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Abstract

Up to now the visual inspection of mobility of isolated anisakid larvae serves as a
measure of viability and possible risk of infection. This paper presents a new
method to rule out unreliability — caused by the temporary immobility of the
larvae and by the human uncertainty factor of visual observation. By means of a
Near infrared (NIR) imaging method, elastic curvature energies and geometric
shape parameters were determined from contours, and used as a measure of
viability. It was based on the modelling of larvae as a cylindrical membrane
system. The interaction between curvatures, contraction of the longitudinal
muscles, and inner pressure enabled the derivation of viability from stationary
form data. From series of spectrally signed images within a narrow wavelength
range, curvature data of the larvae were determined. Possible mobility of larvae
was taken into account in statistical error variables. Experiments on individual
living larvae, long-term observations of Anisakis larvae, and comparative studies
of the staining method and the VITD measurements of larvae from the tissue of
products confirmed the effectiveness of this method. The VTD differentiated
clearly between live and dead nematode larvae isolated from marinated, deep-
frozen and salted products. The VID has been proven as excellent method to
detect living anisakid nematode larvae in fishery products and is seen as useful
tool for fish processing industry and control authorities.
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1. Introduction

Anisakid nematode larvae can be found in a large variety of marine fish species of
commercial interest worldwide (Mattiucci and Nascetti, 2008). Most larvae are sit-
uated in the viscera but some individuals also penetrate into the surrounding fish
muscle (Levsen and Lunestad, 2010). The consumption of living anisakids in raw
or insufficiently prepared seafood products can lead to serious illness. This illness
is known as intestinal anisakiasis, and is caused by drilling into the human gastric
mucosa wall. It can also lead to allergic reactions among sensitised persons

(Nieuwenhuizen and Lopata, 2013).

For this reason it is very important to check the viability of anisakids in fishery

products.

In the pharmaceutical and medical fields, the determination of viability provides a
component to assess the effectiveness of medication or therapeutic measures
(Davey, 2011). In the area of foodstuffs, it has a comparable importance for checking
products or manufacturing processes, in order to exclude health risks from contam-

ination from living organisms (e.g. parasites or bacteria).

Viability is characterised by reproduction and metabolism (Schrodinger, 1944;
Butler et al., 2014). The viability of microorganisms is essentially determined by
measuring their reproduction rate. These measurements can be conducted quickly
and cheaply with automated methods (plate count method) and are among the stan-
dard procedures in the area of medicine (Maturin and Peeler, 2001; Sutton, 2011;
Moon et al., 2013).

Methods based on reproduction rates cannot be used to determine the viability of
anisakid parasites such as Anisakis simplex s.s., Anisakis pegreffii or Pseudoterra-
nova decipiens. These organisms reproduce in the stomach chambers of living mam-
mals (whales, common seals, grey seals), thus excluding examinations that are

comparable with the plate count method.

To estimate the viability of anisakids, these are isolated from the fish tissue (Karl
et al., 2014; Llanera-Reino et al., 2013) and examined visually by experts in accor-
dance with valid regulations on food inspection. These methods are based on the
classification of the mobility of larvae (Codex Stan 244, 2004; Giarratana et al.,
2012, 2017; Hirasa and Takemasa, 1998; Karl et al.,, 2014; Oh et al., 2014;
Pascual et al., 2010), susceptibility to staining (staining method) (Leinemann and
Karl, 1988), or drilling properties (drilling method) (Priebe et al., 1973).

All the methods are based on visual observation by experts. Unreliable results are
inherent because slow movements may not be recognised (Wertheimer, 1912;

Giese and Poggio, 2003), and live nematodes may remain in a temporary motionless
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state for several hours (Codex Stan 244, 2004; Milligan, 2008). Low colour differ-
ences or small drilling distances may not be recognised either (Biedermann, 1985)
and not all live nematodes penetrate quantitatively into the agar if the drilling method

is applied. Some remain on the surface.

Consequently, the actual viability tests to prove the safety of fishery products pro-
cessed under conditions applied in the European fish industry are not sufficient, since
their results based on subjective observations by experts which are not checkable and
thus lead to discussions in good manufacturing practices (GMP) audits (Posset et al.,
2017).

The aim of this study was to develop and to evaluate a Viability Test Device (VTD)
which can be used to determine viability by classifying the shape characteristics of
anisakid organisms independently of movement by transferring the differential-
geometric approach of shape energy from the area of membrane biophysics to nem-
atode larvae (Deserno, 2014). Based on the membrane approach a measuring system

for a rapid retrieval of deformation and curvature data was to be developed.

The suitability of the membrane model was to be tested in individual studies,
including a long-term monitoring of freshly isolated live Anisakis larvae over 4
weeks. Additionally, the performance capability of the Viability Test Device was
also to be evaluated by means of comparative studies of nematode larvae from mari-

nated, salted and deep-frozen herring products.

2. Background
2.1. Modelling of nematode larvae

In the biological literature, nematode larvae are described as elongated flexible mem-
brane tube systems composed of a fibre matrix system of different layers. Helical
crossed fibres limit the maximal inner volume (Goriely and Tabor, 2013; Clark
and Cowey, 1958). Its cross-section is circular along the entire body (Grabda,
1991; Lucius and Loos-Frank, 2008). The inner tube is the carrier of basal metabolic
activity. During its life status the outer tube is under constant mean inner pressure

generated by the activity of the inner tube (Harris and Crofton, 1957).

Bending, stress and inner pressure of the tube are the governing features for viability
measurement. These interacting features are used for modelling shapes and shape
fluctuations. A relationship between the form and the metabolic activity of a larvae
is generated by measuring its curvature properties. Because of the circular cross-
section of the larvae, the elastic surface energy is determined from its experimentally
accessible contour. Surface energy is assumed to be a mirror of the metabolic activity

and viability of the organism.
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The nematode model as a long closed cylindrical high flexible membrane tube is the
basis for the operation of the Viability Test Device (VID). By deformation analysis
of the contour of the model parasite, its surface energy is minimized via a suitable
parametrization and parameter variation. This results in the shape energy F (Eq.
(1)) as a function of the radii of curvatures of all contour points (Sommerfeld,
1950; Helfrich, 1973; Zhong-can and Helfrich, 1989; Leibler, 2004):

1
F= 5kcj{(cl+c2+c0)2dA+Ap/dv+xfdA (

—_—
~—

k. represents the bending stiffness of the tube, Ap the pressure difference of the tube
and surrounding medium and A the tensile stress. dA refer to the surface area elements
and dV to the volume elements, ¢, and c, refer to the principal curvatures of the mem-
brane surface. The spontaneous curvature ¢, is caused by different material properties of
multiple layers (Khairy and Howard, 2011; Svetina et al., 2004). In addition to the
bending deformations, deformations of the surface and the volume have to be supple-
mented to the total energy. The total shape energy is obtained by minimizing F by vary-
ing the Lagrange multipliers Ap and A (Zheng and Liu, 1993).

2.2. System design

Experimental access to the viability of single larvae and group of larvae (10—20 in-
dividuals) is achieved by multiple capture of their contours in image series and the
subsequent calculation of form energies for all the single images. Within the time
interval of an image series the volume and the cross section, the bending stiffness
and the internal pressure of all identified objects are assumed to be constant. The
VTD is intended to determine the viability of single larvae or of group of larvae
up to 20 individuals, including their spatial and temporally changing mobility after
isolation from the fish tissue and transferring them to a pepsin/HCL solution. When a
live Anisakid larvae is placed in a pepsin/HCL solution at room temperature it shows
typical movements whereas motionless larvae are considered from human observer
to be dead. Our observations have shown that typical wriggling movements of nem-
atode larvae were mainly parallel to the liquid surface in a petri dish (Fig. 1b) due to

the low liquid height (Pepsin/HCL, approx.5 mm). The error caused by the deviation

Fig. 1. Contour images of a single object and two crossed objects (a), overlapping object ensemble (b).
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from the preferred plane in the determination of curvatures is minimal. Therefore a
time- and cost-intensive 3D measurement was rejected in favour of a 2D measure-
ment. In the 2D images all the shape information for assessment of shape energy
of 3D larvae is stored. Viability tests are performed on 10 to 20 larvae in the veter-
inary practice, thus the implementation of a minimization process for the total energy
is impossible because of the high probability of an overlap of larvae. The first term
(bending) of F (Eq. (1)) contains the essential information for a viability classifica-
tion (Alexander, 1986; Backholm et al., 2013). This term is calculated from the 2D
contour, yielding in Eq. (2) (Fontoura Costa and Cesar, 2009; Ochoa et al, 2010;
Vliet and Verbeek, 1993; Young et al., 1974):

1
Fbending,image = ;f K2dS (2)

P — perimeter of contour K — local curvature dS — contour.

The total bending energy of a larvae group is obtained by the sum of all local cur-
vature components in Fyending image (Eq. (2)). For the classification of the physiolog-
ical state (Cangelosi and Meschke, 2014), statistical moments of the bending energy
distributions are used. For a group, viability is assumed to be identical to its total
bending energy except for a scaling quantity. In addition, the degree of spiralization
of identified single larvae is determined by the VTD. Spiralization is correlated with

the bending energy according to our investigations and used for energy control data.

3. Material and methods
3.1. Realisation of the VTD technique

The link between metabolism and form enables the design of a contactless and non-
destructive measuring method of viability. This method is realized in the VTD, it is
based on the optical recording of larvae contours by transmitted light in Near infrared
wavelengths (Vogel and Venugopalan, 2003; Jacques, 2013). The wavelength range
between 835 nm and 865 nm is used for forming an optimal contrast between the
larvae and the surrounding medium (water-HCL-pepsin mixture, tissue). Another
reason for selecting this narrow wavelength range is minimizing of errors in the iden-
tification of contours. The radiation path of the transmitted light through a larva near
the edge depends on its radius. A decreasing radius shifts the identified edge from the
real edge to the center line of the larva on the camera sensor. Since the optical depth
(absorption and scattering) depends on the wavelength, minimization of the uncer-
tainty in the edge detection is performed by using the narrow wavelength range
(Zege et al., 1991; Van de Hulst, 1981). Additional, this means that the VTD is
not susceptible to disturbing environmental light and presents no health risk to the

staff. Circular or quadratic petri dishes are displayed on a quadratic video chip by
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the optical system, with a minimum loss of information. Fig. 2 shows the VTD
without workstation for use in the laboratory: the petri dish is placed in a mould in
the window for the sample transfer. The calibration, device control, evaluation and
reporting is all software-controlled and requires no intervention by the user. Raw

data are stored together with temperature data from the surface of the liquid.

The key components of the VTD are a NIR-sensitive camera (UI-3770CP-NIR, IDS,
Germany) equipped with a 1”7 CMOS areal image sensor (CMV4000, CMOSIS,
Belgium), a non-telecentric lens for 1” sensors including bandpass filter, and a
pulse-width modulated LED illumination system. High pixel pitch and a large geo-
metric resolution, which are guaranteed by the camera, are of great importance for
recognising nematode larvae contours. A color depth of 8 bits has proved to be suf-
ficient. At the beginning and at the end of all captured image series, the surface tem-
perature is measured contactless in the petri dish with the help of infrared radiation
thermometers on the liquid surface (CSLT15, Optris, Germany), also using the emis-
sivity of water for the HCI-pepsin solution. The camera and image acquisition, LED

and temperature sensors, and evaluation are computer-processed.

Modules from the library of Heurisko image analysis software (AEON, 2017) are
integrated in the software developed for the VTD.

Using the VTD, a header including camera and illumination processing data, temper-
ature data and all the raw 2D images of a series are packed into a single 3D (22D)

raw data block for evaluation and documentation.

Fig. 2. Viability Test Device (length x width x height: 300 mm x 250 mm x 500 mm).
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The VTD has four different modes of investigation, depending on the different work-

flows in a lab:

- Calibration data acquisition
- Data acquisition and subsequent evaluation
- Data acquisition without subsequent evaluation

- Data analysis without data acquisition

The results, including details from the client, laboratory and samples, are logged in a
protocol.

To unlock the VTD system, reference images are generated as a first step by empty
petri dishes of the same batch. Images for viability test series are calibrated by radio-
metric two-point calibration (Jahne, 2012a) based on the generated reference images.

For a rapid check of the operating of the VID, ETFE (Ethylene tetrafluoroethy-
lene) films (thickness 250 pm) printed with standard patterns (Maywald and
Riesser, 2016) are positioned in petri dishes. In the wavelength range used by
VTD, the films are 95% translucent, the different printed areas reflect light
from 100% to 50%. By help of these patterns, artificial curvature data and viability
states are simulated. Deviations from known target data enable fast detection of
system faults (electronic drifting of the camera electronics, radiation behavior
of the NIR-LEDs, numerical evaluation problems, ...). Fig. 3 shows control pat-
terns with different NIR light transmission of the printing areas (0% left, 50%
right).

No thermal corrections or extensions for the different viscosity of the surrounding
medium were undertaken in these studies, since all of the experiments were carried

out in identical solutions within the range 19.5°—21.5 °C.

Fig. 3. Test pattern for system control: IR-transmissivity of dark areas (0%, left), (50%, right).
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3.2. Biological test material

Measurements of anisakid larvae were conducted on Anisakis simplex s.s. from her-
ring. The anisakid larvae were identified following the morphological criteria pro-
posed by Berland (2003).

Live larvae (n = 400) were isolated from fresh herring intestines by digestion using
a pepsin/HCL-solution according to Karl et al. (2014), visually checked for mobility
and kept in 0.9 % NaCl-solution at 4 °C until applied to the VTD on the same day.

Deep-frozen larvae (n = 100) were prepared by freezing fresh isolated larvae in tap

water in a test tube at —20 °C for at least two days.

Salted dead nematode larvae (n = 80) were isolated from salted herring. To pre-
pare salted herring, 2.5 kg of fresh whole herring (without gills) and 425 g of salt
were mixed manually in a plastic box, the closed box stored for 12 h at 3 °C and
the herring covered with 20 % salt brine (w/w). To avoid a salt gradient, the box
was shaken carefully several times during cold storage. After 4 month of storage,
nematode larvae were isolated from the salt cured herring intestines by pepsin/
HCL and stored in 20% NaCl-solution.

Dead nematodes from marinated herring fillets were prepared by placing live
nematode larvae on the flesh side of a herring fillet which was covered with a second
fillet. The fillets were fixed by means of a small rubber band. 1.5 kg of freshly pre-
pared double fillets of herring were placed in a plastic box and covered with 1 L of
marinating brine (6 % vinegar/13 % salt). The box was closed and stored, with
repeated careful shaking, for 48 days at 2 °C. A total of 90 nematode larvae were
isolated from the marinated herring fillets by pepsin/HCL and stored in 0.9 %
NaCl-solution.

Staining procedure

The staining procedure followed the methods of Leinemann and Karl (1988). Nem-
atode larvae were placed for 24 h at 33—35 °C in a staining solution and visually
inspected for staining. The staining bath consisted of 90 ml pepsin/HCL-solution
mixed with 10 ml fuchsine solution (1 % w/w in water). Dead nematodes will be

stained, whereas live nematodes remain uncoloured.

Pepsin/HCL solution

50 g pepsin (2000 FIP/g) and 54 ml HCL 37 % are dissolved in 10 L tap water.
VTD readings

The number of nematodes used for a single VID reading ranged from 1 to 20 indi-
viduals. Details are found in the respective chapters. Each reading consisted of

maximal 50 images.
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Comparison of VTD results and staining procedure

Larvae, inactivated by deep freezing, marinating or salting, and live larvae were iso-
lated, transferred to a petri dish filled with a small layer of pepsin/HCL solution and
examined by the VID. Afterwards the larvae were placed immediately in 20 ml
fuchsine staining solution and kept at 33 °C for 24 h. The tests were repeated several

times.

All examinations were conducted at an almost constant environmental temperature
of 20 °C in a liquid medium (water, pepsin, HCI).

3.3. Software development and application

For numerical handling the discretised model larva is separated into a topological, a
geometric and a physical part. The topological part describes the connection between
the discrete points, the geometric part provides coordinates of all points. The phys-
ical part is used to describe the interaction of the points among each other and under
external influences (Griindig, 1985; Strobel et al., 2016). The individual parts are
allocated to matrices, which enable the reproduction of the measured contours by
a form-finding process for the assigned minimum energy shapes (Schmidt, 2007)

and consequently to the viability.

To visualise the working method of the VTD, the 3D shape of the larvae is
created from the measured 2D contour data, assuming a circular cross-section
(Fig. 4a left). At each discrete point on the surface, normal vectors and muscle
tensions are calculated. Local curvatures of all surface positions are determined
from neighbouring normal vectors by these means. In operation the VID deter-

mines the normal vectors for 2D contours (Nordberg et al., 1995) and determines

the associated elastic curvature energies (Fig. 4b right). Constant material

Fig. 4. Visualisation of normal vectors on the surface of a 3D larva model with colour-coded muscle

tension (a), colour-coded bending energies in the 2D contour image (b).
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characteristics are used for the interaction between neighbouring points. The
determination of viability is thus limited to the direct study of curvature charac-
teristics of contours.

By examining individual objects, the numeric process described provides impor-
tant indications for understanding the shape of larvae. Since ensembles of larvae
are usually examined in laboratory practice there is a high probability of aggrega-
tion and overlapping of object contours (Fig. 1) (Yang et al., 2010). The mobility
manifests in a variation of topologial characteristics of surface patterns within an
image series (Barth et al., 2001). Therefore, the VTD determines viability for a
larvae ensemble from statistical distributions of local curvature parameters,
ignoring quantities caused by surface stress and inner pressure. Additional, for
all identified objects the degrees of spiralization are determined. The interval of de-
gree of spiralization without turns s ranges from straight (s = 0) to circle (s = 1).
Experiments have shown that a limited number of 20 objects in a petri dish re-
quires no weighting of the statistical distributions of bending energy and

spiralization.

In order to take into account large and small curvatures with their different signifi-
cance for viability determination (Weerasooriya et al., 1986; Tejada et al., 2006),
the described curvature and spiralization distributions are conducted by a multigrid
representation in a multiscale space (Jahne, 2012b; Mokhtarian and Mackworth,
1992). A matrix is generated from each individual image in a series, which contains
the normed histogram data for different geometric scales (fine to coarse resolutions).
These input matrices enables to revert to the methods of spectrum interpretation that
are customary in the field of chemistry (Guinzler and Gremlich, 2002; Manley,
2014). Studies on the time-dependency of larva shapes were evaluated by means
of Partial Least Square Regression (PLSR). To this end, the datasets were split
randomly into a calibration part for regression analysis and a validation part for
the purpose of control (Daschner, 2002; Kent, 2005).

To associate different larvae shapes with production processes (e.g. deep freezing,
salting, marinating), scale-dependent feature vectors are extracted from the distribu-
tion matrices. By minimum-distance-clustering technique (Celenk, 1990;

Haberacker, 1995) viability factors are calculated from the feature vectors.

The output log of the VID is shown in Fig. 5. It summarises all of the relevant in-
formation on a conducted viability determination to laboratory standards. The mea-
surement data used are the maximum and mean viability factors, including standard
deviation, the proportion of living and dead objects, and the temperature of the me-

dium in the petri dish for an individual sample.

https://doi.org/10.1016/j.heliyon.2018.e00552
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e00552
http://creativecommons.org/licenses/by-nc-nd/4.0/

Heliyon

Article No~e00552

VTD - Report

Viability Test Device

Results

Maximal viability factor:

Mean viabilty factor:

SD viabilty factor:

Objects alive (%):

Objects dead (%):

Temperature (*C):

Project data Sample
Date: 28.10.2016 Receipt date: 20.01.2016
Time: 11:04:17 Receipt time: 14:30
Host species: Clupea harengus Receipt packaging state: 3
Parasite species: Anisakis simplex Receipt temperature: 23
Product: Frozen Client code: MRI20
Number of images: S0 Client charge: 3
Measuring interval: 1 Storage temperature: -125
Number: 001 Locality of storage: Hamburg
Dataset: Parasite-001 Sample receipt person: R.Gleisinger

Client Contractor

Company/Lab: Nemalab technet Gmbh
Division: Seafood Membrane technology
Contact person: Dr.C.Herrmann M.Kroeger
Street/Postbox Nemaweg 12 Pestalozzistralle 8
Zip code: D-63452 D-70563
City: Hanau Stuttgart
Fon: +49 123456 +49 711 12345
Fax: +49654321 +49 711 54321
Email: info@nemalab.com michael kroeger@technet-gmbh.com
URL: www.nemalab.com www .technet-gmbh.com

09

0.84

0.08

98

23

Fig. 5. Output log of the VID for a single sample (image series).

4. Results and discussion

4.1. Significance of the curvature distribution and spiralization

for determining viability

4.1.1. Studies of individual animals

One test of the model formation implemented in the VTD is the comparison of larvae

of an (almost) equal and constant state of viability. To this end, 5 individual Anisakis

11 https://doi.org/10.1016/j.heliyon.2018.e00552
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larvae were isolated from the intestines of a freshly-caught herring (Clupea hare-
ngus) and immediately examined. It was assumed of these larvae that they had a
similar and maximum viability. 250 contour images were taken from each larva at

a time interval of 12.5 msec (Fig. 6).

Fig. 7 shows the similarities of the spiralization (light blue) and bending energies
(dark blue) related to each mean value (100%) for the 250 camera shots of the 5 ob-

jects studied.

4.1.2. Long-term studies

In a long-term study it was tested whether the measured curvature parameters
(bending energy and spiralization) are suitable for illustrating the physical or biolog-
ical reality when objects in a state of high viability pass into a state of low viability.
To this end, an ensemble of 10 nematode larvae (Anisakis simplex, herring) was
observed using the VTD in a long-term experiment without energy supply (nutrition)
in a liquid without CO2 management (water, pepsin, HCI) (Davila et al., 2006) in the
time frame that is relevant to seafood production, namely 30 days. In total, 800 in-
dividual images were generated without changing the experimental configuration.
The objective was to prove the changes in viability with the described curvature
analysis. To this end, the distribution patterns of the bending energy and of spirali-
zation on 4 scales were combined. Fig. 8 shows the decreasing mean bending en-
ergies and mean degrees of spiralization of the larvae ensemble within a period of
30 days.

The measured data are attributed to different curvature phases of the larvae: varying
spiralization changes into a strong stable formation, followed by relaxation (Isele-
Holder et al., 2015). For the long-term study the turning point was identified by
VTD from the change of curvature diversity. For each series the kurtosis of the dis-
tributions of bending energy and spiralization were calculated as a measure of their
structure diversity (Leach, 2001). The temporal development of the kurtosis has a

B T T A A R A R A R R D
EERI RN I e N i wAwanAwawa
RAwA EAEl EA R N EA A VA RA VA RA VA RA YA
ele) el )| a]s]s]s]s)s|s]s]s]e]]
S S Il e il R A R R R KN R Y Y
EEIEY IR IR I IRVIEN IR EN RN RN RN S I A

Fig. 6. Excerpt of a recorded sequence of larvae at intervals of 12.5 msec.
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Fig. 7. Distribution around the mean value (100%) of the degree of spiralization (light) and the bending
energies (dark).

]
._f
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time [d] time [d]

Fig. 8. Decreasing of bending energy (a) and spiralisation (b) for an ensemble within the first 30 days.

minimum approximately on day 10 for the measured data (Fig. 9) in accordance with
visual observations. The minimum state values can be used for thresholding (viable/

not viable).
In the diagrams the relative factors for viability are shown without units.

After 30 days, the visual observation of the nematode larvae (CODEX STAN 244,
2004) showed no further movement. The VTD data, however, still displayed a low
level of remaining activity after this period. The viability state is determined by the
VTD with a high level of precision, which cannot be achieved with simple optical

systems.

To prove the quality of the applied model all the spiralization and curvature matrices
for all scales were examined by the Partial Least Square Regression method (PLSR).
Histogram data from bending energy and spiralization distributions for different
scales are used as input variables. Results confirmed the correct description of
time dependent shift of viability by spiralization and bending energy distribution
(Fig. 10).
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Fig. 9. Temporal variation of kurtosis of degrees of spiralization and bending energy for an ensemble
within the first 30 days.

4.2. Product examinations
The objective of the VTD development is to provide a system for the safe and fast

risk assessment of infection from living anisakids in the manufacture of seafood

products. To check the viability in fish fillet, three steps are necessary. In a first

Observation time [d] (predicted)

0 5 10 15 20 25 30
Observation time [d]

Fig. 10. Calculation of the coefficient of determination for the first 30 [d]. Coefficient of Determination
R 0.821 Root Mean Square Error for Calibration/Validation RMSE_,y.: 4.10/4.37.
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step, the larvae have to be isolated by the digestion method, which takes about 2
hours. To avoid possible underestimation of embedded larvae (Gomez-Morales
et al., 2017) the digestions conditions as described by Karl et al. (2014) should to
be followed strictly. The isolated larvae are transferred to a petri dish filled with a
small layer of pepsin/HCL solution and the petri dish is placed in the VTD. The
repeated measurement and readout by the VTID takes only few minutes (Fig. 11).

The reliability of the purely geometric approach for calculating viability from com-
bined bending energy and spiralization distributions was proven in the long-term
study. Another test of the system was conducted by measuring the influence of the
production process on the shape energy distribution patterns of anisakids. To this
end, in line with production methods customary for Germany, hard-salted and mari-
nated herring products were manufactured, from which inactivated nematode larvae
were isolated. Furthermore, living larvae were deep-frozen in water at —20 °C. In
several experiments, series of 50 images each were generated of living larvae
(100 series), deep-frozen larvae (60 series), from salted (80 series) and marinated
(90 series) products. The image series were examined in accordance with a secure
separation of living from dead larvae. A warning of a possible risk of viability
(infection) is issued by the VTD when threshold (0.70) is exceeded, however the
threshold can be adjusted by authorised users. In order to be able to take account
of mixtures of individual objects with very different viability factors, the standard

deviation, the maximum viability factor of the individual objects, and the proportion

Infected tissue

4

Artificial digestion (2 h)

4

Isolation anisakids (5 min)

¥

VTD measurement
Output protocol (5 min)

Fig. 11. Process flow of the VTD viability test procedure.
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of objects with a viability factor above and below the set threshold are also issued in

addition to the mean value (living/dead [%]).

The production process also has an influence on the local curvature characteristics of
larvae. In Fig. 12 shows the strong dependency of the mean viability factors on the
production process. The reasons for this are by and large unexplained and require

further examination.

In comparative analyse of 50, 25, 10 and 5 images/series, evaluations for 20 images/
series, generated at a time interval of 500 msec, have proven to be the best compro-
mise for exactness, speed and storage requirements. However, series of 50 images
are implemented as default detection variables in the VTD. Experts can use these se-
ries as short movies to complement the usual visual examination of mobility. For the
described evaluation, however, only every second image of a series is used (default).
The data recording of a single sample (petri dish) takes 30 sec, while evaluation and

reporting take a further 60 sec.

From the ratio between the viability factors of the product tissue to the viability fac-
tor of raw tissue, the inactivation rate of a process as a measure of safety of the sea-
food product can be calculated (Eq. (3)):

Inactivation rate = Viability factor et tissue / Viability factor,q, issue (3)

4.3. Comparison of VTD results with visual inspection and
staining

To verify the results obtained from the test device for deep frozen and salt-
inactivated larvae, the staining test was applied on randomly taken same mixtures
of dead and live nematode larvae after a readout by the VTD. After staining, the

0.75

viability factor

I

1 2 3 4
1=living 2=frozen 3=salted 4=marinated

0.40

Fig. 12. Viability factors for different production processes (97 series, 4,850 images).
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larvae were additionally inspected visually for movement. The staining method
based on the fact that the death of nematodes results in an increased cuticle perme-
ability and the stains colour the whole nematodes, whereas live larvae remain un-
stained. The limitation of this procedure is the occurrence of semi-coloured
nematodes (Leinemann and Karl, 1988; Vidacek et al., 2010).

4.3.1. Differentiation of live and deep frozen larvae

Table 1 shows the results for two test mixtures of deep frozen and live nematode
larvae. Virtually all initially live nematodes remained uncoloured and showed either
slight or strong motion. But only parts of the 20 dead nematodes were completely col-
oured, 12 were only partially stained. None of these nematodes showed active move-

ments. The VTD readout reflects the initial number of dead and live nematode larvae.

4.3.2. Differentiation of live and salt-inactivated nematode larvae
The results of two tests with salt-inactivated nematodes are compiled in Table 2.

In the first experiment (Test no. 3.9) only dead nematodes were examined. The stain-

ing test and visual inspection showed that all were at least half stained and motionless.

The VTD readout was 97.1 % dead and 2.9% live. These values refer to the viability
of the whole ensembles and are obtained by applying the threshold to the entire cur-
vature distribution. Experts, in contrast, decide for individual objects by estimating
each state of motion. In considering the slow transition from life to death, the VID
delivers non-integer values, while the visual estimates by experts always produce
integer values. Even when the VTD results are rounded there are minor deviations

from the data that were obtained under visual inspection.

In the second experiment (Test no. 3.10), 5 live and 20 salt-inactivated NL were
mixed and examined. Three live larvae remained uncoloured, but two were little col-
oured whereas the dead larvae were either partially or completely coloured. Again
the VTD results reflect the initially mixed number of dead and live larvae.

Table 1. Staining test, visual inspection and VTD results of deep frozen versus

live nematodes.

Test no  Nematode Degree of coloration and motion by naked eye =~ VID
mixture No/ (experts), No/%
%

Live Dead Uncoloured Partially coloured Coloured Live [%] Dead [%]

2.6 5/33  10/66 6/40° 3/20° 6/40° 34.8 65.2
2.8 4/28  10/71 4/27° 9/60° 1/7¢ 28.8 71.2

a = slight motion, b = active, ¢ = motionless.
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Table 2. Staining test, visual inspection and VTD results of salted versus live

nematodes.

Test no Nematode Degree of coloration and motion by naked eye =~ VID
mixture No/%  (experts), No/%

Live Dead Uncoloured Partially coloured Coloured Live [%] Dead [%]

39 0/0  10/100 0/0 3/30° 7/70° 29 97.1
3.10 5120 20/80 3/12° 7/28¢ 13/52¢ 22.5 71.5
2/8*

a = slight motion, b = active, ¢ = motionless.

The experiments showed that the VTD readout was able to detect the initial number
of mixed dead and live nematode larvae, whereas the staining always yielded partly-

coloured larvae, which are difficult to assign to dead or live nematodes.

5. Conclusion

Increasing demands on the quality of seafood products and the guarantee of their
health safety requires monitoring methods that allow a simple and low cost control
(Kroeger, 2009). The VTD allows automated optical inspections independent of vi-
sual observations of experts, by reading and analysis the elastic shape parameters
from contour images. Our studies of mobility of larvae in the context of food safety
controls showed that elastic form energies reflect their metabolic activity. For the
sake of simple handling, no multispectral and 3D information is obtained. Calibrated
image series are used to calculate geometric curvature characteristics, whose corre-
lation with data from the visual inspection has proven to be valid in experiments.
Studies with individual larvae and groups of larvae have shown that the VTD illus-
trates the biological processes realistically with regard to their viability. The device
therefore allows the monitoring of production methods and production process in the
seafood sector, independent of visual observation, and provides graduated results
with defined permissible limits. Particularly this information, including raw data
and reports, can be an important tool for the documentation (ISO 9000, 2008) of

manufacturing processes and new developments (Oh et al., 2014).
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