during drying.
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evaluation for continuous online non-invasive quality assessment during
drying of apples from two cultivars
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Department of Agricultural and Biosystems Engineering, University of Kassel, Witzenhausen,
Germany
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School of Natural and Environmental Sciences, Newcastle University, Newcastle upon Tyne, UK

7.1

Abstract

Quality attributes such as moisture content, colour parameters and shrinkage of
apples change undesirably during the drying process. Drying is a highly dynamic
process, thus, an effective optimisation in terms of product quality and process
performance requires continuous non-invasive measurement of the parameters in
question. In this study, visual to near infra-red hyperspectral imaging was used in
combination with the respective gold standard methods to estimate moisture ratio,
CIELab chromaticity, browning index, shrinkage, and rehydration ratio of apple slices
during the hot air-drying process. Two varieties (cv. Elstar and Golden delicious) of
apples at three slice thicknesses (2, 3, and 4 mm) were dried at 60 °C and 70 °C.
Prediction models for the space-averaged spectral reflectance curves were built using
the partial least square regression method and including both varieties. The
performance of moisture ratio prediction was excellent (adj R2 = 0.94, RMSEP = 0.076)
and the Variable Importance in Projection value cut off above 0.8 at 970 nm and L* at
685 nm. Similarly, partial least square regression modelling showed a good prediction
for a*, b* value, BI, shrinkage and acceptable prediction for L* and RR. The model
performance was robust to the system settings irrespective of slice thickness, drying
temperature and apple variety. Additionally, method comparisons using BlandAltman, Bablok, and Deming regression were performed. The results confirm that the
compared destructive (laboratory gold standard) and non-destructive hyperspectral
methods can be interchangeably used within the limit of agreement (± 1.96 standard
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deviations) and precision for determination of the MR, CIELAB chromaticity and BI,
shrinkage, and rehydration ratio. Therefore, these results confirm that hyperspectral
imaging system can be used in online monitoring of the apples during the drying
process, and thus, in the optimisation of product and process performance quality
attributes.
Keywords: PLS, Method comparison, Variable Importance in Projection (VIP), Vis/NIR
hyperspectral imaging system, dried apple slices.
7.2 Introduction
According to the World Health Organisation (WHO), approximately 3.9 million deaths
worldwide were attributable to inadequate fruits and vegetables (F&Vs) consumption
in 2017 (WHO, 2019). Inadequacy of consumption of F&Vs leads to poor health and
several diseases such as cardiovascular diseases and certain types of cancer. Thus, the
recognition of the importance of a healthy lifestyle has driven many consumers toward
increasing their fruits and vegetables intake. With rising incomes and the increasing
awareness towards food and its quality, consumers have developed different
consumption patterns and as a result the demand for dried fruits and vegetables has
risen amongst others because of time efficiency and convenience (Diamante and
Yamaguchi, 2012). Drying of fruits is one of the oldest preservation methods. Dried
apples for instance have become a popular convenient snack with high nutritional
value, and are one of the major constituents of this changed nutrition pattern (Arora
et al., 2018; Wang et al., 2014). These dried products can be useful as main ingredients
or secondary raw materials such as apple ring snacks or to produce energy fruit bars
(Vega-Gálvez et al., 2012). Additionally, dried fruits and vegetables have a longer shelf
life compared to fresh fruits, higher total energy per Kilocalorie, product diversity and
substantial volume reduction with the incorporation of proper improvements in
product quality and process applications (Ertekin Filiz et al., 2018). The knowledge of
physicochemical and quality properties of dried apples could increase the current
degree of acceptance of dehydrated foods in the market. Nonetheless, drying of fruits
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may lead to undesirable changes in physical and chemical properties such as colour
loss, change in shape and size that may lead to a decrease in consumers’ acceptance
and market value. Noteworthy, buying behaviour of consumers is often related to
external attributes such as the colour or appearance (Sturm et al., 2012). These have
become significant quality parameters in consumer perception of dried apple quality.
Therefore, food industry has been seeking accurate on-line processing technologies
that optimize the drying conditions for obtaining high quality dried products, meeting
the quality requirements demanded by the market (Kaleta and Górnicki, 2010;
Moscetti et al., 2018a). Thus, there is a crucial requirement of fast interventions in
quality assessment in case of any deviation from the specified course of the process
such as different types of apple varieties, slice thickness and drying temperatures. The
complexity of drying is due to interrelation between the phenomena of heat and
moisture transfer. Many of these are functions of moisture content, drying time and
colour changes (Sturm et al., 2014). Besides these parameters, apple cultivars also
contribute to the variation in end-product quality. Additionally, different apple
cultivars differ in moisture content, porosity and chemical composition which has also
the greatest influence on the quality defining characteristics of dried products
(Kalinowska et al., 2014; Kschonsek et al., 2018; Nour et al., 2010). Furthermore, the
standard laboratory techniques, such as the gravimetric method for moisture content
determination, the colour parameter by using Chromameter, interrupt a continuous
drying processing because they are invasive, often destructive, costly and time
intensive. Thus, there is a great need for non-destructive non-invasive measurement
technique to determine these core quality attributes in a continuous drying process
(Amjad at el., 2018; Crichton et al., 2015b; ElMasry et al., 2007; Liu et al., 2014;
Shrestha et al., 2018; Sun et al., 2009). A recent trend in the food drying research
focuses on the development of smart drying technology (artificial intelligence,
computer vision, visible (Vis) and near-infrared (NIR) spectroscopy, magnetic
resonance imaging, and control system for the drying environment) to meet high
requirements on product quality. The emerging intelligent control drying technologies
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offer improvement in food quality by minimizing thermal degradation, time of drying
and minimal changes in nutritional and aesthetical value (Sturm, 2019). For instance:
non-invasive techniques, i.e. hyperspectral imaging (HSI) for real-time observation of
multiple product quality attributes, such as moisture content, shrinkage, porosity,
density, colour, and texture, as well as valuable components have been reported
(Martynenko, 2017). Martynenko and Sturm (2019) reported intelligence in the form
of computer vision and soft sensors will cover existing gaps in knowledge regarding
process-product interactions and product quality transformation within the process of
drying. The acquired information is used in control strategies, facilitating adaptive
(multivariate) control and thus, generating intelligent drying systems. Thus, these
systems will be helpful for the drying industry for optimization via online and inline
non-destructive monitoring of product quality metrics and simultaneously controlling
the process operation by integrating the feedback from such a monitoring system
(Sturm, 2017).
Moreover, it is imperative for the food industry that all food quality instruments are
precise and accurate. These food quality attributes such as moisture content, colour
parameters during drying are measured using a laboratory destructive (or at least
interruptive) approach which has been commonly used for decades. Currently, there
is a trend towards replacing these destructive methods by numerous non-invasive
techniques such as HSI in the visible and Near-Infrared (Vis/NIR) ranges, Raman
spectroscopy, and Magnetic resonance imaging to analyse the quality attributes
during the drying process (El-Mesery et al., 2019). These techniques are gaining more
importance in laboratory and online quantitative applications for industrial use due to
their characteristics such as quickness, reproducibility of measurements requiring no
sample preparation, the robustness of the equipment and the possibility to study the
distribution of the different quality attributes within a sample.
The basic principle of HSI is to accumulate data on light reflected, scattered, absorbed
by a sample from across the electromagnetic spectrum (ultraviolet, near-infrared and
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infrared regions) that are not detectable by the human eyes (Wu and Sun, 2013a). The
HSI system produces electromagnetic energy in different forms at particular
wavelengths according to the differences in food quality. It combines spectroscopy
and digital imaging which provides both spectral and spatial information from an
object. The spectral features provide a wide range of multi-constituent surface and
subsurface characteristics and the spatial features of HSI elaborate a complex
heterogeneous sample (Nawrocka and Lamorska, 2013).
Detection failures of quality attributes may lead to critical issues in the current market
and loss of economic value (Lu and Lu, 2016). Therefore, robust and accurate statistical
methods are required for proper evaluations of all analysis in order to validate the new
approach. Various statistical approaches have been used to assess the accuracy of the
new techniques to avoid the inappropriate conclusion (Martin, 2000). Different partial
least square (PLS) regression models have been developed to determine the
performance of new techniques. The oldest criteria for measuring agreement are the
correlation coefficient (r). However, it is also important to be sure that a new method
of measurement is in the agreement with the current or gold standard (laboratory)
method. The correlation coefficient seems to be inappropriate as correlation only
measures the strength of linear association between variables (Sedgwick, 2013). Bland
and Altman stated that it is very unlikely of two different methods or instrument to be
exactly in agreement or to give identical results for all individuals. The Bland-Altman
method is the approach most commonly used to assess the agreement between the
two measurement methods (Hofman et al., 2015). It determines the mean difference
between two methods of measurement (the bias) and 95 % limits of agreement as to
the mean difference [1.96 standard deviations (SD)]. The method is based on the fact
that when there is a non-consistent systematic bias between two measurement
systems, the correlation between the mean of two measurement systems and the
mean difference between two methods of measurement is zero and a horizontal
regression line fits the points in the plot. If the slope of the regression line fitted to the
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Bland–Altman plot is not significantly different from zero then the proportional bias is
absent (Ludbrook, 2010).
To date no scientific work has been published related to the models prediction
performance analysis for continuous online non-invasive quality assessment during
drying of apples from two cultivars. Furthermore, no performance comparison
between destructive analytical approaches (gold standard) and a non-destructive (HSI)
method by using various regression methods such as Bland-Altman and Bablok
regression has been reported. Sturm, (2018b) reported there is variation in moisture
content and structure of slices within the individual apple of one variety. However, the
fluctuations within the apple remain in a very narrow range. Additionally, different
levels of porous structure are present in apple. Joardder et al., (2015) showed that
dried Granny Smith apple has a higher porosity due to its larger cell dimensions and
the consequent loose packing of cells compared to Red Delicious. In this framework,
the main objective of this study was to build robust prediction models for
hyperspectral imaging that are valid across two apple varieties and independent of
slice thickness and drying conditions to visualize quality parameters such as moisture
content, CIELab colour parameters, browning index (BI), shrinkage (S) and rehydration
ratio (RR). The specific objectives were to (i) to establish an HSI system in the spectral
range of 400- 1010 nm to acquire the hypercubes of apple samples, (ii) to extract
spectral information and identify the significant wavebands based on the Variable
Importance in projection Plots (VIP) and to determine important latent factors which
then were used to develop the PLSR models, (iii) to develop the PLS regression model
and prediction of MR, colour attribute such as L*, a*, b*, BI, shrinkage and rehydration
ratio in apple slices, and (iv) to evaluate the agreement between the results obtained
by HSI and the laboratory assessment during the drying of apple slices independent of
different setting parameters (two different apple varieties, two drying temperature
setting and three slice thickness).
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7.3 Material and Methods
7.3.1 Overview of the experimental design
Figure. 7-1 gives an overview of the experimental design. A three-factor, general
factorial design was developed to systematically study the influence of the factors:
apple cultivar (cv. Elstar and Golden delicious), drying temperature (60 °C and 70 °C),
slice thickness (2 mm, 3 mm, and 4 mm) on drying time, CIELab colour parameter, BI,
shrinkage and rehydration ratio during drying processing. The general factorial design
allows to have factors with a different number of levels and create an experiment that
includes all possible combinations of factor levels. The experimental design was
augmented by three replicate runs of all factors. Three replications were performed
for each experiment to get a true average of the data which help to reduce the
measurement errors and also to increase the number of samples that helps to develop
a robust model.

Figure 7-1: Diagram of the experimental design.
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7.3.2 Sample preparation

Apples (cv. Elstar and Golden delicious) from the same lot each were purchased from
the local supermarket in Witzenhausen, Germany. Golden delicious apples were
source from Italy and Elstar apples were source from Germany. The samples were
stored at 4 ± 1 °C until processing. Fruit sampling was performed by randomly selecting
sound apples from the batch, with uniform size and ripening stage. Samples were
stored at room temperature for 2 h before starting the experimental activities. Apples
were washed, cored using a 25 mm apple stainless corer (Lurch, Hildesheim, Germany)
and sliced into discs (2 mm, 3 mm, and 4 mm thick) using an electric slicing machine
(Graef, Allesschneider Vivo V20, Arnsberg, Germany). Finally, to prepare slices of
uniform outer diameter (62 mm) a circular cookies cutter (Flammable, Germany) was
used as presented in Figure 7-1.
360 apple slices were prepared based on drying parameters (variety, temperature,
thickness) investigated, randomly arranged into 36 batches of 30 samples and
subjected to hot-air drying. Additionally, 108 apple slices were prepared for
rehydration ratio determination.
7.3.3 Drying experiments
Drying experiments were performed by warming up the dryer for 30 minutes for
stabilizing the required air temperature and then consecutive apple slices drying was
performed at set conditions. At 60 °C drying temperature, 2 mm samples were
subjected to 5 h hot air drying and sampling was performed at 0, 15, 30, 60, 90, 120,
150, 180, 240, 300 min; 3 mm samples were subjected to 6 h hot air drying and
sampling was performed at 0, 15, 30, 60, 90, 120, 180, 240, 300, 360 min; 4 mm
samples were subjected to 7 h hot air drying and sampling was performed at 0, 15, 30,
60, 120, 180, 240, 300, 360, 420 min. At 70 °C drying temperature, 2 mm samples were
subjected to 4 h hot air drying and batch sampling was performed at 0, 15, 30, 60, 90,
120, 150, 180, 210, 240 min; 3 mm samples were subjected to 5 h hot air drying and
batch sampling was performed at 0, 15, 30, 60, 90, 120, 150, 180, 240, 300 min; 4 mm
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samples were subjected to 6 h hot air drying and batch sampling was performed at 0,
15, 30, 60, 90, 120, 180, 240, 300, 360 min.
7.3.4 Reference measurements
The moisture contents of the apple slices were obtained from the gravimetric method
during the drying process as shown in the Fig. 1. The average value of the triplicate
experiments was determined. After the drying process, the samples were dried at 105
°C in an hot air oven (SLE 500, Memmert GmbH, Germany) for 24 hours according to
Association of Analytical Communities (AOAC, 1990) to determine the final moisture
content. Moisture content (MC, wet base) was determined from the weighing with
initial and final moisture determination. The moisture ratio (MR) was calculated with
Equation (7-1) below:
MR =

𝑀 − 𝑀𝑒
𝑀𝑖 − 𝑀𝑒

(7 − 1)

With M as moisture content at any time, Mi as the initial moisture content and Me as
the equilibrium moisture content. According to Rayaguru and Routray, (2012), it was
simplified to equation (7 - 2) below:
MR =

𝑀
𝑀𝑖

(7 − 2)

Colour of apple slices was measured on the upper surface of each sample by
performing four colour measurement on opposite sides of each slice. The three colour
components in L* a* b* space were determined with a hand tristimulus reflectance
colorimeter (CR-400, Konica Minolta, Osaka, Japan). Before colour acquisition, the
colorimeter was calibrated using a standard white plate. L* represent the brightness
component of samples. The higher the L* value, the brighter the sample. The value of
a* is the ratio between red and green, the higher the value the redder is the sample
and the lower the value, the greener is the sample. The value of b* is the ratio between
yellow and blue. The higher the value, the sample is yellower and the lower the value,
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the sample is bluer in colour. The changes in each individual colour parameters were
calculated as Equation (7 - 3)
∆𝐿∗ = 𝐿∗ − 𝐿∗0 ; ∆𝑎∗ = 𝑎∗ − 𝑎0∗ ; ∆𝑏 ∗ = 𝑏 ∗ − 𝑏0∗

(7 − 3)

The subscript ‘0’ refers to the initial colour parameters of each sample at the beginning
of the drying experiments.
According to Bußler et al. (2017) BI was calculated as Equation (7 - 4)
BI =

[100 (x − 0.31)]
0.17

(7 − 4)

Where,
(a∗ + 1.75 L∗ )
x =
5.645 L∗ + a∗ − 3.012 b ∗
Relative shrinkage of the samples during drying was expressed in terms of relative
change in volume as the sample volume at any time (V) to initial volume (V0) (Maskan,
2001) as Equation (5). The volume was calculated by measuring the height at three
points of each slices by using a calliper 0-150 mm (Kinzo) at every measuring interval
and two-dimensional shrinkage (changes in slice area) was determined by counting
pixels retrieved from HSI.
Shrinkage (S) =

V(area ∗ height)
Vo (area fresh ∗ height fresh)

(7 − 5)

Rehydration experiments were performed by immersing a weighed dried sample into
300 mL distilled water at 65 °C for 10 min at 100 rpm on a magnetic heat stirrer mod.
RMH (Gehardt GmBH & Co. KG, Königswinter, Germany). The samples were drained
over a mesh for two minutes followed by gently blotting with paper tissue 3 - 4 times
in order to absorb and eliminate the adhering surface water and then reweighed.
Triplicate experiments were carried out for each setting. Rehydration ratio (RR) was
measured as the weight of sample after rehydration to the weight before drying as
shown
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RR =

Wrehydrated
Winitial

(7 − 6)

7.3.5 Overview of Hyperspectral data processing and analysis
A flowchart (Figure 7-2) is used to give a general overview of the methodology. In this
study, a two-step validation approach was followed for the model development: (i)
cross validation of the whole data sets and (ii) randomly splitting data to an
independent test data set.

Figure 7-2: Flowchart showing a general overview for each hyperspectral image and data
processing methodology.
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7.3.6 Hyperspectral image acquisition, image segmentation and pre-processing

A hyperspectral imaging system type ImSpector V10E (Specium Spectral Imaging Ltd,
Finland) was used to acquire scanning images of the apple slices. The system was
comprised of an illumination source (three 60 W halogen lamps) fixed at a 45° angle
to illuminate the samples, a linear translation stage, and the hyperspectral imager
coupled with a 35 mm Schneider lens C-mount zoom lens (Xenoplan 1.9/35, Schneider
Optishce Werk GmbH, Germany). The distance between the camera lens and the
surface of the apple slices was fixed at 270 mm. The HSI system measures a set of
three sample slices at a time in the reflected wavelengths from 400 to 1010 nm.
However, the wavelength region between 491 and 1005 nm was used in this study due
to the low output of the illumination system in the lower wavelength region. The
samples were scanned at a moving speed of 8 mm s-1; images were consequently
captured by the camera at intervals of 1.5 nm and the exposure time was set at 20
msec. Each complete image consisted of 3 apple slices and the white reference tile. A
white tile of 200 mm x 24 mm (H x W) was used as a reference which resulted in a
spatial resolution of 1700 x 1392 pixels (H x W). The apple samples were saved in ENVI
3.6 format (Research system, Inc., USA) for further processing.
Both white and dark references were acquired to correct the raw images by excluding
the random noise (such as uneven light source intensities). The dark reference was
obtained by closing the shutter of the camera. Image segmentation, background and
dead pixel removal, noise removal and average reflectance calculation were carried
out using Matlab 2015a, following the methods used in a previous study (Crichton et
al., 2018). The relative reflectance spectrum for each pixel in the image (R (λxy)) was
calculated with the following equation with spatially averaged reference illumination
spectrum W(λxy) and the sample irradiance spectrum S(λxy) as Equation (7 - 7)
(𝑅 (𝜆𝑥𝑦)) =

𝑆(𝜆𝑥𝑦) − 𝐷𝜆
𝑊 (𝜆𝑥𝑦) − 𝐷𝜆

(7 − 7)
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The average relative reflectance spectrum for each sample was then calculated
automatically.
Each sampling batch was subjected to both Vis/NIR spectral data acquisition and
determination of moisture ratio, shrinkage, change in CIELab colour, and rehydration
ratio.
7.3.7 Multivariate data analysis
All data sets were imported into JMP software to perform PLS analysis on all batches
at the same time by taking all quantitative factors (i.e. 2, 3 and 4 mm thickness; 60 °C
and 70 °C drying temperature; cv. Elstar and Golden delicious) into account, in order
to obtain models robust to the variance. Pre-processing using mean centering and
autoscaling was applied on variables before modelling approach. Mean centering is
the standard basic steps in pre-processing of multivariate methods. It removes the
mean spectra and moves the natural data origin to the multivariate mean. The average
of each column is calculated and then subtracted from each value. Thus, the average
of each mean centered column is zero. Autoscaling includes mean centering but after
the column average subtraction, each value is divided by its respective column
standard deviation. As a result, all the column has zero mean and unit variance (Burger
and Gowen, 2015). First, principal component analysis (PCA) was performed on the
entire spectral data (X-matrix) to identify the most important directions of variability
in a multivariate data space. The same spectral dataset was used together with a block
of quality values (moisture ratio, L*, a*, b*, BI, shrinkage and rehydration ratio) to
build a predictive PLS regression model, so that these attributes can be predicted in
the future directly from the measured spectra. Regression models were computed
using the PLS regression through the nonlinear Iterative Partial Least Squares (NIPALS)
algorithm and by testing a number of factors equal to 15. The frequency distribution
of variables was observed with the help of histogram and to define an appropriate
experimental space, the data was summed over the intensities in the bins. Bins were
chosen with a fixed width, or with a width that increases with almost equal distribution
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of the dataset. Each model was optimized by computing a binning with 10 data splits.
The binning procedure decouples the linear order between the original quantitative
values and allows any pattern in the relation between responses (X) and Y to be
modelled (Smolinska et al., 2012). The regression models were calculated by using the
two-way cross-validation method which was adapted to overcome the dependency
between the predicted error for new individuals and the optimization of the model
parameter. The datasets were split into two groups: 1. training and validation set and
2. test set. The data were selected randomly and divided into 60 % training set; 40 %
as the validation set. A set of independent data was set aside to test the model
performance. Firstly, single cross validation was performed using the training and
validation set which results in the model by using an optimal number of PLS
components. The optimal number of latent variables (LV) or factors for PLS regression
model were selected at the minimum predicted residual error sum of square (PRESS)
of the validation set (Sawatsky et al., 2016). PRESS is defined as the sum of squares of
deviation between predicted and reference values of quality parameters and was
calculated using Equation (7- 8)
PRESS = ∑(ycal − yact )2

(7 − 8)

Thus, this model provides the predicted formula that is applied on test datasets (that
is; statistically almost identical, including an independent test set consisting of the
observations which were not included in the training and validation step). The
calibration model was then used to predict an independent test dataset.
Model accuracy was evaluated using two parameters; adjusted coefficient of
determination (adj R2) and root mean square error (RMSE) for training set (adj R2T and
RMSET) and cross-validation set (R2V and RMSEV) The R2 and RMSE were defined in Eqs.
(7-8), (7-9), and (7-10), respectively (Chai et al., 2014).
∑(ycal − yact )2
R =1−
∑(ycal − ymean )2
2

(7 − 8)
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RMSEV = √ ∑

(ycal − yact )2
n

(ypred − yact )
RMSEp = √ ∑
n

(7 − 9)

2

(7 − 10)

Where n is the number of spectra (samples), yact is the actual value, ymean is mean value,
ycal is the calculated value from calibration model, y pred is the predicted value of the
MR, L*, a*, b* and BI in apple slices samples estimated by validation method.
The standard outputs such as adj. R2, RMSE for the training, validation and testing
datasets were used to evaluate the model quality and to assess the influences of
predictors. High adjusted R2 and low RMSE values indicate the best model for
predicting the quality parameters.
Additionally, the variable importance in the projection (VIP) was used to select the
important wavelength regions from the PLS models (Chong and Jun, 2005). The VIP
scores obtained by PLS regression can be used to select the most influential variables
or predictors, X. The VIP score can be estimated for jth X-variable by Equation (7-11).
Waj 2
( )
Wa
Vj = √P ∑ SSa
SST
A

(7 − 11)

a=1

Where P is the total number of variables, A is the total number of components, SS a is
the sum of squares explained by the ath component, SST is the total variance explained
by all the components, (

Waj 2
Wa

) is calculated using loading weight vectors Waj for each

component and represents the importance of the variable j for component a. The
predictor variable whose VIP score is greater than 0.8 is considered as an important
variable in this study considering the average of squared VIP score (Jun et al., 2009).
The Bland Altman method of differences (Bland and Altman, 1999) was used to assess
the agreement of routine laboratory methods (destructive) and hyperspectral imaging
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approach (non-destructive) in determining the MR, colour parameter CIELab, BI,
shrinkage and RR of the apple slices. The Bland Altman method is expressed with the
95% limits of agreement that is estimated by mean difference ± 1.96 standard
deviations and these values define the range within which most differences between
measurements by the two methods would occur. Thus, the smaller the range between
these two limits the better the agreement between the measurements (Carkeet and
Goh, 2018).
Furthermore, regression analyses are determined by using the equation of the fitting
line. The basic principle is that the fitting line has a slope of 1, an intercept of 0 and
the data points scatter very closely around the regression line. However, an empirical
result can deviate from the ideal result in various ways. Thus, the bias of the test
method can be calculated by the difference between the regression line (fitting line)
and the line of equality (y = x). The Passing Bablok linear regression analysis technique
was also used to estimate the agreement of analytical methods agreement and to
detect possible systematic bias between measurement methods. It is a nonparametric statistical test procedure (Arendse et al., 2018). Orthogonal (Deming)
Regression was also determined which present both x and y random error that are
proportional to the overall average value of the test and comparative results for each
sample (Sârbu et al., 2000).
7.3.8 Statistical analysis
The effects of drying temperature, apple variety, slice thickness and their mutual
interactions on Change in CIELab parameters, and ΔBI were examined by using Analysis
of Variance. 95 % confidence level was considered as the critical P-value to determine
the effect of the parameters on the CIELab colour parameters.
Matlab software R2015b coupled with the ‘Image Processing’ toolbox was used to
process the hypercube of apple samples and to acquire the relative area shrinkage of
each slice.
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All computations and multivariate data analyses were performed with the JMP
software (SAS Institute Inc., Cary, NC, USA) and hypercube image processing were
done using Matlab 2015a (The Mathworks Inc., Natick, MR, USA).
7.4 Results and Discussion
7.4.1 Drying behaviour (Effect of variables on drying time)
Fig. 7-3 shows the drying curves for two apple varieties (Elstar and Golden Delicious)
considering three thickness (2, 3 and 4 mm) based on the moisture ratio values at 60
°C and 70 °C drying temperatures.
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Figure 7-3: 2 mm, 3mm, and 4 mm thickness apple slices (cv. Elstar and Golden Delicious)
drying process at 60 °C (a) and 70 °C (b).

It has been observed that the drying time to reach the final moisture content of 12 %
were 123, 243 and 248 min for Elstar and 244, 260, 288 min for Golden Delicious for
the slice thicknesses of 2, 3 and 4 mm respectively, at the drying air temperature of 60
°C. Corresponding values for Elstar variety of 2, 3 and 4 mm slice thicknesses were 62,
118 and 174 min and 59, 103 and 119 min for Golden Delicious at the drying
temperature of 70 °C. As expected, and already showed by previous studies
(Cuccurullo et al., 2018; Filippin et al., 2018; Sturm et al., 2014), the higher the drying
temperature and thinner the slice, shorter the drying time to achieve the same final
moisture content. In this study, the reduction of apple slices from 3 mm to 2 mm
resulted in a decreased drying time of ca. 50 % which is in agreement with the study
done by Sturm, (2018b). However, reduction of apple slices from 4 mm to 3 mm
resulted in a non-uniform decrease for drying time of both varieties at both drying
temperatures. This might be due to inhomogeneous structure of apple slices and initial
moisture content.
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7.4.2 Colour assessment
It is well known from literature that particle dimensions (slice thickness) and process
settings (temperature) impact on colour changes during the drying process (Ben et al.,
2012; Sacilik and Elicin, 2006; Sturm et al., 2014; Sturm et al., 2007). In this study slice
thickness, apple variety and drying temperature show the greatest influence on the
colour parameters (Table 7-1).
Table 7-1: CIELab and BI parameter of apple slices at different settings.
Variety

Elstar

Golden
delicious

Level

ΔL*

Δa*

Δb*

Δ BI

2 mm – 60 °C

-0.15 a

1.61 b

12.32 ab

2.26 b

3 mm – 60 °C

-6.06 a

3.65 ab

12.46 ab

5.62 b

4 mm – 60 °C

-4.38 a

5.36 a

16.64 a

10.12 a

2 mm – 70 °C

-9.49 a

2.79 b

10.92 ab

4.61 b

3 mm – 70 °C

-4.88 a

3.30 ab

13.29 ab

5.08 b

4 mm – 70 °C

-7.93 a

5.35 a

10.35 b

7.17 ab

2 mm – 60 °C

-9.89 ab

4.15 bc

9.54 b

7.08 bc

3 mm – 60 °C

-5.68 a

5.49 abc

17.76 ab

8.09 abc

4 mm – 60 °C

-6.52 a

7.35 ab

19.93 a

10.39 ab

2 mm – 70 °C

-6.62 a

3.43 c

14.68 ab

5.65 c

3 mm – 70 °C

-12.05 b

8.12 a

18.31 a

11.78 a

4 mm – 70 °C

-10.01 ab

7.91 a

16.25 ab

10.82 ab

Levels not connected by same letter are significantly different

For Elstar the ΔL* values were not significantly different for for all drying parameter
settings. It was observed that the ΔL* values of 3 mm slices dried at 70 °C of Golden
Delicious variety were higher and significantly different compared to the slices of 3
and 4 mm dried at 60 °C and 2 mm at 70 °C. In terms of the reduction in redness of the
slices, 2 mm slice of Elstar dried at 60 °C and 70 °C showed a significantly lower redness
compared to 4 mm slices dried at 60 °C and 70 °C but were not significantly different
to 3 mm slices dried at both temperatures. In case of Golden Delicious, 2 mm slices
dried at 70 °C had a lower redness compared to 4 mm - 60 °C, 3 mm - 70 °C and 4 mm
- 70 °C slices. It can be observed that the magnitude of the change in b* were higher
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in 4 mm - 60 °C Elstar slices which was significantly different to 4 mm -70 °C slices.
Similarly, in Golden Delicious, 4 mm - 60 °C slices reached higher values which was only
significantly different to 2 mm dried at 60 °C.
With regards to ΔBI, 4 mm Elstar slices dried at 60 °C showed more pronounced
browning compared to 2, 3 mm dried at 60 °C and 70 °C but was not significantly
different to 4 mm slice dried at 70 °C. This indicates that due to the higher volume to
surface area, the product stays in a higher moist state for a longer period of time,
which in consequence leads to a darker finished product (Amjad et al., 2016;
Fernández et al., 2005). Moreover, this could be attributed to the chemical,
biochemical and physical changes which occur during drying which lead to quality
changes such as a change in colour (Sturm, 2018). For Golden delicious, it was
observed that 3 mm slice dried at 70 °C showed the highest ΔBI which is only
significantly different to 2 mm slices dried at 60 °C and 70 °C drying temperature.
Furthermore, for all settings, the degree of browning for Golden delicious was higher
than for Elstar. This might be due to the presence of a higher concentration of phenolic
compounds in Golden delicious which accelerates the development of the brown
colour (Holderbaum et al., 2010). Additionally, it might be due to high levels of nonenzymatic browning or Maillard reaction and oxidation of ascorbic acid (Jaeger et al.,
2010; Vega-Gálvez et al.,2012). Therefore, with an increase in the thickness of apple
slices (4 mm), the development of brown colour increases consecutively in both apple
varieties dried at 60 °C and 70 °C as the heat exposure increases to remove the
moisture content (Moscetti et al., 2018; Sagar and Kumar, 2010).
7.4.3 PLS analysis
Selection of Wavebands from VIP plot
Fully cross-validated PLS regression models were developed for MR, L*, a*, b*, BI, S,
and RR to predict each quality attribute. The optimum number of latent factors was
used to build a robust PLS regression model to obtain the best prediction performance.
The optimum number of PLS-latent variables for each feature and the number of
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factors that produced the least PRESS was selected as optimum value. Figure 7- 4
shows a typical plot of PRESS for each analyte as a function of the number of factors.
As seen, the PRESS for MR (a), L*(b), a* (c), b*(d), BI (e), S (f) and RR (g) reaches to a
minimum a latent variable equal to 13, 7, 14, 7, 13, 15 and 6 respectively. The
minimum root mean PRESS for MR, L*, a*, b* and BI were 0.27, 0.63, 0.36, 0.37, 0.26,
0.17 and 0.57 respectively. These factors were selected to avoid overfitting (which
occurs by selecting too many latent variables, poor splitting of training and testing data
sets) and under fitting (selecting fewer variables). Thus, these optimum factors were
good enough to capture, and model the variability in the data. PLS regression was
applied across all spectral data using the respective latent factors for the simultaneous
determination of the analytes using the validation method.
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Figure 7-4: RMSE PRESS plot for MR (a), L* (b), a* (c), b* (d), BI (e), S (f) and RR (g) as a
function of number of factors
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Figure 7-5: VIP plot for MR (a), L* (b), a* (c), b* (d), BI (e), S (f) and RR (g) as a function of
wavelength.

Figure 7-5 shows the Variable Importance Plot (VIP) scores of the 329 wavelengths
(491 -1005 nm) X-variables for MR (a), L* (b), a* (c), b* (d) and BI (e). In this study, Xvariables (spectral wavelengths) with a VIP score greater than 0.8 are considered as
important variables for the modelling of the metric (Y-variables) to be modelled.
However, VIP cut-off points vary throughout the literature (Wold, 1994; Wold et al.,
2001). Clearly, MR and L* parameter have VIP scores greater than 0.8 which might be
related to the part that connects to the water distribution at 970 nm and change in
pigments at 685 nm. The wavelengths at 970 nm and 685 nm are significant
parameters in describing the water content distribution and chlorophyll content in
apple slices which aligns well with the several studies (Burger and Gowen, 2015; Eissa
and Khalik, 2012; Wu and Sun, 2013b).
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PLS regression modelling
PLS models were developed using data from all apple slices, regardless of apple
variety, slice thickness, drying times and drying temperatures to maximize the
predictability of Vis/NIR hyperspectral imaging from a wide range of reference values
and to make a real-world application more feasible. The measured values obtained
from the routine laboratory test (destructive) for the different quality attributes and
predicted values for these same samples resulting from the optimal PLSR models are
plotted and displayed in Figure 7-6. The PLS models for MR, a*, b*, BI, and shrinkage
gave a very good statistical performance which is shown by high adj R2 and low RMSE.
The adjusted R2 for MR is 93 % with an RMSE of 0.32, a* (adj of 86 %, RMSE of 0.95),
b* (89 % adj R2 and 2.82 RMSE) and BI (93 % adj R2 and 1.10 RMSE). This indicates very
good prediction ability of the resulting models with the reproduction of calibration
data. However, the prediction of color component (L*) was not satisfactory which
might be attributed to the narrow range (70.63 – 78.93) of L* values involved in
building it’s PLS regression calibration model. The significantly higher changes in L* for
the hyperspectral images could be caused by glossiness or the increasing unevenness
of the product surface during the drying process (Sturm et al., 2012). Additionally,
there might be pigment transfer during the drying process. Nevertheless, it is notable
that VIP score shows the range of wavelengths for L* parameter but its performance
is not as good as to be used for quantification of L* prediction. The prediction
performance for rehydration ratio was good with 70 % adj R2 and 0.040 RMSE. The PLS
regression models using the Vis/NIR spectra appeared to be robust in predicting the
moisture ratio, shrinkage and brown colour development of apple slices.
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Figure 7-6: Partial least squares models for MR (a), L* (b), a* (c), b* (d), BI (e), S (f) and RR
(g) using training (blue) and validation (red) set of apple samples.

Predictive ability of PLS model and method comparison
In the present study, an independent test sample was applied on the PLS validation
model. MR, a*, b*, BI, S and RR were reliably predicted regardless of the apple variety,
drying temperature and slice thickness. PLSR prediction results for MR and colour (L*,
a*, b*, BI values, S and RR) are presented in the scatter plots [Fig. 7-7 (a, b, c, d, e, f,
g)].
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Figure 7-7: Prediction of the variables [MR (a), L* (b), a*(c), b*(d), BI (e), S (f), RR (g)] using
the PLS validation model of independent samples. The dotted line represents the line of
best fit while the red line is a reference line plotted at the diagonal. Bland Altman plot
showing the difference against the average of test hyperspectral imaging method and
standard measurements with limits of agreement (LoA) (broken lines) for the variables [MR
(h), L* (i), a*(j), b*(k), BI (l), S (m), RR (n)]. X-axis represents the mean of the two variables
and the Y-axis depicts the difference. The solid red line represents the mean and the dotted
lines show the standard deviation. When the plot shows no relationship between
discrepancy and the level of measurement, so that LoA are valid.
Table 7-2: Regression data from method comparison for MR, L*, a*, b*, BI measured by
hyperspectral imaging as a reference method (x) and routine laboratory measurement(Y).
Variable

Variance fit
ratio

r

Slope

Intercept

DR

PBR

DR

PBR

MR

0.96

0.95

0.98

7.5

0.02

-0.14

L*

0.94

0.66

0.97

0.96

1.85

1.98

a*

0.94

0.94

0.97

0.98

0.09

0.03

b*

0.96

0.94

0.98

0.97

0.60

0.54

BI

0.96

0.95

0.98

0.95

0.60

0.50

RR

1.20

0.86

1.09

1.08

-0.06

-0.05

Shrinkage

0.98

0.98

0.99

0.96

-0.02

-0.01

r – indicates the correlation coefficient; DR indicates the Deming’s regression; PBR
indicates the Passing Bablok regression.
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In [Figure 7-7 (a, b, c, d, e, f, g)], the ordinate and abscissa axis respectively represent
the predicted and measured fitted values of the corresponding parameters. Statistics
obtained for the prediction of MR revealed excellent performance with an adj R 2 of
0.94, RMSE of 0.076. Similarly, the adjusted coefficient of determination between each
characteristic with the RMSE was embedded inside each graph to indicate the
prediction performances of the models. The PLS model in predicting L* colour
parameter and rehydration ratio appeared to be not as good since the adjusted
correlation of determination coefficients was low. This could be elucidated to the
differences in absorbance patterns due to structural changes in the slices for different
apple variety and thickness. Additionally, the analysis was performed on a large
number of samples which might be heterogeneous and wide variation in apple slices
(Sturm, 2010) resulting in low prediction performance. Therefore, the accuracy of the
regression model is evaluated as being excellent for the prediction of MR, a*, b*, BI
and shrinkage detection in this study.
Figure 7-7 (h, i, j, k, l, m, n) shows Bland Altman plots which are used to compare the
agreement between the laboratory measurement (destructive) system and nondestructive analysis system for MR, L*, a*, b*, BI, S, and RR parameters. Since there is
no relationship between difference and average of data from the conventional
approach and non-destructive method, the limit of agreement between these
methods using difference and average were used. The results are presented as the
differences between the two methods that lie between the limit of agreements (mean
± 1.96 standard deviations). As seen in Figure 7-4 b, the mean of differences for MR
was 0.017 with a standard deviation of 0.003, and the limit of agreement [95 %
confidence interval (CI)] was reported as 0.011– 0.024. The mean of differences for L*
and predicted L* was observed as -0.39 with a standard deviation of 0.111. The limit
of agreement was observed as -0.609: -0.172. Similarly, the mean of differences for
a*, b* and BI was found as 0.095, -0.079, 0.171 with a standard deviation and limit of
agreement value of 0.875 (1.81: -1.62), 2.33 (4.49: - 4.65) and 1.04 (2.22: -1.88)
respectively.
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These results suggested that the data points for MR, L*, a*, b* and BI were within the
limits of agreement (with nearly equal distribution of over and underestimation of
respective values). The results in this study agreed with the statistical limits (Bland and
Altman, 1999), which are calculated by using the mean and the standard deviation of
the differences between the predicted formula and measure responses. Furthermore,
the standard deviation of the difference between HSI and the laboratory (destructive)
measurements was relevantly small showing an acceptable precision and both
methods can be interchangeable to predict the moisture ratio and colour components
CIE L* a* b*. Thus, it was possible to assess two independent methods of measuring
the same variable, each of which might have its own inherent error. However, some
large differences were seen when measuring the L* parameter, shrinkage and
rehydration ratio. Therefore, a poor agreement exists between the destructive
approach and hyperspectral imaging in the measurement of L*, shrinkage and
rehydration ratio.
In the Deming regression analysis, a slope of 0.98 (95 % CI [0.96 to1.00]), the intercept
of 0.02 and variance fit ratio of 0.96 was observed for MR, showed both destructive
and hyperspectral imaging measurement methods have a good concordance. The
concordance correlation coefficient was 0.95, which is considered as acceptable
performance between two measurements to determine MR in apple slices. Similarly,
for L*, a*, b* and BI value have a slope of 0.97 (95 % CI [0.98 to1.04]), 0.99 (95 % CI
[0.96 to1.01]), 0.98 (95 % CI [0.95 to1.005]) and 0.98 (95 % CI [0.95 to1.005])
respectively. The intercept for L* was 1.85, b* was 0.09, a* was 0.602 and BI was 0.60.
The variance fit ratio for L*, a*, b* and BI was observed as 0.94, 0.98, 0.96, 0.96
respectively. Additionally, the Passing and Bablok regression analysis showed a close
agreement of both slope and intercept, with the target values of 1 and 0 within the
95% confidence except for MR value as presented in Table 7-2.
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7.5 Conclusions
Prediction models based on the Vis/NIR spectrum can be very useful to rapidly,
cheaply and easily predict the quality parameters of apple slices of the different apple
varieties such as moisture ratio, CIELab chromaticity, and shrinkage and rehydration
ratio. The Vis/NIR based prediction models have shown to be reliable for the moisture
ratio, a*, b*, browning index, rehydration ratio and shrinkage prediction of apple slices
irrespective of the apple varieties, apple slice thickness, drying temperatures and
drying time. Since the differences between the routine laboratory method and noninvasive hyperspectral imaging measurements were small, hyperspectral imaging
technique could replace measurement in a laboratory during the drying process or the
two methods could be used interchangeably.
Such models showed robustness that could be further used for quality optimization in
different apple varieties during the on-line drying process. Only the accuracy of the L*
and RR parameters should be improved to enhance further the L* and RR prediction
models. However, it was found that all the devices showed satisfactory precision,
there was substantial discordance when their results were compared to a laboratory
reference. Therefore, HSI can be used for the development of smart drying systems as
real-time measurement of product characteristics becomes possible. Further research
is needed in this work that consider more samples with different species and growing
regions to improve the robustness of the model. Additionally, the visualization of
chemical components distribution such as phenolic content in apple using the Vis/NIR
HSI technology will also be point of future interest investigation.
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8

General discussion, critical review of the thesis, limitations and future
research

8.1 General discussion
Dried fruits have gradually gained prominence worldwide alongside other categories
of processed foods (Alasalvar et al., 2020). In this regard, drying is an important
processing technique that aims to deliver a product rich in nutritional and functional
compounds as well as longer shelf-life. Conventional drying is one of the most
commonly used techniques in food processing, but it has negative impacts on several
quality attributes of the products. This thesis focuses on investigating the influence of
various factors of each processing step during apple drying. Well selected process
settings are key factors for the production of high-quality dried products. Novel noninvasive techniques, utilising hyperspectral imaging were applied to predict the
enzyme activity in fresh-cut apples slices and quality attributes such as moisture
content, colour parameters, rehydration ratio and shrinkage during the drying process.
Algorithms were developed to predict particular attributes such as polyphenol oxidase
and moisture content that are important features in the development of smart and
intelligent drying processes, as well as to reduce the laborious and expensive quality
attributes analysis in future. Furthermore, the acquired scientific knowledge can be
useful as a basis to improve the drying setting of systems for the production of highquality dried apple slices in Jumla and Mustang districts of Nepal. The production of
high-quality dried apples could help to overcome the major infrastructural (poor
harvest infrastructure and knowledge, inadequate storage and transportation
systems) and processing limitations that impose severe constraints on farmers in
Jumla and Mustang districts of Nepal, making them unable to distribute fresh apples
or to produce high-quality dried apple slices. Further, inadequate dietary intake is a
distinctive problem in Nepal, as routine diets are predominantly based upon starchy
staples. Moreover, quality dried apples could help to rectify the nutritional gaps that
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were observed in pre-school children in Kathmandu (Nepal), by providing a new
avenue for diet diversification.
The results in this dissertation are presented in five chapters, which were all based on
data collected using laboratory and field studies. The objectives, applied methodology,
obtained results and limitations of research are discussed in each of the chapters.
Finally, the key findings are presented, and future research challenges and needs are
presented.
8.1.1 Assessment of nutrient gap of pre-school children in Kathmandu, Nepal
A balanced and diversified diet is a vital source of essential vitamins and minerals that
helps in promoting child nutrition and health (WHO, 2018). Improvement to diet
quality is imperative to address the issues of undernutrition and malnutrition (Dewey,
2013). The ultimate underlying determinants of adequate nutrition are related to
behaviours, knowledge and practices of caregivers or mothers. They contribute to the
general nutritional and health requirements for children’s healthy growth and
development. Many studies (WHO, 2015; WHO, 2017; White et al., 2017; WHO, 2018;
Dewey, 2013) have reported that meeting nutritional needs during the period of
complementary feeding is challenging and a major global health priority. Therefore,
the present research focused on assessing nutrition-related knowledge, attitudes and
practices of Nepalese mothers with regard to their children aged below three years,
who are attending pre-schools. According to Nepali et al. (2019), Anik et al. (2019),
Headey and Hoddinott (2015), Nepal has already made considerable progress in
nutritional development. Despite such strides, the problem of child malnutrition is still
considered to be at risk level. This study revealed that 36 per cent of the mothers fed
their child with staple food (dal-bhat/jaulo) and 32 per cent of the mothers relied on
homemade porridge (lito). Only 10 per cent of the children were fed with common
foods such as pulse-rice, roots and tubers, fruits and vegetables and meat products.
This finding is consistent with the findings of Cunningham et al. (2017), who reported
complementary foods in Nepal consisted mainly of jaulo, soup, lito, Cerelac (a brand
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of instant cereal made by Nestlé) and fruit juices. Lock et al. (2015) reported that green
leafy vegetables, fruits and yogurt were not suitable for feeding young children in
Nepal due to some digestibility issues and existing cultural taboos. Our findings are
consistent with recent studies which have indicated that the food groups mostly
lacking in diets were pulses, fruits and vegetables (i.e. both fresh and dried) and milk
products. This is a confirmation that dietary diversification is still lacking for infants
among Nepalese mothers’ practices. Thus, there is an urgent need to incorporate fruits
and vegetables to diversify the nutritional sources. However, lack of knowledge and
uncertainty about the quality of the products available, feeding practices based on
traditional beliefs, purchasing choices made out of advertisements in the local and
international media were observed to be influencing factors in Nepalese feeding
practices. For example, the extended family structure still exists in large parts of
Nepalese society and was found to have a very significant influence on child feeding
practices. Karmacharya et al. (2017) stated that the influence of grandmothers on
feeding practices of mothers was observed to be significant because of traditional and
religious rituals, cultural beliefs and traditional food consumption habits. This varies
with ethnicity, area of residence, region and cultural aspects (Manikam et al., 2018).
Moffat (2001) revealed that the timing and type of complementary foods used for
feeding children varies significantly with ethnicity. Mothers from the Indo-Aryans
group (i.e. those practising Brahminism and Hinduism) feed semi-solid or solid foods
to their children at the age of 5 – 6 months whereas Tibeto-Burmans (i.e. the Sherpa
people, practising numerous local traditions and domiciled on hills and mountains),
already feed grain porridge to children only 5 or 6 days old. The prevalence of poor
feeding practices was found to be a critical issue that can be reduced by nutritional
interventions using diversified foods such as apples from Jumla and Mustang (DeYoung
et al., 2018; Cunningham et al., 2017; Subba et al., 2007). It is particularly important
to incorporate fresh or processed fruits and vegetables in order to upgrade the
nutritional status of children regardless of their ethnic background and geographical
region. Shrestha (2015) reported that dried apple slices were the major processed
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product in Jumla (39 %) and Mustang (47 %) as compared to juices, wines and jams.
Furthermore, farmers from the both districts indicated that they are very interested
in producing quality dried apples rather than selling fresh apples. Poor roads,
transportation and storage methods constraint the supply of fresh apples to the urban
areas of Nepal. Therefore, processing apples into quality products with a long shelflife (i.e. by drying them) can be a solution and source of nutrients to feed children in
Nepal. The commonly seen starchy dietary patterns based on staples can be upgraded
by incorporating dried apples. The consumption of locally developed products, rich in
nutritional constituents also holds the potential for improving the livelihoods of
farmers in both districts and significantly contributing to food security in the region.
Moreover, small and medium scale enterprises can be involved in the production of
affordable, value-added complementary foods using drying processes.
8.1.2 Influence of processing lag time and pre-treatments on fresh-cut apple slices
The impact of different unit operations (i.e. cutting, lag time, use of pre-treatments)
in apple processing was assessed to develop high quality dried apple slices. Currently,
product quality plays a vital role in satisfying consumer expectations. Colour attribute
is one of the first impressions of product quality when choosing a product by
consumers (Pathare et al., 2013). Consumers associate an attractive colour with
freshness, better taste, flavour, and richness in nutrients. An attractive colour also
satisfies the consumers’ emotional, sensory and other personal needs (Brugarolas and
Martínez-Carrasco, 2017). It is therefore crucial to preserve the colour of foods during
processing to retain a similar to fresh appearance. However, the production of
processed products such as dried apples involves various pre-processing and
processing steps (washing, cleaning, slicing, use of treatment and waiting at the
ambient temperature before drying) which have a significant influence on the final
product quality. Barrett et al. (2010) reported that the impact of unit operations such
as cutting depend on the ambient temperature, atmospheric conditions, relative
humidity and sanitation during processing. All these factors have a huge impact on the
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stresses in the plant tissues and can accelerate the rate of deterioration. Similarly, the
use of blunt knives during cutting or slicing results in bruising of cells adjacent to the
cut surface thereby providing an avenue for further degradation (Sturm et al., 2019).
To rectify the situation, the effects of several chemical and physical treatments (i.e.
anti-browning agents) were studied (Chapter 3, Table 4-1) to determine if they help to
maintain the quality of the final processed products in fresh-cut fruits. However,
previous studies presented in Chapter 3, Table 4-1 have not considered the lag time
between processing and drying. As expected, the exposure time before processing is
of utmost importance to regulate the quality of fresh-cut apple slices and on the
development of quality dried apple slices. This study assessed different treatments on
fresh-cut apple slices from two cultivars (Golden Delicious and Elstar) with exposure
times of 0, 30, and 60 min, at room temperature. The physical (hot water blanching),
chemical (ascorbic and citric acid) and a combination of these treatments were chosen
as these treatments are readily available and utilisable by S&M farmers in developing
countries and have been shown to have no adverse effects on human health, when
used in the production of nutritious products (Oms-Oliu et al., 2010; Ghatak and Sen,
2016). The desirability index obtained from numerical optimisation showed 1 % AA +
1 % CA treatment minimised the brown colour development on slices from both
cultivars. The total colour difference (Δ E) was more pronounced in Golden Delicious
in comparison to Elstar, after 60 min of exposure to air. Different apple cultivars are
susceptible to different level of browning caused by the higher concentration of
chlorogenic acid (i.e. a substrate for PPO and POD enzyme activity) (Kalinowska et al.,
2014; Janovitz-Klapp et al., 1989; Taranto et al., 2017). It was clearly observed that
with an increasing exposure to air (i.e. for 30 min and 60 min), the colour change was
more distinct in the control sample compared to pre-treated sample (AA solution). The
70 °C HWB + 1 % AA + 1 % CA was found to be best treatment to inhibit PPO activity
on Golden Delicious slices and the 60 °C HWB + 1 % AA + 1 % CA for Elstar slices. The
findings showed that the two apple cultivars have different concentration level of PPO
and POD enzymes activity and thus require different treatments to inhibit the enzyme
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activities. To conclude, reduction of processing lag time (i.e. time between preparation
and drying) can significantly reduce quality changes such as the undesirable
discolourouration of fresh apple slices. Therefore, processing lag time should be
minimized to ensure the production of high-quality products with a pleasing
appearance and less nutritional degradation.
8.1.3 Influence of different drying settings and pre-treatments during convective
apple drying
Drying is one of the most common, oldest and most energy-intensive unit operation
applied to prolong the shelf life of different products from agricultural to the
pharmaceutical industries. Convective air drying is the most popular method in the
industry due to low risk factors in design and ease of up-scaling (Kudra and Mujumdar,
2009). Convection dryers also have a direct impact on the quality of the final product,
such as on the colour, shape, texture and nutritional content of the dried products, so
the drying process has to be carefully controlled (Mujumdar, and Law, 2010). The
present study was conducted to evaluate the effect of different pre-treatments, drying
temperatures, and apple slice thicknesses on several quality attributes such as
moisture and colour during convective drying of apple slices.
In Chapter 6, drying experiments were conducted using 5 mm thick apple slices (cv.
Golden Delicious), pre-treated with hot water blanching (50 °C and 70 °C), acid
application (1 % CA and 1 % AA), and combinations thereof (Chapter 6, Table 6-1)
before drying at 50 °C and 70 °C. The impact of pre-treatments on the drying rate and
colour change of apple slices (cv. Golden Delicious) was observed to be significant. The
1 % A.A + 1 % C.A + 50 °C HWB treated slices dried at 70 °C showed a better overall
size, colour and drying rate. It was also observed that the longer lag time (i.e. 30 min)
before drying processing led to a negative impact on the final quality of products.
During drying, change in colour might have occurred due to enzymatic reactions as a
consequence of oxidation of different phenolic compounds present in apples and
Maillard reactions (Gao et al., 2017).
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The information acquired from the effect of processing lag time and pre-treatments
on fresh-cut apple slices and dried apples was utilised to study the effect of apple
cultivar (cv. Elstar and Golden delicious), drying temperature (60 °C and 70 °C) and
slice thickness (2 mm, 3 mm, and 4 mm) on the quality of dried product during
convective drying. Moisture ratio, drying time, CIELab colour parameter, browning
index, shrinkage and rehydration ratio were selected as the quality parameters to be
investigated. Results showed that the drying temperature had a great influence on the
quality parameters. An approximately 50 per cent decrease in the drying time was
observed when the slice thickness was reduced from 3 mm to 2 mm (Chapter 7). The
reduction of slice thickness from 4 mm to 3 mm resulted in a non-uniform decrease of
the drying time for both cultivars at the selected drying temperatures. This could be
due to nonhomogeneous structure of apple slices and the initial moisture content of
the slices. Higher drying temperatures and thinner slices showed a significant
reduction in the drying time to attain the same final moisture content (Sacilik and
Elicin, 2006; Pekke et al., 2013; Sadin et al., 2014). Results showed that the change in
colour parameters (ΔL*, Δa*, Δb*) of apple slices varied according to the apple
cultivars, drying temperature and slice thickness. The change in lightness (ΔL*) of cv.
Elstar slices was not significantly different for all drying parameter settings (Chapter 7,
Table 7-1). The ΔL* values of 3 mm slices of Golden Delicious variety dried at 70 °C
were higher and significantly different as compared to the slices of 3 and 4 mm dried
at 60 °C and 2 mm at 70 °C. Similarly, the change in redness (Δ a*) and yellowness (Δ
b*) was determined for each apple cultivar, slice thickness and drying temperature.
Moreover, the change in the browning index (ΔBI) was observed to be more noticeable
for the 4 mm Elstar slices dried at 60 °C which could be attributed to the higher volume
to surface area ratio. It could also be related to the chemical, biochemical and physical
changes during the drying process (Nadian et al., 2015). Three mm thick Golden
Delicious slices dried at 70 °C revealed the highest ΔBI, but this value was not
significantly different to that of 4 mm thick slices dried at 60 °C and 70 °C. Thus, the
degree of browning for the Golden Delicious cultivar was found to be higher than for
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the Elstar cultivar at all factor settings. This may be attributed to a higher
concentration of phenolic compounds in Golden Delicious and a more pronounced
occurrence of Maillard reaction which accelerated the development of the brown
colour (Echavarría et al., 2012). In conclusion, the 4 mm thick slice resulted in a more
intense development of brown colour in both apple varieties dried at 60 °C and 70 °C.
This could be related to a slower drying rate, which kept the product in the moist state
for a longer time which in turn accelerated Maillard reactions and consequently lead
to a brown coloured product (Gao et al., 2017). The results of this study are in contrast
with the findings of Nadain et al. (2015) in which 2 mm apple slices showed the highest
colour variations as compared to the thicker samples (i.e. 4 and 6 mm). This could be
due to the effect of the applied pre-treatments (0.5 % ascorbic acid + 0.5 % citric acid)
on the colour parameters or the equipment used. Sacilik and Elicin (2006) findings
revealed that slice thickness (5 and 9 mm) had no significant effect on colour value but
low air drying temperature (50 °C) maintained the colour of dried apples compared to
60 °C air drying temperature which resulted in a brown slices. The inconsistency of
findings varies in several studies which might be due to apple cultivars, structure of
apple, drying settings, thickness and geographical origin of apples.
8.1.4 Polyphenol oxidase assessment on fresh-cut apple slices and evaluation of
quality parameters during drying of apples by non-invasive methods and
application of method comparison approach
It is reported by several studies that drying temperature, air velocity, and slice
thickness have the most significant influence on the final product quality (Velić et al.,
2004; Amjad et al., 2018; Sturm et al., 2014; Jödicke et al., 2020). The optimisation of
quality parameters such as moisture, colour and polyphenol oxidase during the drying
process using conventional and destructive method is very time consuming, laborious
and expensive (Banga et al., 2003). Therefore, research nowadays is moving towards
new techniques that are cost effective in the long-term, easy to use and non-invasive,
such as hyperspectral imaging (HSI). An HSI approach was successfully used in a system
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in which the dynamics in product quality metrics during the drying process could be
monitored online and inline non-destructively. The feedback acquired from this
system can be integrated into process diagnostics and control to assist in energyefficiency optimisation of the process, product quality improvement and reduction of
food wastage (Sturm, 2018). Chapter 4, 6 and 7 of this dissertation describe the HSI
method that was utilised to assess the various quality parameters, including
polyphenol oxidase levels in fresh-cut apple slices, moisture ratios, colour parameters,
shrinkage and rehydration ratio during the drying process.
Chapter 5 study explored how HSI could be applied to detect PPO activity on fresh-cut
apple slices independent of two cultivars and applied treatments. PPO is one of the
crucial factors affecting the quality of the final products. PPO activates when the
opening of cellular tissues and pores makes phenolic compounds more easily available
to the resulting oxidised discolouration of slices (Li and Thomas, 2014). The prediction
of PPO activity using HSI techniques has been successfully done in button mushrooms
with R2 value of 0.78 (Gaston et al., 2010); in banana with R2 value of 0.98 (Nadafzadeh
et al., 2018); lychee pericarp with R2 value of 0.84 (Yang et al., 2015), solidifying its
usefulness in evaluating PPO activity. The prediction accuracy of PPO activity on apple
slices (Chapter 5) was much lower compared to above mentioned studies. It is known
from the literature that PPO exists in multiple forms that depend on cultivars and
species and it is not sufficient to consider PPO activity as the determination of
browning levels of fruits and fruits products (Yang et al., 2015). For this study, only
preliminary tests were performed, and the results were found to be promising. Our
findings are in agreement with the previous study performed by Jian et al. (2017),
which also revealed a loss of functional pigments (i.e. chlorophyll a and the accessory
pigments) during processing stage and leading to the development of brown colour.
Additionally, method comparison (Bland-Altman plot, Passing-Bablok regression and
Deming regression) statistical analysis has proven useful in the scoping of HSI for
application to detect PPO activity of apple slices regardless of some bias between the
two measurement systems.
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Further research was performed using visible-near infra-red (Vis-NIR) region HSI to
investigate the moisture content (gw/gDM) and chromaticity (CIELab) of apple slices
independent of applied pre-treatments and drying settings during convective drying
(Chapter 6). In this study, 5 mm thick apple slices with an intact peel were pre-treated
with hot water blanching (50 °C and 70 °C for 4 min), acid treatment (1 % citric and 1
% ascorbic acid) and combinations thereof before drying at 50 °C and 70 °C. HSI has
been used to predict moisture content and colour attributes during the drying process
of tea (Xie et al., 2014), soybeans (Huang et al., 2014), potatoes (Amjad et al., 2018),
carrots (Moscetti et al., 2017), meat (Von Gersdorff et al., 2018), prawns (Wu et al.,
2012), and apples (Crichton et al., 2015; Moscetti et al., 2018). The results from these
studies showed that the feasibility of using hyperspectral imaging to predict the
intrinsic properties of products during the drying process but no information on the
development of models independent of applied pre-treatments and other factors
were noticed. The novelty of this research was to assess the effects of different pretreatments such as blanching, on apple slices using Vis-NIR spectral signals on the
regression models for predicting quality metrics during the drying process. The
developed algorithms in this study performed well predictive modelling of moisture
content and colour chromacity, independent of the applied pre-treatments.
Additionally, the performance of the predictive models by pseudo-colouring the values
for each pixel in a single apple slice across different drying times was visualised by
spatial information.
A robust model that includes the pertinent factors of the drying process is an
important aspect for the development of good quality dried product. It enables the
researchers and food processors to select the most appropriate pre-processing and
drying conditions so as to achieve their desired results. In this context, further research
(Chapter 7) was conducted to develop a robust algorithm independent of drying
settings, i.e. slice thickness (2 mm, 3 mm and 4 mm), drying temperature (60 °C and
70 °C) and apple cultivars (cv. Golden Delicious and Elstar) to estimate moisture ratio,
CIELab chromaticity, browning index, shrinkage, and rehydration ratio of apple slices
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during the hot air-drying process. Prediction models for the space-averaged spectral
reflectance curves were built using the PLS regression method with the two cultivars,
three slice thicknesses and two drying temperatures as variables. Results showed an
excellent performance of moisture ratio prediction (adj R2 = 0.94, RMSEP = 0.076) and
a good performance for a*, b* values, browning index and shrinkage irrespective of
slice thickness, drying temperature and apple variety. However, only satisfactory
predictive performance was achieved for L* and rehydration ratio for a given settings.
In future, incorporation of a large datasets could help to develop more accurate
models for L* and rehydration ratio or by using different statistical techniques. A
different approach was taken to select important wavebands computed from the full
spectrum by using the Variable importance in projection (VIP) plot (Andersen and Bro,
2010). Dimensionality reduction was not conducted in this study, which might be of
interesting to find a small set of important wavelengths which correlate to specific
quality attributes. The removal of irrelevant informative variance from the raw
spectral data and use of spectral pre-treatments should be done to smoothen the
spectra and to develop simple and robust regression models (Moscetti et al., 2018;
Andersen and Bro, 2010; Amigo and Santos, 2020). Nevertheless, the assessment of
agreement between the standard laboratory method and HSI method was also
confirmed using dedicated method comparisons tests i.e. Bland-Altman, Bablokregression and Deming regression (Bland and Altman, 1999; Choudhary and Nagaraja,
2005; Bunce, 2009; Martin, 2000; Bilic-Zulle, 2011; Passing and Bablok, 1983). Results
demonstrated that the values for MR, a*, b* and browning index were within the limits
of agreement. A poor agreement was shown to exists between the destructive
approach and hyperspectral imaging in the measurement of L*, shrinkage and
rehydration ratio. The Deming regression analysis showed both destructive and HSI
methods have a good agreement for MR, L*, a*, b*, BI, shrinkage and rehydration
ratio. The Passing and Bablok regression analysis showed a close agreement of both
the slope and the intercept, with the target values of 1 and 0 within the 95%
confidence for all quality parameters (Mayer et al., 2016). These statistical comparison
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between the reference and destructive methods provide an insight into the high
accuracy of HSI as a non-destructive tool to predict the quality parameters during
apple drying. Therefore, the developed models showed adequate robustness to be
applicable in the future to evaluate the dynamics in quality parameter changes and
sets the foundations for the development of smart drying technology.
8.2 Critical review of the thesis
As expected, many limitations and alternatives emerged while conducting the
experiments in this dissertation. There are several approaches that can be used to
preserve apples i.e. drying, control atmosphere storage, pasteurization, etc. These
different preservation techniques as well as factors such as infrastructure, storage and
transportation techniques could have been included in the thesis to broaden the
knowledge. However, one has to negotiate to find the feasible solution due to the lack
of financial and human resources. Even so, this dissertation is successful in delivering
some innovative findings and approaches regardless of the usual challenges. The
models developed to predict most of the apple quality attributes during the drying
process independent of applied pre-treatments, apple cultivars, drying temperature
and slice thickness were robust. For example, moisture prediction (adj R2 = 0.94, RMSE
= 0.076) was found to be excellent. Nevertheless, for some parameters such as L* (adj
R2 = 0.59) and RR (adj R2 = 0.70), the performance of the model was only satisfactory.
There is still need for improvements for such parameters by including more datasets
in the future research. It can be observed that some of the applied pre- treatments
(ascorbic acid, citric acid, hot water and steam blanching; air-exposure time) showed
a positive result to maintain the quality appearance of the dried apple slices. However,
while implementing these results at the field level, some modifications and further
approaches might be necessary to optimise the quality of dried slices. Nonetheless,
the scientific knowledge acquired from this dissertation helps to understand the
processes that affect the quality of a product during pre-processing and drying phase.
The dynamic optimisation settings obtained from the hot-air drying system can
formulate a baseline knowledge for the production of high-quality dried products
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using any drying settings e.g. solar dryer and therefore can be the key for successful
operation. Additionally, the use of non-invasive quality measurement method helped
to attain a better understanding of the process to further optimize the standard
operating methods.
8.3 Limitations and future research
Chapter 3 was based on the small-sized cross-sectional data analysis which limited its
application to an extensive setting. Therefore, future research could include preschools in other geographical regions and more entities. Interviews with grandparents,
fathers, school and children’s hospitals, house to house interviews would be important
to obtain a broader picture on child feeding practices by assessing method of feeding,
prelacteal feeds, colostrum, types of diet, age of complementary food, and types of
complementary food. The use of innovative technologies such as personal digital
assistants, mobile phones, interactive computer software, images assisted dietary
assessment method (i.e. photographs, videos, etc.) could in future be useful to obtain
more accurate and reliable dietary information and to avoid the biased responses from
the respondents. Chapter 4 describes the assessment of the effects of physical and
chemical treatments to optimise the surface colour and Chapter 5 details on PPO
activity of apple slices by utilising hyperspectral imaging done in this research was
limited in scope. The experiments involved only a limited number of treatments in
developing the robust model due to complete inhibition of PPO activity by the applied
treatments. To our knowledge, existing limited datasets are not big enough to support
extensive scale image processing. Various treatments at more than 60 minutes
exposure timing should be considered in the future to develop a robust model to
detect the PPO activity. The limitation of this study was that the illumination below
500 nm could not be considered due to the high signal-noise-ratio. Unfortunately, it
was expected these wavelengths would have been exciting to study the interesting
wavelength for PPO activity. It was further noticed that applying higher temperature
thermal treatments resulted in complete inhibition of PPO activity and thus lead to
inaccuracies in data analysis for the designed experiments. Outlier analysis was not
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conducted in this study; the data showed scattered results and the presence of two
outliers in the Bland-Altman plot. Chapter 6 include only the 5 mm slice thickness,
several slice thicknesses should be considered to validate the effect of treatments and
exposure time accordingly. Therefore, a broader range of impact of pre-processing
studies for the different range of products such as dried apples, apple chips, and apple
powder should be aimed at by using non-invasive measurement system that could be
a basis for the development of smart drying. In the drying experiments (Chapter 6 and
7), a large number of datasets were considered for detection of apple quality metrics
focusing on the influence of various pre-treatments (Chapter 6), drying temperature
and slice thicknesses (chapter 7).
In the future, more work can also be performed by covering a broader range of
cultivars from different growing regions. Additionally, the rapid evaluation of chemical
compositions of apples for quality analysis would be an interesting point of research
as it takes a long time to conduct chemical extraction and is also tedious to analyse it.
Therefore, to our knowledge, significant chemical component (phenolic content)
detection via hyperspectral imaging is of great potential in many food product
developments and applications and have not been conducted so far. The chemical
features extracted via hyperspectral imaging during the drying process will provide
essential tools and fill the gaps for quality and nutritional aspect to deliver the
products satisfying consumers and thus might be beneficial to research, industry, and
society.
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9

Summary

Drying is of great importance particularly in the field of preserving agricultural
products. It plays a very critical role by delivering nutrient rich products with a long
shelf-life as well as help to combat food loss. Drying processing techniques have
changed and improved significantly over time, helping to ensure food abundance in
both aesthetical and nutritional regards. Convective hot air drying is one of the most
common technique practiced by 85 % of industries. It can be easily applied in the
remote areas of developing countries, such as in the Jumla and Mustang districts of
Nepal where apple losses can be reduced. Additionally, drying of apples could help to
overcome several constraints, such as poor transportation infrastructure, which
causes apple to spoil before they reach the market, packaging and storage challenges;
seasonality of apples; weather changes; and perishability. Moreover, dried apples as
an example can improve the nutritional quality of diets of infants and young children
that is of utmost importance in the quest to reduce undernutrition. The most
important way to overcome the undernutrition problem is to raise awareness among
the caregivers and mothers about nutritionally rich foods and food products which
contain locally available ingredients with excellent in nutritional, functional and
sensory attributes. In this context, the nutritional status of children in Kathmandu
could be upgraded by these measures since the dried products could have significant
impact for the improvement of nutrition, prevention and control of micronutrient
deficiencies in human beings. Figure 9-1 provides mechanisms obtained through this
study to mitigate malnutrition and food losses through apple drying.
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Figure 9-1: Interlinkage between nutritional and food processing aspects to combat child
undernutrition and post-harvest loss.

The production of high-quality dried apples/apple products could be highly relevant to
S&M scale farmers looking for new markets. Data from Shrestha (2015) revealed that
farmers were keen to expand their cultivation and were enthusiastic about learning
new technologies to improve the processed product quality. The results highlighted
the challenges that farmers face in attempting to produce high quality dried apples or
processed products without using preservatives such as sodium meta-bisulphite which
is vital in improving market-value. This links well with prioritisation of information
needs between product quality, market value and consumer acceptability and to
emphasise the underlying problems of apple growing areas in Nepal. There is a need
for innovation to support a better understanding of processes and product quality,
how production can be sustainably optimised and to link the knowledge of the
different aspects of quality changes in a systematic way.
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It is obvious that the different processing strategies strongly influence the quality of
the final product, such as the colour. Understanding the changes during the preprocessing operations and the drying process is a way to overcome quality degradation
and to deliver a high-quality dried product. This used to be a significant hurdle in the
development of processed fruit which has to be overcome. Pre-processing
optimisation studies were carried out on fresh-cut apple slices to develop the
appropriate processing procedure, technologies and systematic approaches that could
be adopted by farmers in Nepal. Subsequently, impact of pre-processing, pretreatment and drying behaviour of apples was studied including several influencing
factors such as drying temperature and slice thickness to name but a few. Further, a
non-invasive measurement approach was involved in this research for dynamic
evaluation of the primary quality attributes such as moisture content, colour
parameters and shrinkage of slices during the drying process and enzyme activity in
pre-processing unit. The thesis seeks to demonstrate how this scientific knowledge
contained herein can be useful in the development of high-quality dried apple using
low-cost convective drying, focusing on decentralised applications for farmers in Jumla
and Mustang district in Nepal.
In the first study, an assessment of feeding practices of mothers and the factors related
to their nutritional status was evaluated in pre-schools of Kathmandu. Since mothers
are the primary caretakers of the children, their opinion on dietary practices and
information on deficient foods during feeding their children was crucial to obtain
knowledge about the nutritional gaps in feeding the children. Mothers were requested
to identify the food groups that were lacking but critical for their child development
and growth. Regarding their feeding practices, dal-bhat/jaulo was a common
complementary food while pulses, fruits and vegetables (fresh and dried) as well as
milk products were the rarest commodities according to the mothers’ perception.
Mothers who fed more porridge to their children showed a significant difference (P <
0.05) in their willingness to change their feeding practices more. The odd ratios (ORs)
of other factors such as the age of children, number of children and education of
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mothers were not significantly correlated with a willingness to change the feeding
practices. The consumption of dried fruits by mothers was found to be negligible in
this study. About 71 % of mothers consumed at least one or two fresh fruits per day.
Dietary diversification was lacking for infants and feeding practices of fruits and
vegetables and mothers’ consumption habits were correlated. Therefore, the
nutritional status of infants and young children is significantly associated with the
nutritional status of their mothers.
An investigation was done into the effect of physical and chemical pre-treatment
applications on fresh-cut apple slices to overcome the problem of discolouration and
the health issues related to the use of chemical treated products. The aim was to test
the utility of physical (hot-water, HWB and steam blanching, SB) and chemical (1 %
ascorbic acid, AA; and 1 % citric acid, CA) treatments, alone or in combination in
reducing surface discolouration as well as inhibiting oxidative enzyme activity in apple
slices (cv. Golden Delicious and Elstar) exposed to air at room temperature for 0, 30
and 60 min. Results showed that dipping of slices in AA solution (1 % w/v) was the best
treatment to limit surface discolouration of both apple cultivars. The best heat
treatments to inhibit polyphenol oxidase/peroxidase enzymes activity were at 70°C
HWB for Golden Delicious and at 60 °C HWB for Elstar slices, both in combination with
a solution of 1 % AA and 1 % CA. The tested apple cultivars were found to require
different treatments at minimum ambient air exposure (30 min) to obtain the best
surface colour condition. Further, the detection of PPO on apple slices that is
independent of both the apple cultivars (cv. Golden Delicious and Elstar) and the
applied treatments were evaluated using hyperspectral images. The prediction of
colour attributes has been performed in several food products by using HSI. However,
the PPO activity of apple slices measurement using HSI has so far not been
documented. Though this method still requires massive datasets within the
framework of robust model development, the method comparison statistical
approach has proved the feasibility of using hyperspectral imaging for PPO detection.
The wavelengths around 677 nm were found to be related to the development of
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brown colour and associated with PPO activity. The 95 % confidence interval (CI) bands
for the Bland-Altman analysis between the methods were - 4.19 and 13.11 and the
mean difference was 3.7e-12. The Passing-Bablok regression had a slope of 0.8 and an
intercept of 7.6. The slope of the Deming regression was 0.8 within the CI bands of
0.56 and 1.10. These results show an acceptable performance and no significant
deviation from linearity. Therefore, HSI successfully identified the underlying PPO
activity present in the apples during the maiden attempts at searching for agreements
between the HSI results with the standard laboratory measurement method.
Drying is one of the most common researched and utilised unit operations especially
in the food processing industry. The main aim of using drying technology instead of
other available preservation technologies is to extend the shelf life of agricultural
products that would be easy to package, convenient to transport and store as well as
to preserve the nutritional content. Despite the high energy consumption and some
other shortcomings, convective drying using hot air is the most common method for
drying agricultural products (i.e. herbs, fruits and vegetables) mostly in developing
countries like in Nepal. The novelty of this research is represented by the framework
in the application of hyperspectral imaging to estimate quality metrics such as
moisture content, shrinkage during the apple drying process independent of applied
treatments and different drying settings (i.e. drying temperature, slice thickness and
cultivars) but also evaluation on in combination with the applied pre-treatment. The
moisture content and chromaticity of raw and pre-treated apple slices investigated
using hyperspectral imaging explores novel spectral-spatial feature for quality metrics
of apple slices during drying. In this research, apple slices were pre-treated with hot
water blanching (50 °C and 70 °C), acid application (citric and ascorbic) and
combinations thereof just before drying at 50 °C and 70 °C. Prediction models for the
space-averaged spectral reflectance curves were built using the partial least square
regression method. The 540 nm, 817 nm, 977 nm wavelengths were found to be
important to predict moisture content across the all pre-treatments; 543 nm and 966
nm for CIELAB a* prediction and 510 nm, 664 nm, 714 nm, 914 nm, 969 nm for CIELAB
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b* prediction. Additionally, the spatial information visualisation by pseudo-colouring
moisture content values for each pixel in a single apple slice across different drying
times shows significant potential for use in online monitoring of the drying process.
Further studies introduce an innovative spectral feature extraction for moisture ratio,
colour parameters (L*, a* and b*), shrinkage, rehydration ratio independent of apple
cultivars, slice thickness and drying temperature. The prediction models for the spaceaverage spectral reflectance curves were built for two drying temperatures (60 °C and
70 °C), three slice thicknesses (2 mm, 3 mm and 4 mm) and two apple cultivars (cv.
Elstar and Golden Delicious) during the drying process by using the partial least square
regression method and additionally verified by method comparison analysis (BlandAltman, Bablok, and Deming regression). The performance of moisture ratio prediction
was excellent (adj R2 = 0.94, RMSEP = 0.076) and the important wavelength was found
at 970 nm and for L* at 685 nm. Similarly, Partial least squares (PLS) regression
modelling showed a good prediction for a*, b*, browning index (BI), shrinkage and
acceptable prediction for L* and RR. The model performance was robust to the system
settings irrespective of slice thickness, drying temperature and apple variety. The
standard method and non-destructive hyperspectral methods can be interchangeably
used within the limit of agreement (± 1.96 standard deviations) and the precision for
determination of the MR, CIELAB chromaticity and BI, shrinkage, and rehydration ratio
were confirmed.
In the practical application of visualising the apple slices during drying, developed
algorithms proved to have a potential feasibility in investigating spatial and spectral
features of the quality attributes irrespective of all applied pre-treatments, drying
settings, cultivars, slice thickness. These findings could find potential utilisation in the
commercial drying of apple produce detecting in real time and controlling the
characteristics of apple slices in- online process system. Visualising the colour changes
and targeted levels of moisture content through online monitoring could inform when
to end or stop the drying process. This research has demonstrated that non-invasive
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optical systems and the related algorithms for detection of quality features in apple
slices are feasible and their approaches are essential for the optimisation of processes
and the development of new strategies in the long term. Implementation of these
strategies could be helpful in allowing more substantial variations of quality of
supplied raw material in the establishment of a control process driven by product
quality and multivariate control systems. The assessment of food quality in a fast and
reliable approach is a vital factor in all aspects of business from the farmer to the
industry and the consumers. Therefore, this approach could help to significantly
reduce on-farm postharvest losses which are caused by several factors such as
rigorous pre-sorting and improper processing.
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Zusammenfassung
Die Trocknung ist insbesondere im Bereich der Konservierung landwirtschaftlicher
Erzeugnisse von großer Bedeutung. Sie spielt eine sehr wichtige Rolle, indem sie
nährstoffreiche Produkte mit einer langen Haltbarkeit liefert und dazu beiträgt,
Lebensmittelverluste zu reduzieren. Die Trocknungstechniken haben sich im Laufe der
Zeit erheblich verändert und verbessert, was dazu beiträgt, die Nahrungsfülle sowohl
in ästhetischer als auch in ernährungsphysiologischer Hinsicht sicherzustellen. Die
konvektive Heißlufttrocknung ist eine der häufigsten Techniken, die in 85 % der
Industrien praktiziert wird. Sie kann leicht in abgelegenen Gebieten von
Entwicklungsländern angewendet werden, wie Z.B. in den Distrikten Jumla und
Mustang in Nepal, wo Apfelverluste reduziert werden können. Darüber hinaus könnte
das Trocknen von Äpfeln dazu beitragen, mehrere Einschränkungen zu überwinden,
wie z. B. schlechte Transportinfrastruktur, wodurch Äpfel verderben, bevor sie den
Markt erreichen, Verpackungs- und Lagerherausforderungen; Saisonalität der Äpfel;
Wetteränderungen und Verderblichkeit. Darüber hinaus können getrocknete Äpfel
zum Beispiel die Ernährungsqualität der Diäten von Säuglingen und Kleinkindern
verbessern, was bei der Verringerung der Unterernährung von größter Bedeutung ist.
Der wichtigste Weg, um das Problem der Unterernährung zu überwinden, besteht
darin, die Betreuer und Mütter für ernährungsphysiologisch gehaltvolle Lebensmittel
zu sensibilisieren, die lokal verfügbare Inhaltsstoffe

mit ausgezeichneten

ernährungsphysiologischen, funktionellen und sensorischen Eigenschaften enthalten.
In diesem Zusammenhang könnte der Ernährungszustand von Kindern in Kathmandu
durch diese Maßnahmen verbessert werden, da die getrockneten Produkte erhebliche
Auswirkungen auf die Verbesserung der Ernährung, die Prävention und die Kontrolle
von Mikronährstoffmangel beim Menschen haben könnten. Abbildung 9-1 zeigt
Mechanismen, die in dieser Studie aufgedeckt wurden, um Unterernährung und
Lebensmittelverluste durch Apfeltrocknung zu mildern.
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Abbildung:

Zusammenhang

zwischen

ernährungsphysiologischen

und

lebensmittelverarbeitenden Aspekten zur Bekämpfung der Unterernährung von
Kindern und Nachernteverlusten.
Die Produktion von hochwertigen getrockneten Äpfeln/Apfelprodukten könnte für
kleine und mittlere landwirtschaftliche Betriebe (K&M), die nach neuen Märkten
suchen, von großer Bedeutung sein. Daten von Shrestha (2015) zeigten, dass die
Landwirte ihren Anbau erweitern wollen und begeistert waren, neue Technologien zur
Verbesserung der Verarbeitung und Produktqualität zu erlernen. Die Ergebnisse
zeigten die Herausforderungen auf, vor denen Landwirte stehen, wenn sie versuchen,
hochwertige getrocknete Äpfel oder verarbeitete Produkte herzustellen, ohne
Konservierungsstoffe wie Natriummetabisulfit zu verwenden, was für die
Verbesserung des Marktwerts von entscheidender Bedeutung ist. Dies lässt sich gut
verbinden mit der Priorisierung des Informationsbedarfs zwischen Produktqualität,
Marktwert und Verbraucherakzeptanz und der Hervorhebung der grundlegenden
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Probleme der Apfelanbaugebiete in Nepal. Es besteht Innovationsbedarf, um ein
besseres Verständnis von Prozessen und Produktqualität zu unterstützen, wie die
Produktion nachhaltig optimiert werden kann und um das Wissen über die
verschiedenen Aspekte von Qualitätsänderungen systematisch zu verknüpfen.
Es liegt auf der Hand, dass die unterschiedlichen Verarbeitungsstrategien die Qualität
des Endprodukts, wie z.B. die Farbe, stark beeinflussen. Das Verständnis der
Veränderungen während der Vorverarbeitungsschritte und des Trocknungsprozesses
ist eine Möglichkeit, Qualitätsverluste zu vermeiden und ein qualitativ hochwertiges
getrocknetes Produkt zu liefern. Dies stellte bislang eine bedeutende Hürde bei der
Entwicklung von verarbeitetem Obst dar, die es zu überwinden gilt. VorverarbeitungsOptimierungsstudien wurden an frisch geschnittenen Apfelscheiben durchgeführt, um
ein geeignetes Verarbeitungsverfahren, Technologien und systematische Ansätze zu
entwickeln, die von den Bauern in Nepal übernommen werden können. Anschließend
wurden

die

Auswirkungen

Trocknungsverhaltens

von

des
Äpfeln

Vorverarbeitungs-,
untersucht,

Vorbehandlungs-

einschließlich

und

mehrerer

Einflussfaktoren wie Trocknungstemperatur und Scheibendicke und weiterer. Darüber
hinaus wurde ein nicht-invasiver Messansatz zur dynamischen Bewertung der
primären

Qualitätsmerkmale

wie

Feuchtigkeitsgehalt,

Farbparameter

und

Schrumpfung der Scheiben während des Trocknungsprozesses und der Enzymaktivität
in der Vorverarbeitungseinheit in diese Untersuchung mit einbezogen. Die vorliegende
Arbeit soll aufzeigen, wie die darin enthaltenen wissenschaftlichen Erkenntnisse bei
der Entwicklung von hochwertigem getrocknetem Apfel mit kostengünstiger
konvektiver Trocknung nützlich sein können, wobei der Schwerpunkt auf dezentralen
Anwendungen für Landwirte in Jumla und dem Distrikt Mustang in Nepal liegt.
In der ersten Studie wurde eine Bewertung der Fütterungspraktiken von Müttern und
der Faktoren, die mit ihrem Ernährungsstatus zusammenhängen, in Vorschulen in
Kathmandu ausgewertet. Da die Mütter die primären Betreuerinnen der Kinder sind,
waren ihre Ansichten zu den Ernährungsgewohnheiten und Informationen über
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Mangelernährung bei der Ernährung ihrer Kinder entscheidend, um Erkenntnisse über
die Ernährungslücken bei der Ernährung der Kinder zu erhalten. Die Mütter wurden
gebeten, die fehlenden, aber für die Entwicklung und das Wachstum ihrer Kinder
entscheidenden Nahrungsgruppen zu identifizieren. Was ihre Fütterungspraktiken
betrifft, so war Dal-Bhat/Jaulo (eine Mischung aus Reis und Linsen) eine übliche
Beikost, während Hülsenfrüchte, Obst und Gemüse (frisch und getrocknet) sowie
Milchprodukte nach Ansicht der Mütter die seltensten waren. Mütter, die ihre Kinder
mit mehr Brei fütterten, zeigten einen signifikanten Unterschied (P < 0,05) in ihrer
Bereitschaft, ihre Fütterungspraxis zu ändern. Die Odds-Ratio (Chancenverhältnis)
anderer Faktoren wie Alter der Kinder, Anzahl der Kinder und Ausbildung der Mütter
waren nicht signifikant korreliert mit der Bereitschaft Ernährungsgewohnheiten zu
ändern. Der Verzehr von Trockenfrüchten durch Mütter wurde in dieser Studie als
vernachlässigbar befunden. Etwa 71 % der Mütter konsumierten mindestens ein oder
zwei frische Früchte pro Tag. Bei Säuglingen fehlte es an Ernährungsdiversifizierung,
und die Fütterungspraktiken von Obst und Gemüse und die Konsumgewohnheiten der
Mütter waren korreliert. Daher ist der Ernährungssituation von Säuglingen und
Kleinkindern signifikant mit dem Ernährungssituation ihrer Mütter verbunden.
Es wurde eine Untersuchung über die Auswirkungen physikalischer und chemischer
Vorbehandlungsanwendungen auf frisch geschnittene Apfelscheiben durchgeführt,
um das Problem der Verfärbung und die gesundheitlichen Probleme im
Zusammenhang mit der Verwendung chemisch behandelter Produkte zu überwinden.
Ziel war es, den Nutzen physikalischer (Heißwasser-Blanchieren (HWB)- und
Dampfblanchieren, DB) und chemischer (1 % Ascorbinsäure, AS; und 1 %
Zitronensäure, ZS) Behandlungen allein oder in Kombination bei der Verringerung der
Oberflächenverfärbung sowie der Hemmung der oxidativen Enzymaktivität in
Apfelscheiben (cv. Golden Delicious und Elstar), die bei Raumtemperatur für 0, 30 und
60 min der Luft ausgesetzt sind, zu testen. Die Ergebnisse zeigten, dass das Eintauchen
von Scheiben in AS-Lösung (1 % w/v) die beste Behandlung war, um die
Oberflächenverfärbung

beider

Apfelsorten
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zu

begrenzen.

Die

besten

Wärmebehandlungen zur Hemmung der Aktivität von Polyphenoloxidase/PeroxidaseEnzymen waren bei 70°C HWB für Golden Delicious und bei 60 °C HWB für ElstarScheiben, beide in Kombination mit einer Lösung von 1 % AS und 1 % ZS. Die getesteten
Apfelsorten

erforderten

verschiedene

Behandlungen

bei

minimaler

Umgebungsluftexposition (30 Minuten), um die beste Oberflächenfarbe zu erhalten.
Darüber hinaus wurde der Nachweis von PPO auf Apfelscheiben, der sowohl von den
Apfelsorten (cv. Golden Delicious und Elstar) unabhängig ist, als auch die angewandten
Behandlungen anhand hyperspektraler Bilder (HSB) bewertet. Die Vorhersage von
Farbattributen wurde in mehreren Lebensmitteln mit HSB durchgeführt. Die PPOAktivität der Apfelscheibenmessung mit HSB wurde bisher jedoch nicht dokumentiert.
Obwohl diese Methode im Rahmen einer robusten Modellentwicklung immer noch
sehr große Datensätze erfordert, hat der statistische Ansatz des Methodenvergleichs
die Machbarkeit der Verwendung hyperspektraler Bildgebung zur PPO-Erkennung
nachgewiesen. Es wurde festgestellt, dass die Wellenlängen um 677 nm mit der
Entwicklung der braunen Farbe zusammenhängen und mit der PPO-Aktivität in
Verbindung gebracht werden. Die 95 %-Konfidenzintervallbandbreiten (CI) für die
Bland-Altman-Analyse zwischen den Methoden waren - 4,19 und 13,11 und der
mittlere Unterschied betrug 3,7e-12. Die Passing-Bablok Regression hatte eine Steigung
von 0,8 und einen Intercept von 7,6. Die Steigung der Deming-Regression betrug 0,8
innerhalb der CI-Bänder von 0,56 und 1,10. Diese Ergebnisse zeigen eine akzeptable
Leistung des Modells und keine signifikante Abweichung von der Linearität. Daher die
zugrunde liegende PPO-Aktivität, die in den Äpfeln während der ersten Versuche bei
der Suche nach Vereinbarungen zwischen den HSB-Ergebnissen mit der StandardLabormessmethode vorhanden war, erfolgreich mit HSB identifiziert werden.
Die Trocknung ist einer der am häufigsten erforschten und genutzten
Einheitsoperationen- Unit operation, insbesondere in der Lebensmittelindustrie. Das
Hauptziel der Verwendung der Trocknungstechnologie anstelle anderer verfügbarer
Konservierungstechnologien besteht darin, die Haltbarkeit landwirtschaftlicher
Produkte zu verlängern, leicht zu verpacken, bequem zu transportieren und zu lagern
179

sowie den Nährwertgehalt zu erhalten. Trotz des hohen Energieverbrauchs und einiger
anderer Nachteile ist die konvektive Trocknung mit Heißluft die häufigste Methode
zum Trocknen landwirtschaftlicher Produkte (Kräuter, Obst und Gemüse) vor allem in
Entwicklungsländern wie Nepal. Die Neuheit dieser Forschung liegt in der Anwendung
der hyperspektralen Bildgebung, um Qualitätsmerkmalle wie Feuchtigkeitsgehalt,
Schrumpfung während des Apfeltrocknungsprozesses unabhängig von angewandten
Behandlungen

und

unterschiedlichen

Trocknungseinstellungen

(d.h.

Trocknungstemperatur, Scheibendicke und Sorten) zu schätzen, aber auch die
Bewertung in Kombination mit der angewandten von Vorbehandlungen. Der
Feuchtigkeitsgehalt und die Farbmasszahlen von rohen und vorbehandelten
Apfelscheiben, die mit Hilfe der hyperspektralen Bildgebung untersucht werden,
erforschen neuartige spektral-räumliche Merkmale für Qualitätsmaßstäbe von
Apfelscheiben während der Trocknung. In dieser Forschung wurden Apfelscheiben
kurz vor dem Trocknen bei 50 °C und 70 °C mit Heißwasserblanchierung (50 °C und 70
°C), Säureapplikation (Zitronen- und Ascorbic) und Kombinationen davon
vorbehandelt. Prädiktionsmodelle für die raumgemittelten Spektralreflexionskurven
wurden mit der Methode Partial Least Squares Regression (PLSR) erstellt. Die
Wellenlängen von 540 nm, 817 nm und 977 nm erwiesen sich als wichtig, um den
Feuchtigkeitsgehalt über alle Vorbehandlungen vorherzusagen; 543 nm und 966 nm
für CIELAB a* Vorhersage und 510 nm, 664 nm, 714 nm, 914 nm, 969 nm für CIELAB
b* Vorhersage. Darüber hinaus zeigt die räumliche Informationsvisualisierung durch
Pseudo-Färbung der Feuchtigkeitsgehalte für jedes Pixel in einer einzelnen
Apfelscheibe über unterschiedliche Trocknungszeiten ein erhebliches Potenzial für die
Online-Überwachung des Trocknungsprozesses.
Weitere

Studien

Feuchteverhältnis,

führen

eine

innovative

Farbparameter

Rehydrierungsverhältnis

unabhängig

Spektralmerkmalextraktion

(L*,

a*

und

von

Apfelsorten,

b*),

für

Schrumpfung,

Scheibendicke

und

Trocknungstemperatur ein. Die Vorhersagemodelle für die raumdurchschnittlichen
Spektralreflexionskurven wurden für zwei Trocknungstemperaturen (60 °C und 70 °C),
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drei Scheibenstärken (2 mm, 3 mm und 4 mm) und zwei Apfelsorten (cv. Elstar und
Golden Delicious) während des Trocknungsprozesses mit der PLSR Methode erstellt
und zusätzlich durch Methodenvergleichsanalyse (Bland-Altman, Bablok und Deming
Regression)

überprüft.

Die

Vorhersage

des

Feuchtigkeitsverhältnisses

war

ausgezeichnet (adj R2 = 0,94, RMSEP = 0,076) und die wichtige Wellenlänge wurde bei
970 nm und für L* bei 685 nm gefunden. In ähnlicher Weise zeigte die
Regressionsmodellierung partieller kleinster Quadrate (PLS) eine gute Vorhersage für
a*, b*, Bräunungsindex (BI), Schrumpfung und akzeptable Vorhersage für L* und RR.
Die Modellleistung war robust für die Systemeinstellungen, unabhängig von
Scheibendicke, Trocknungstemperatur und Apfelsorte. Die Standardmethode und die
zerstörungsfreien

hyperspektralen

Vereinbarungsgrenze-limit

of

Methoden

agreement

(±

können
1,96

innerhalb

der

Standardabweichungen)

austauschbar eingesetzt werden, und die Genauigkeit für die Bestimmung der MR-,
CIELAB-Chromatizität und BI-, Schrumpfungs- und Rehydrierungsverhältnisse wurde
bestätigt.
In der praktischen Anwendung der Visualisierung der Apfelscheiben während des
Trocknens erwiesen sich die entwickelten Algorithmen als eine geeignete Möglichkeit
zur Untersuchung räumlicher und spektraler Merkmale der Qualitätsmerkmale
unabhängig von allen angewendeten Vorbehandlungen, Trocknungseinstellungen,
Sorten und Scheibendicke. Diese Erkenntnisse könnten eine mögliche Nutzung in der
kommerziellen Trocknung von Apfelprodukten finden, die in Echtzeit erkannt und die
Eigenschaften von Apfelscheiben im Online-Prozesssystem steuern. Die Visualisierung
der Farbänderungen und des gewünschten Feuchtigkeitsgehalts durch OnlineÜberwachung könnte Information liefern, wann der Trocknungsprozess beendet oder
gestoppt werden muss. Diese vorliegende Arbeit hat gezeigt, dass nicht-invasive
optische Systeme und die damit verbundenen Algorithmen zur Detektion von
Qualitätsmerkmalen in Apfelscheiben machbar sind und deren Ansätze für die
Optimierung von Prozessen und die Entwicklung neuer Strategien langfristig
unerlässlich sind. Die Umsetzung dieser Strategien könnte hilfreich sein, um auf
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größere Qualitätsschwankungen beim angelieferten Rohstoff reagieren zu können,
dies durch den neuen Kontrollprozess, der auf der Produktqualität und den
zugehörigen

multivariaten

Kontrollsystemen

basiert.

Die

Bewertung

der

Lebensmittelqualität in einem schnellen und zuverlässigen Ansatz ist ein
entscheidender Faktor in allen Aspekten der Wirtschaft, vom Landwirt bis zur Industrie
und den Verbrauchern. Daher könnte dieser Ansatz dazu beitragen, die betrieblichen
Verluste, die nach der Ernte durch Faktoren wie strenge Vorsortierung oder
unsachgemäße Verarbeitung verursacht werden, erheblich zu verringern.
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11 Appendix
11.1 Survey question templates (A-1)
Sample questions used to survey mothers who had children of the age of 6 – 36 months
Sno

Questions

Answers

1

Basic Info

1.2

Name of school

1.3

Location of school

1.4

Name of mother

1.5

Living area

1.6

Age

1.7

Marital status

1.8

Ethnic group

1.9

Place of Birth

1.10

Duration of living in the current place

1.11

Native from the region

1.12

If No, reasons to migrate

1.14

Education

1.13

Occupation

2

Role of family involvements

2.1

No of children

2.2

Gender of the child

2.3

Range of school to send the child

2.4

With whom do you live?

2.5

Do you think you need to work as much as your husband (family) or are
you required to work less than him?

2.6

Supportiveness from your husband

2.7

Responsibility of your husband to take care of child

2.8

Are you facing problems related to your family life?
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2.9

What kind of challenges do you face while feeding the child?

3.

Nutrition knowledge on the feeding habits

3.1

Opinion on healthiness of your baby

3.2

What is the major health problem?

3.3

To what extend do you think you feed a healthy diet to your baby?

3.4

Compliment on your feeding practices from friends or family

3.5

What kinds of food do you feed to your child?

3.6

Do you feed fruits/vegetables separately?

3.7

Do you incorporate the fruits while feeding the porridge?

3.8

Do you talk about baby’s food and nutrition with others?

3.9

Do you think you are facing undernutrition issue on your baby?

3.10

Extent of feeding different type of foods to your child each day?

3.11

How much confident do you feel in preparing food for your child?

4.

Personal food habits

4.1

Who decide what to eat on daily basis?

4.2

How many fresh fruits do you eat each day?

4.3

How many dried fruits do you eat each day?

4.4

How many fresh fruits do you eat each day?

4.5

How many fruit juices do you eat each day?

4.6

How many fresh vegetables do you eat each day?

4.7

How many dried vegetables do you eat each day?

5

Willing to change feeding behaviour

5.1

Are you willing to improve your feeding behaviour?

5.2

Do you follow some food guide on any media/reading books?

5.3

Importance of following the food guide

5.4

How do you think you can make baby’s food more nutritious?

5.5

To what extend do you think how you can prevent child malnutrition?
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Giving more foods
Giving different types of food
Feeding frequently
Changing the feeding diets
Going to health centre
5.6

Whom you will trust if you get new feeding recommendation?

5.7

How would you convince yourself to buy the new baby product in the
supermarket?

5.8

Supportiveness of family while improving your baby feeding habits

5.9

If No, what do you think what would be the reasons?
Lack of knowledge
Self-confidence
Convince with traditional way of feeding
Not enough money
Difficult to convince them
If any other reason, please mention
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11.2 Table S-1: ANOVA table showing Total model (p < 0.05), main effects and interaction effect among the factors used in the
Factors

Enzymatic activity

Colour parameters at different air exposure time kept in the room temperature

PPO 0

PPO 30

PPO 60

POD 0

POD 30

POD 60

L*0

a*0

b*0

L*30

a*30

b*30

L*60

a*60

b*60

Variety (D)

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.001

NS

< 0.001

< 0.001

NS

0.003

0.005

NS

0.040

Water source (a)

NS

0.003

< 0.001

NS

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.001

0.051

0.002

0.008

0.060

0.002

0.006

0.003

0.005

0.011

0.008

NS

< 0.001

NS

0.012

< 0.001

0.034

0.028

< 0.001

0.040

NS

NS

NS

0.029

0.024

0.044

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.024

NS

0.005

0.015

NS

NS

NS

NS

NS

NS

0.002

0.001

NS

CD

NS

NS

NS

NS

NS

NS

0.010

0.001

NS

NS

NS

NS

NS

NS

NS

aD

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

BC

NS

NS

NS

NS

NS

NS

0.020

NS

NS

NS

NS

NS

NS

NS

NS

0.53

0.60

0.72

0.47

0.81

0.79

0.80

0.82

0.45

0.67

0.75

0.41

0.69

0.85

0.28

Acids
source

Ascorbic
acid (C)

Citric
acid (B)
aC
Interaction

Model R2

experimentation
The value in bold number indicate significant model terms; NS indicate insignificant model terms (not counting those required to support
hierarchy)
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11.3 Table S-2: Description of different apple slice moisture content (g Water/g D.M) at different drying time.
Condition #

Treatment

Moisture content (g Water/g D.M )
± STDEV at different drying time
(minutes)

S.N

Pre-treatment

Drying
Conditio
ns

0

30

60

90

120

150

180

240

1

-

50 °C

7.56±0.12

5.38±0.19

3.88±0.22

2.66±0.23

1.55±0.22

0.76±0.19

0.36±0.10

0.19±0.02

2

-

70 °C

6.65±0.11

4.87±0.43

3.20±0.51

1.83±0.53

0.81±0.39

0.27±0.11

0.16±0.03

0.12±0.01

3

50 °C HWB

50 °C

6.54±0.11

5.09±0.14

3.23±0.14

2.01±0.10

1.06±0.07

0.44±0.03

0.24±0.01

0.17±0.01

0.16±0.01

4

70 °C HWB

50 °C

8.03±0.14

5.81±0.14

4.34±0.09

2.94±0.09

1.83±0.13

0.96±0.14

0.46±0.08

0.21±0.02

0.18±0.02

5

50 °C HWB

70 °C

7.60±0.11

4.22±0.10

1.79±0.09

0.42±0.04

0.17±0.01

0.14±0.01

0.14±0.01

0.14±0.01

0.14±0.01

6

70 °C HWB

70 °C

8.69±0.32

4.87±0.20

2.56±0.15

0.74±0.10

0.18±0.02

0.14±0.01

0.13±0.01

0.12±0.01

0.11±0.01

7

ASC + 70 °C HWB

70 °C

8.03±0.14

4.25 ±0.27

1.64±0.26

0.34±0.10

0.16±0.02

0.14±0.02

0.13±0.01

0.12±0.01

0.11±0.01

8

CIT + 70 °C HWB

70 °C

8.01±0.28

4.78±0.08

2.64±0.13

1.03±0.15

0.25±0.05

0.15±0.02

0.14±0.01

0.12±0.01

0.11±0.01

9

ASC + CIT + 50 °C
HWB

70 °C

7.74±0.08

3.87±0.20

1.61 ±0.16

0.41 ±0.07

0.16 ±0.02

0.14 ±0.01

0.12 ±0.01

0.11 ±0.01

0.11 ±0.01

10

ASC + CIT + 70 °C
HWB

70 °C

7.22±0.81

4.47±0.57

2.67 ±0.36

1.19 ±0.18

0.37 ±0.12

0.18 ±0.02

0.15 ±0.01

0.13 ±0.01

0.12 ±0.01
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