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Abstract

The goal of this paper is to propose and evaluate automated image analysis methods for describing muscle cutlets in rainbow trout.
The proposed automated image analysis methods were tested on a total of 983 scanned images of trout cutlets, and included quality
traits such as fat percentage, flesh colour and the size of morphologically distinguishable subparts of the cutlet. A sub-sample of 50
images was randomly selected for manual segmentation of the cutlet, the dorsal fat depot and the red muscle and regions. The
identification of these regions by manual and automatic image analysis correlated strongly (»=0.97, r=0.95 and r=0.091,
respectively). The estimated fat percentage obtained from image analysis, based on the area of visible fat and the colour of the cutlet
flesh, correlated well with chemical fat percentage measured by mid-infrared transmission spectroscopy (MIT) (#=0.78). The
automated image analysis methods are therefore a reliable means of predicting the fat percentage of trout cutlets. Principal component
analysis (PCA) loading plots were used to identify subsets of variables from the image analysis of special significance for further
studies; cutlet area, dorsal fat depot area, red muscle area, back height, cutlet width, and width of left and right abdomen wall were
among the variables selected. PCA loading plots of different colour variables indicated that simple statistical coefficients such as
percentiles and mean values can be used to quantify different aspects of flesh colour. In conclusion, the methods presented here
provide a powerful toolbox for describing important morphological structures and quality traits of trout cutlets.
© 2006 Elsevier B.V. All rights reserved.
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of fish for quality traits. Automated image analysis, also
called machine vision, is an efficient and non-invasive
tool for measuring quality traits in fish and other food
products (Brosnan and Sun, 2004). It is also widely used
in fish research. Borderias et al. (1999) used image
analysis to determine the fat percentage of Atlantic
salmon fillets (Sa/mo salar L.). The images were made
in ultraviolet light in order to enhance the visibility of
the fat stripes, and the subsequent image analysis con-
sisted of a Laplace transformation to increase image
contrast followed by manual segmentation of the image
into shades of grey. The major obstacle to the use of this
method in a large-scale study is that the image seg-
mentation step is not fully automatic, while it also
resulted in a relatively low correlation with chemically
measured fat percentage (r=0.42). Rensholdt et al.
(2000) used image analysis of rainbow trout (Oncor-
hynchus mykiss W.) cutlets scanned on a flatbed scanner
as a potential tool to quantify the area of the cutlet, the
area of the fat stripes and the area of the muscle. The
cutlet was segmented from the background by stating a
constant threshold value in the blue colour layer of the
RGB colour model. The fat stripes were then segmented
from the muscle in a similar fashion, but in the green
colour layer. However, this image analysis method was
not compared with any established fat analysis method.
The number of fish was also relatively small (n=20).
Marty-Mahé et al. (2004) constructed an elaborate light
tent for imaging of brown trout (Salmo trutta L.) cutlets.
Images of 48 cutlets were made using a digital camera
and image analysis methods were developed to quantify
the colour, fat stripes, myomera and peripheral surfaces.
The highest correlation between the relative area of the
fat stripes and fat percentage measured by Soxhlet and
NMR (r=0.72) was obtained by dividing the image
pixels into four different classes (background, muscle,
fat stripes and other) using the k-mean thresholding
method, followed by a procedure called the Profile
method that enhanced the final segmentation of the fat
stripes. In addition to these studies on the segmentation
of fat stripes from salmonids, there have been several
studies on distinguishing fat from red meat by image
analysis. Ballerini et al. (2000, 2001), for instance, used
NMR images and an automatic segmentation technique
called Fuzzy thresholding to quantify intramuscular fat
percentage in beef.

The goal of the present study was to develop image
analysis methods for quantifying the size and colour of
morphological structures of trout cutlets such as fat
stripes, red muscle, white muscle, and dorsal fat depot.
Scanning is an easy-to-use method of obtaining images.
No elaborate lighting scheme, in the form of light boxes

or light tents, is needed. We therefore believe that image
analysis methods developed for scanned images of
salmonid cutlets have the potential to be used by the
research community.

2. Materials and methods
2.1. Fish material and sampling

A detailed description of fish management and
experimental design is given in Kause et al. (2006). In
brief, three-year-old rainbow trout (n=983), originating
from 210 half and full-sib families of the Finnish natio-
nal rainbow trout breeding programme (owned by the
Finnish Game and Fisheries Research Institute, FGFRI),
were kept indoors in freshwater at the Tervo Fisheries
Research and Aquaculture Station (eastern Finland).
Each family was initially kept in 150 1 family tanks. In
February 2002, after 8 months in the family tanks, the
fish were tagged with PIT transponders (Trovan Ltd.,
Germany) to provide individual identification, and allo-
cated to eight tanks of 20 m”.

The fish were subjected to either of two diets from
May 2002, but for the purpose of the present paper the
data are considered as a single group. The diets were
identical fishmeal and fish oil based modern commercial
diets with differing protein/lipid ratio, both conditions
having four replicate test tanks. Diet 1 (wet weight);
protein 40% and lipid 33%. Diet 2; protein 53% and
lipid 20% with a common average proximate content of;
moisture 4.7%, ash 7.4%, crude fibre 0.8%, nitrogen-
free extracts 13.2%, phosphorus 12.8 (gxkg ') and
energy 24 (kJxg~ '). Pigment (Carophyl Pink) was
added in equal amounts (50 ppm) to both diets.

The fish were slaughtered in November 2003 at a
mean weight and length of 2.6 kg+0.6 (SD) and
51.5 em#+3.8 (SD), respectively. The fish were gutted
directly after slaughter. They were then stored on ice
for 48 h, after which 3 c¢m thick cutlets were cut man-
ually directly in front of the dorsal fin using a knife. The
fat percentage of the muscle was estimated by mid-
infrared transmission spectroscopy (MIT) (Elvingsson
and Sjaunja, 1992).

2.2. Image acquisition

The cutlets were placed directly on a flatbed scanner
(CanoScan LiDE 80, Canon Inc., Ohta-ku, Japan), front-
down with the abdomen cavity facing up in the image
and parallel to the y-axis. The cutlets were scanned with
a spatial resolution of 200 points per inch, equivalent to
a pixel size of 0.127x0.127 mm?, with 256 grey levels
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in each of the three layers in the RGB colour model. The
images were stored in the Tiff image file format. The
scanner was calibrated using the white surface included
in the scanner lid, and the same calibration was used
throughout the experiment. The scanner platen was
wiped clean between each scanning using paper tissue
and a fat-solvent washing liquid. A light-tight box was
placed on top of the scanner to prevent light from
external sources reaching the image sensor in the car-
riage (sliding optical unit including a linear array CCD
recording RGB colour values).

The images were also translated to the IHS (Gonzalez
et al., 2003) and the CIE1976L*a*b* (Wyszecki and
Stiles, 2000) colour models. The KODAK Q-60R2
(2004:01) (Eastman Kodak Company, Rochester, New
York, USA) colour target was used to calibrate the scan-
ner’s RGB values to the CIE1931 XYZ tristimulus values
needed to calculate the CIE1976L*a*b*-values (for
formulae see Wyszecki and Stiles, 2000). The estimated
XYZ tristimulus values from this calibration correlated
highly with the known CIE1931 XYZ tristimulus values
of the colour target (r=0.999, r=0.998 and r=0.999,
respectively), indicating a close match. The L*, a* and
b* values represent three axes in the colour model;
dark to light, green to red and blue to yellow, respectively.
Hue (colour) and Chroma (colour intensity or saturation)
values provide an intuitive description of the sam-
ple colour, and are therefore often preferred to the a* and
b* values when describing the colour of a sample;
Chroma = (a**+b*%)°>, Hue = tan” '(b*/a*) for a*>0
and b*>0, Hue = 180+tan” ' (b*/a*) if a* <0 otherwise
Hue = 360—tan ' (b*/a*).

2.3. Manual image analysis

A manual image analysis was performed in order to
evaluate the results of the automated image analysis
methods presented below. A sub-sample of 50 randomly
selected fish were analysed by a qualified technician
using the roipoly function in Matlab v6.5 (The Math-
Works Inc, Massachusetts, USA). This function was
used to draw around the cutlet, the red muscle and the
dorsal fat depot using the mouse, creating a manual
segmentation of these regions.

2.4. Automatic image analysis

The following image analysis methods were devel-
oped in Matlab (including the Image Processing and
Statistics toolboxes) and are fully automatic. The first
step in the automatic image analysis process is to sepa-
rate the cutlet region from the background. The cutlet

region is red, while the cutlet skin and the lid of the
scanner have a dark greyish colour in the scanned
images. All pixels in the RGB image whose R value is
greater than both the G and B values are predominantly
red and can therefore be identified as representing cutlet;
all other pixels are identified as background.

1 if R(x,»)>>G(x,») A R(x,y)>>B(x,
gcutlet(xay) = { 0 otheg'w?}s)e ( y) ( y) ( y)

)

This segmentation rule generally worked well on all
the images, but in some cases blood spots and parti-
cularly dark patches of muscle were falsely segmented
as background. This resulted in small erroneous holes in
the segmented cutlet region. These holes were typically
located close to the centre of the epaxial part of the
cutlet. The proposed image analysis method removes
these holes by setting all pixels (x,y) in gcuge(see Eq.
(1)) not belonging to the largest connected region of Os
to 1. Small irregularities in the segmentation of the cutlet
region border are then removed by first extracting the
pixels in the border of the region (x1, ¥1), (X2, V2),.-.,(X,
i) and then reconstructing the region from only the
28 <<k first Fourier coefficients of the original border.
This procedure for smoothing the border of a region is
more thoroughly explained in Gonzalez et al. (2003).
The selected number of 28 Fourier coefficients was
judged as sufficient to remove minor concavities and

Smoothed
border

Red muscle left
Red rriu-scle -right

Dorsal fat depot

Fig. 1. Result of dominant colour segmentation of one of the scanned
cutlets from the image background. The smoothed border is
constructed from 28 Fourier coefficients. The positions of the dorsal
fat depot, red muscle, vertebra and lower extremity point (LEP) of the
abdomen cavity are indicated.
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Fig. 2. Pyramidal image structure by wavelet transform of the S colour
layer, with or without preliminary segmentation of the dorsal fat depot.
Only image levels 1-3 (S;—S53) are included in the illustration for
simplicity. Notice in the enlarged square from S, that the fat stripes are
either suppressed or reduced to thin one-pixel-thick structures.

irregularities from the cutlet border while still retaining
the overall shape of the cutlet region accurate (Fig. 1). In
the following, only coordinates (x,y) where geued(x,))=
1 are included in the analysis.

The dorsal fat depot (DFD), the red muscle (RM), the
vertebra (V), and the fat stripes (FS) are all the same
white-pink colour in the scanned images (Fig. 1), and
therefore cannot be distinguished on the basis of colour
values alone. Instead, characteristics such as size, shape
and location of these structures have to be utilised by the
image analysis methods. At low resolutions massive
regions such as the dorsal fat depot and the vertebra
remains clearly visible, while the comparatively thin fat
stripes are suppressed (Fig. 2). The dorsal fat depot was
judged to have especially dark values compared to the
cutlet flesh in the S layer of the IHS colour model. The
first step towards segmenting the dorsal fat depot is
therefore to create a 5-level pyramidal image structure of
the S colour layer by a 4-scale wavelet transform
(Gonzalez et al., 2003), the first level S; having
approximately 1/2* the length and breadth of the original
image, S, 1/2* and so on. The initial segmentation of the
dorsal fat depot from the rest of the cutlet is then
performed at low resolution.

1 if Sy(x,y)<T
0 otherwise

g1 pep(X,») = { (2)

It was not possible to find a constant threshold value 7
in Eq. (2) that would segment the dorsal fat depot
correctly in all the images. The threshold therefore had to
be set individually for each image. Two methods that
automatically find a threshold based on the pixel values
in an image are the Otsu thresholding method (Chi et al.,
1996) and the Fuzzy thresholding method (Chi et al.,
1996; Brandtberg, 2002). Otsu’s method finds the
threshold 7 that maximises the between-class variance
(function graythresh, Matlab), while Fuzzy thresholding
finds the threshold 7 so that the grey levels of the pixels
above and below the threshold are as close to their class
average as possible. Of these two methods, Fuzzy
thresholding was visually found to give the best seg-
mentation of the DFD region. In some of the images,
particularly thick fat stripes are still present at low
resolution. The initial segmentation (Eq. (2)) is therefore
followed by an opening operation (function imopen,
Matlab) with a 3 x 3-structure element to remove any thin
areas of 1’s in goppp representing fat stripes. The image
analysis finally identifies the DFD region as the largest
connected region of 1s in the lower part of the binary
image g>prp. This segmentation forms the basis of a
hierarchical thresholding procedure through images of
increasing detail (S; to S5=S, Fig. 2), until a binary
function gprp representing the dorsal fat depot in the
image’s original size is obtained. Each step of the
hierarchical thresholding procedure consists of dilating
(function imdilate, Matlab) with a 3 x 3 structure element
and then iteratively removing pixels from the border of
the dorsal fat depot region that do not meet the thres-
holding criteria (Eq. (2)). The dorsal fat depot region is
finally smoothed in the same way as the cutlet region, but

a) b) c)

Fig. 3. The image analysis method identifies the vertebra by first
defining a small square area of interest (AI) below the lower extremity
point of the abdomen cavity (see Fig. 1), performing watershed
segmentation on this Al in S, (see Fig. 2) and then identifying the
watershed region with the darkest mean grey level in S,. a) The initial
watershed segmentation of the AL b) Average grey level in S, for the
watershed regions. Notice that the darkest regions represent the
vertebra. ¢) Final segmentation of vertebra at level 2 (indicated as a
grey region).
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a) b) c)

Fig. 4. a) Initial segmentation of a red muscle region. b) Two convex
hulls, one above and one below the main promontory. c¢) Result after
removing the convex region of each of the convex hulls in b) from the
original segmentation in a).

only using the 14 first Fourier descriptors. A smaller
number of coefficients is used, since the dorsal fat depot
region has a less complex shape than the cutlet region.

The vertebra is segmented using the same hierarchical
segmentation algorithm as described above. However,
the initial region cannot be found in the same way. The
vertebra is much smaller than the dorsal fat depot. It was
therefore necessary to start at a one step larger level in the
pyramidal image structure (S, instead of S;). It was also
not possible to detach the vertebra region from neigh-
bouring fat stripes by an opening operation as this in
some cases also would remove the vertebra region. The
initial vertebra region is, instead, identified by first
defining a small rectangle below the lower extremity
point of the abdomen cavity as the area of interest (Al)
(Fig. 3a). Watershed segmentation (function watershed,
Matlab) is then applied to this area in S,, creating a
number of smaller regions within the Al (Fig. 3ab). The
watershed region with the lowest mean S, value is then
identified as representing the vertebra (Fig. 3b), in-
cluding any adjacent regions with similar mean S, value
(difference<|10|) (Fig. 3bc). After the hierarchical seg-
mentation, the vertebra region is finally smoothed by
enforcing a border of eight Fourier coefficients.

Similar procedures to those for the dorsal fat depot
region and the vertebra region were also tried for the red
muscle regions. However, these were visually found to
segment the red muscle regions incorrectly in many of
the images. Another approach was therefore tried. The
red muscle was judged to be especially apparent in the B
layer of the RGB colour model. The suggested method
consists of first applying a 21 x21 median filter to the B

layer. This operation removes noise and makes the image
regions in the B layer more uniform. A threshold that
segments the light red muscle in the smoothed B layer
from the dark white muscle is then found by Fuzzy
thresholding (see above). The left and right red muscle
regions are identified based on their positions; on the
right and left extremities of the cutlet region, at the height
of the segmented vertebra region (Fig. 5). Preprocessing
by means of median filtering removes adjacent thin fat
lines, but thicker lines remain as ‘bumps’ on the initial
segmentation of the red muscle region (Fig. 4a). These
‘bumps’ are removed in three steps; first, the convex hull
(the smallest convex region containing the region)
(function regionprops, Matlab) of the red muscle region
(left or right) is found. The red muscle forms a thin layer
close to the edge of the cutlet, and is concentrated into a
wedge at the major horizontal septum. This means that
two large convex deficiency regions (regions that form
part of the convex hull but not the original region) are
created above and below the wedge (Fig. 4b). The con-
vex hulls of these two regions are then calculated
(Fig. 4c). These two hulls will by design include the

Fig. 5. Final segmentation of the dorsal fat depot (yellow region), red
muscle (blue regions) and the vertebra (green region). The line L1 goes
through the lower extremity point of the abdomen cavity and is
perpendicular to a line L2 going from this point to the upper extremity
point of the dorsal fat depot region. The lines L3 and L4 are parallel to
L1, and are positioned at half the height of L2 up from the lower
extremity point of the abdomen cavity. The Euclidean length of L1 is
used as a width measurement, Euclidean length of L2 as the height of
the epaxial part of the cutlet, and the Euclidean lengths of L3 and L4 as
the width of the left and right belly flaps.
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Fig. 6. Results from the automatic image analysis vs. control measurements. A manual segmentation of a) the Area, b) the dorsal fat depot (DFD) and
c) the red muscle (RM) was performed on 50 randomly selected cutlets and compared to the results from the automatic image analysis. d) Fat
percentage estimated by MIT vs. fat percentage estimated by automatic image analysis. Automatic IA Fat(%)=-27.67+0.47 relAreaFat+0.37 *
mean(L*)+0.50 * mean(Chroma), where relAreaFat is the area of the fat segmented by the k~-mean method on the B colour layer of the cutlet region
and mean(L*) and mean(Chroma) are the mean values of the L* and Chroma colour layers, respectively, for the cutlet region.

‘bumps’. The last step is therefore to state that all pixels
in these two regions are not in the final red muscle
region, effectively removing the ‘bumps’ from the final
segmentation (Figs. 4c and 5).

The white muscle region is identified as the remai-
ning region after which the dorsal fat depot, vertebra and
red muscle have been removed from the cutlet region

(Fig. 5).
gwM = ZeutletN (gDFDUGVUZRM ) 5 (3)

where gwn 1s the binary function representing the
white muscle region, gcuger the cutlet region, gprp the
dorsal fat depot region, gy the vertebra region and grum
the red muscle regions.

The loins of the cutlet are identified as the two
regions above a line going through the lower extremity
point of the abdominal cavity (L1, Fig. 5). This line
is perpendicular to a line from this point to the
upper extremity point of the dorsal fat depot (L2,
Fig. 5). L1 divides the epaxial from the hypaxial part of
the cutlet.

All the colour layers, except the H and Hue layers,
are bimodally distributed, with one of the peaks predo-
minantly representing the grey levels of the muscle and
the other the grey levels of the fat. Otsu’s method and
Fuzzy thresholding were therefore tried on all the com-
puted colour layers to segment the fat stripes from the
white muscle. In addition, the A-mean method used by
Marty-Mahé et al. (2004) was tried. The k-mean algo-
rithm starts out with two seed points, m; and m,, defi-
ning two classes C; and C,. The grey levels of the colour
layer are assigned to the class with the nearest seed. The
mean values of the classes are then used as new seed
points. This is iterated until the sum of grey level to seed
distance is minimised (Khattree and Naik, 2000).

2.5. Output from the image analysis

Output variables from the image analysis methods
include three groups of variables; thirteen area variables,
eight length variables and one hundred colour variables.
The image analysis method calculates the areas of the
whole cutlet, the epaxial part (below L1, Fig. 5), the
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epaxial part left and right of L2 (Fig. 5), the hypaxial
part (above L1, Fig. 5), the loins (left and right), the
dorsal fat depot, the total red muscle and the individual
red muscle (left and right), the white muscle (including
fat stripes) and the area of the fat stripes. The length
variables include the height of the epaxial cutlet and the
whole cutlet and the width of the cutlet and loins. The
height of the epaxial part of the cutlet and the width of
the cutlet as a whole are calculated as the Euclidean
length of L1 and L2 (Fig. 5), respectively. Then Eucli-
dean length of L1 left and right of L2 are also calculated.
The major and minor axes (function regionprops,
Matlab) of the cutlet region are calculated as alternative
measures of height and width for the whole cutlet. The
widths of the loins are defined as the Euclidean lengths
of the lines L3 and L4 (Fig. 5), which are parallel to L1
and at a distance (1/2 *length of L2) up from the lower
extremity point of the abdominal cavity.

The collected colour values of all the pixels in a region
can be described by descriptive statistics. Statistical
colour values were calculated for the CIE1976L*a*b*,
Hue and Chroma colour layers for selected morpholog-
ical regions; whole cutlet, epaxial without dorsal fat
depot and red muscle, and epaxial left and right. The
statistical descriptors included the mean value, trimmed
mean (mean value of remaining observations after all
observations below the 5 and above the 95 percentiles
have been removed from the original set of observa-
tions), 25th, 50th and 75th percentiles.

2.6. Statistics

The statistical procedures were performed using the
SAS software package v.8.0.2 (SAS Institute Inc., Cary,
North Carolina, USA). Spearman correlations between
manual and automatic segmentation of the whole cutlet,
the dorsal fat depot and the red muscle areas were cal-
culated (proc corr, SAS) in order to evaluate the per-
formance of the automatic image analysis. The percentage
of segmented fat (fat stripes and dorsal fat depot) in the
cutlet region was compared to the fat percentage measured
by MIT (proc corr, SAS). In order to assess whether the
predictive power of the image analysis could be further
improved, the areas of the two fat regions were combined
with colour variables in multi-trait regression models (proc
reg, SAS). Several of the combinations resulted in im-
proved correlations with MIT fat percentage. One of the
best performing combinations is given in the text below.

Principal component analysis (PCA) loading plots
were used to find a smaller number of representative
variables of special interest for future analysis of the data
in relation to biological parameters. One PCA loading

plot was developed for each of the three groups of va-
riables; (1) area measurements, (2) height and width
measurements, and (3) colour measurements. For this
purpose, the areas of the cutlet, loins, dorsal fat depot and
red muscle regions were normalised to fish size, to
prevent fish size alone from influencing the variables.
The area measurements were normalised by multiplying
by fish length, thus creating the volume of the region,
and then dividing by carcass weight to normalise. The
length and width variables were normalised by dividing
by fish length. Variables that are close together in a PCA
loading plot correlate highly. It may therefore be
sufficient to only include one of these variables in fur-
ther biological studies, as they yield the same (or very
similar) information. The normalised variables are al-
ways referred to as normalised in the following sections.

3. Results and discussion
3.1. Validation of the image analysis methods

The results from the automatic segmentation meth-
ods for identifying the cutlet region, the dorsal fat depot
region, and the red muscle regions agreed visually with
the actual extent of these regions, and the areas given by
the automatic and manual image segmentation of the
sub-sample of 50 cutlets correlated highly with each
other (Fig. 6abc, »=0.97, r=0.95 and »=0.91, respec-
tively). This indicates that the automatic segmentation
of these regions was accurate and provided fast and
reliable ways of measuring.

The area of the fat relative to cutlet area correlated
well with fat percentage measured by MIT. This result
was consistent for both the Otsu and the A-mean thres-
holding methods performed on the B colour layer of the
RGB colour model (»=0.69 and »=0.68, respectively).
These correlations are of similar magnitude to the
correlations obtained for the fat segmentation by
Marty-Mahé et al. (2004) (»=0.72). This is a promising
result, especially considering that the images of the
brown trout cutlets in Marty-Mahé et al.’s study were
obtained using an elaborate lighting scheme, while the
images in the current study were obtained using a regular
consumer flatbed scanner. The current study also inclu-
ded significantly more cutlets (=987 vs. n=48).

The chief advantage of Marty-Mahé et al.’s study
over our work was probably that the colour vision system
with diffuse lighting that they employed minimised spe-
cular reflection on the surface of the cutlets, while spe-
cular reflections were relatively frequent in the scanned
images of the present study, especially when the cutlets
were unevenly cut. Specular reflections appear as white
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bright areas in the images and may therefore have
wrongly been segmented as areas representing fat stripes
by the automatic image analysis method. It is therefore
likely that even higher correlations would have been
achieved in the present study if specular reflections had
been avoided during the scanning of the cutlets. Another
difference is that the loins were still connected in the
study by Marty-Mahé et al. (2004), while the loins were
separated during evisceration in the current study, which
made it difficult to keep them from leaning over during
the scanning procedure. This will probably have affected
the result of the segmentation of the fat stripes and may
have been particularly important since the fat percentage
is higher in the loins than in the epaxial part of a salmonid
cutlet (Morris, 2001). However, a much higher correla-
tion between the relative area of the fat regions and fat
percentage as measured by MIT than those presented
here is probably not to be expected. The fat in the muscle
is not only stored in the fat stripes but also in the muscle
fibres between the stripes (Borderias et al., 1999).
Moreover, the fat percentage of the stripes per area can
vary. As a result any method that calculates the fat per-
centage based on the area of the fat stripes will never be
able to achieve a perfect correlation to the actual fat
percentage of the muscle.

The highest correlation between image analysis varia-
bles and fat percentage in Marty-Mahé et al.’s study was
in fact obtained by the mean lightness (L*) values of the
cutlet region (#=0.77). This can easily be explained if
equal pigmentation of the muscle is assumed; thicker fat
stripes and more fat marbling in the muscle tissue will
then lead to a more white cutlet surface, and thus to
higher mean L* values. In this study, the correlation of
mean L* value with MIT fat percentage was only
r=0.52, indicating a less uniformly pigmented popula-
tion. However, it is clear that both fat area and flesh
colour are indicative of fat percentage also in the present
study, and by combining these variables in a linear
regression model: Automatic 1A Fat(%)=—27.67+0.47
relAreaFat+0.37 * mean(L*)+0.50 * mean(Chroma) it
was possible to achieve a higher correlation to fat per-
centage measured by MIT than for the individual
variables alone (Fig. 6d, r=0.78), where relAreaFat is
the area of the fat segmented by the ~-mean method on
the B colour layer of the cutlet region, and mean(L*) and
mean(Chroma) are the mean values of the L* and Chro-
ma colour layers, respectively, for the cutlet region.

The basic requirement of the presented methods is
that the muscle tissue has a red hue. This is the case in
most salmonids depositing carotenoids in the somatic
muscle. However, fish not displaying such distinct visi-
ble differences between fat and muscle require other
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Fig. 7. PCA loading plot for the normalized areas of the segmented
regions. PCA 1 explains 85% of total variance, PCA 27%. Group 1:
Variables closely linked to normalised cutlet size (n. area of cutlet,
n. areas of abdomen walls, n. area of the epaxials part of the cutlet, n.
area of white muscle). Group 2: Variables linked to red muscle size (n.
area of the red muscle left and right). The n. area of the dorsal fat depot
(DFD) is positioned between Group 1 and Group 2.

approaches. Selective use of specific wavelengths, mag-
netic resonance imaging (MRI), infrared imaging (IR),
computer tomography imaging (CT scanning) can offer
possible solutions. Such approaches are most interesting
for future work, but were not part of the present study.

3.2. Evaluating the image analysis variables

The normalised areas of all the segmented regions all
correlated strongly along the first principal component
(85% of the variation, Fig. 7). However, there is a divi-
sion into two main groups along the second principal
component (7% of the variation). Group 1 contains
variables directly related to the normalised size of the
cutlet (normalised area of cutlet, white muscle, abdomen
walls left/right, epaxial cutlet left/right). Group 2 in-
cludes the normalised areas of the red muscle (both left
and right individually and as a whole). The normalised
area of the dorsal fat depot is positioned between Group
1 and Group 2. In other words; the main effect on all the
area variables came from normalised cutlet area, but the
areas of the red muscle and dorsal fat depot were also
influenced by other factors. The position of the norma-
lised area of the dorsal fat depot, between Group 1
(cutlet area) and Group 2 (red muscle) can be explained
by the fact that large mature fish deposit more fat
(Shearer, 2001), and that fish with more red muscle
require more external fat. Red muscle has a greater
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Fig. 8. PCA loading plot of normalized length components, PCA 1
explains 68% of total variance, PCA 2 12%. Group 1: Variables
describing the normalised widths of the cutlet regions; n. Euclidean
length of L1 and L1 left and right of L2, and the minor axis. Group2:
Variables describing the normalised heights of the cutlet regions; n.
Euclidean length of L2 and the major axis. Group 3: Variables
describing the normalised widths of the belly flaps; n. Euclidean
lengths of L3 and L4. The width of the left loin is placed furthest to the
left in the group, while the width of the right loin is furthest to the right.

functional need for fat (aerobic metabolism) per gram
tissue than white muscle (Kiessling et al., 1991) and a
fish with relatively larger red muscle mass might there-
fore have a greater need for extra muscular fat depots
than a fish with a relatively larger white muscle mass. In
conclusion, a subset of three normalised area variables
from the image analysis (the normalised areas of the
cutlet, dorsal fat depot and red muscle) is sufficient to
give a description of the main variation.

The normalised lengths of the internal cutlet to the
length of the fish are all strongly correlated along the first
principal component (68% of the variation, Fig. 8).
However, there is a spread along the second principal
component (12% of the variation). The normalised
widths of the whole cutlet measured as minor axes, |
L1|, |[L1left, and |Llright| (see Fig. 5) are clustered
together (Groupl). The normalised height of the cutlet
(major axis) and the normalised height of the epaxial part
of the cutlet (JL2|) are also grouped together, but to a
smaller degree (Group 2). Group 3 contains the normal-
ised widths of the left and right loins. The epaxial part
(Groups 1 and 2) of the cutlet seems to grow symme-
trically in height and width. The hypaxial (the normalised
widths of the loins) (Group 3), however, is clearly
differentiated from the epaxial measurements along PC 2.

There is also a clear difference within the hypaxial mea-
surements. The normalised width of the left abdomen
wall is positioned near the centre of PC 2, while the
normalised width of the right abdomen wall is positioned
far to the right. This indicates a certain asymmetry bet-
ween the widths of the left and right loins. The asym-
metry between the right and left loin cannot be explained
by that the loins leaned during the scanning procedure
(discussed above), as the width of the loins is measured at
a position where the ribs are still strong enough to keep
the loins in place (Fig. 5). On this basis, the normalised
width and height of the cutlet together with normalised
widths of the left and right loin are suggested as
interesting variables for further biological analysis.

The statistical colour descriptors (mean and percentile
values for the L*, a*, b*, Hue and Chroma colour layers
calculated for the cutlet region as a whole, the epaxial part
of the cutlet, and the epaxial left and right part) are
clustered in two main groups along the first principal
component (67% of the variation) (Fig. 9); Group 1
contains the ¢*, b* and Chroma descriptors and is highly
positively correlated along PC1, while Group 2 contains
the L* and Hue descriptors and is negatively correlated
along PC1. This inverse relationship between the two
groups is in line with several colorimetric studies of
salmonid flesh, which have found a*, b* and Chroma
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Fig. 9. PCA loading plot for the statistical colour descriptors (mean and
percentile values for the L*, a*, b*, Hue and Chroma colour layers
calculated for the cutlet region as a whole, the epaxial part of the cutlet
(above L1 see Fig. 5), and the left and right of L2 epaxial part. PCA 1:
explains 67% of total variance, PCA 2 11%. Group 1 includes the a*
(open circles), b*(close circles) and Chroma (open squares) descrip-
tors, while Group 2 includes the Hue (closed squares) and L* (open
triangles) descriptors.
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values to be positively correlated with astaxanthin and the
Hue and L* values to be negatively correlated with
astaxanthin (Wathne et al., 1998; Robb, 2001; Baker et
al., 2002; Rensholdt, 2005). For the a*, b* and Chroma
descriptors in Group 1, the statistical descriptor furthest
to the left in the PCA loading plot is the 25th percentile.
This statistical descriptor, by its nature, samples a pixel
with relatively low colour saturation, and is therefore
probably sampling a pixel that represents the white-pink
fat (or alternatively muscle tissue with a high fat content).
The 75th percentiles are grouped furthest to the right, and
the mean, trimmed mean and median in-between. All in
all, this suggests that the 75th percentiles are samplings of
pure muscle colour, while the mean, trimmed mean and
median values describe the flesh colour as a whole
(including fat stripes) On this basis, the 75th percentile
and the mean statistics for the a*, b* and Chroma values
are suggested as measures for pure muscle and overall
flesh colour respectively. It is, of course, opposite for the
L* values in Group 2. Here the 75th percentiles represent
white-pink fat, while the 25th percentile is a measurement
of pure flesh colour.

4. Conclusions

Image analysis is a powerful tool for describing the
morphological structure of salmonid cutlets. The auto-
mated image analysis methods presented here were able
to describe quality properties, such as area of the cutlet,
dorsal fat depot, red muscle, fat percentage and colour
from a large number of scanned images of rainbow trout
cutlets. It is also evident that it is possible to produce
images of cutlets of adequate quality for image analysis,
using a simple flatbed scanner. No elaborate lighting
regime is necessary. The image analysis methods pre-
sented here therefore have the potential to be used by the
research community.
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