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Visible and short-wavelength near-infrared (SW-NIR) spectroscopy (600—1100 nm) was used to detect
bruises in intact, whole Pacific pink salmon (Oncorhynchus gorbuscha). The measurements were
performed noninvasively through the skin and scales in the diffuse reflectance mode. Digital images
of bruised and nonbruised regions of fish were captured after the fish samples were filleted. Image
analysis was conducted using Adobe Photoshop 7.0 with relative gray values used as reference
values in a partial least-squares (PLS) model. A PLS cross-validation model using six latent variables
yielded a standard error of prediction (SEP = 0.05%, R = 0.83). Approximately 84% of all nonbruised
spectra were correctly classified, whereas approximately 81% of all bruised spectra were correctly
classified. These results suggest that visible and SW-NIR could be used to control the bruise defect
of fish products during processing, thereby improving product consistency and quality.
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INTRODUCTION may be bruised. Bruising is a major product defect in whole
wild-caught salmon. Bruising dramatically reduces the value
of fish fillets and is becoming an impediment to the sale of
Alaskan-harvested salmon on the world market, particularly
wavelength near-infrared (SW-NIR) spectroscopy (60000 chum salmon. Fish are graded before they are filleted. A grade-1
nm) finds wide application in the food industig, @). Although ~ duality fish when caught should be free from defects such as
examples of NIR for detecting bruises and internal defects in punctures, bites, and open scars or cuts, and no visible bruises

fruits and vegetables have been reporte ¢valuation of this or dark blood discoloration is allowed. For grade-2 quality fish,

technology for detecting quality defects in animal products, no more than olne ViSipkha bruisfg (Upl to 63nis Ferr;:ittedl 6).
partiCUlarly in whole animals, is still limited. Recurrent pl’Ob ems with Pacific salmon qua |ty ave led to a

Bruising is a particular problem with aquatic food products. loss of market share and price for the 2003 harvest season that

Deep bruising is a condition that cannot be readily detected by are among th_e lowest in 30 years. The deep recession in Ja_lpan
examining the surface features of the fish. It results from pooled and other Asian export ma_rkets has .aggrav.ated th!s S|tuat!on.
blood along the axial skeleton and in adjacent muscle tissue HOWever, markets can be |m_proved_|f consistent hlgh-quallty
and can only be detected when the fish are filleted. Deep product can pe ensured. Using noninvasive gradl_ng methods
bruising is generally caused by crushing or injuring a fish while based on visible and SW-NIR could help solve this problem.
it is still alive by overloading a seine net, brailer bag, fish hold, ~ Visible and SW-NIR spectroscopy (662100 nm) has sev-
or refrigerated seawater (RSW) tank. eral advantages as a nondestructive method. It allows the user
A major challenge for fish processors in Alaska is how to to collect full spectra in less than a few seconds and to analyze
evaluate the internal conditions for the fish and predict which food samples remotely using fiber optic probes. In this wave-
length range, light radiation travels over long path lengths and
penetrates fish skin and scales into the muscle tissue, thus per-

There has been rapid growth over the past decade in the
development and use of noninvasive methods for detecting
quality defects in foodsl( 2). In particular, visible and short-

* Author to whom correspondence should be addressed [telephone (509)

335-7778; fax (509) 335-4815; e-mail linmengshi2001@yahoo.com]. mitting analysis of intact whole fish, fish fillets or steaks, and
l\é\gisstglrrrllgglrré SJ?‘E rl]Ji\r/"eVrgirtSItY- bulk samples of roe7(-11). Visible and SW-NIR can penetrate
s D-Squared gevelopment.y' up to 10 mm into fish muscle tissue, indicating that the pene-
#Fishery Industrial Technology Center. tration depth is adequate for detecting intramuscular bruisds (
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Fiber Probe End Capturing Digital Images. After spectral acquisition, each fish was
filleted. Fillets were placed along a ruler. The locations of bruises in
TN the filleted fish were verified, and their positions with reference to the
/ o 32 Nllumination Fiber Optics ruler were recorded. A digital image of the internal surface of each
) fish was acquired by a digital camera (Nikon, Coolpix 950) in one go,

(60%30m) and the corresponding locations for the spectral scans were noted.
1 Collection Fiber Optic Image Analysis. Image analysis was conducted using Adobe
(6001m) Photoshop 7.0 software (Adobe Systems Inc., San Jose, CA). To keep
Radius (2 mm) the background of all images consistent, the background luminosity of
) ) . ) each picture was adjusted and balanced to2Z5 The bright dots in
Figure 1. Fiber optic probe of DPA20 spectroscopy used to acquire each image were trimmed by covering them with surrounding color.
spectra. A square image (56« 50 pixels) corresponding to the position of

the spectral measurement was cut from the digital image. The color

Although the use of visible and SW-NIR to detect bruises in images (in RGB mode) were converted to the gray mode. Although

fish muscle tissues has not been reported in the literature, severaRGB is a standard color mode, using the red, green, or blue value
similar applications have been studied. For example, visible andindividually as a reference value for the PLS modeling in this study
SW-NIR has been used successfully to determine cerebralWill lead to a loss of information and yield poor prediction results.

swelling after traumatic head injury in children, blood flow in  HOWwever, using the gray value, which is the average of the sum of the

liver tissue, and oxygenation in the cerebrum as a result of headred‘ green, and blue values, will solve this problem and greatly improve

I L . the prediction accuracy in the PLS modeling. Every pixel of a gray
trauma or brain injury (13). This line of research indicates that (.o image has a brightness value ranging from O (black) to 255

the pooling of blood and blood flow can be detected by visible (yhite). The mean RGV is the ratio of the gray value to 255, with a
and SW-NIR, making it a feasible technology for studying the range from 0 to 1. The mean RGV of each 5050 pixel image was

presence of bruises in fish muscle. used as a reference value for the corresponding spectra to establish a
Because hemoglobin and deoxyhemoglobin have strong PLS model.
absorbance bands in the visible and SW-NIR regibtd),(the Data Analysis. Data analysis was performed using Delight version

vascularization of the gill region can be easily differentiated 3.2.1 software (Textron Systems, Wilmington, MA). Because spectral
from muscle tissue. Visible and SW-NIR can detect the pr(_:.Senc(:'.features in visible and SW-NIR are quite overlapped, data preprocessing

of muscle bruises in salmon because hemoglobin in fish muscle2/9°rithms such as binning, smoothing, and the second-derivative
absorbs in this spectral region. In the visible and SW-NIR transformation and multivariate statistical analysis techniques were

. . . employed to analyze the datd, 8). Binning reduces the number of
region, oxygenated hemoglobin has a broad absorption bandaia points in a spectrum by averagimgoints into one. Smoothing

between 600 and 1000 nm, whereas deoxygenated hemoglobiryiminates high-frequency instrument noise by averaging neighboring

has a more prominent absorption banc-a60 nm (13). data points. First, spectral data were binned by 2 nm and smoothed
Although ultrasound has been used to detect blood congestionwith a Gaussian function over 12 nm. Then a second-derivative

in salmon as a means of predicting smoked salmon quality, transformation with a 12 nm gap was calculated to separate overlapping

simple diagnostic ultrasound is not useful for detecting muscle absorption bands and remove baseline offsets.
bruising in intact Pacific salmon (14). For this study, PLS calibration methods were developed. PLS

The obiective of this studv was to evaluate the ability of methods utilize the entire spectrum in a calibration model. Leave-one-
visible an]d SW-NIR (60911%0 nm) spectroscopy to det)éct out cross-validation was used to evaluate the quality of the madel (

. o et 8). In this technique, all but one sample was used to build a calibration
bruises in intact Pacific pink salmo®(corhynchus gorbuscha model and then the model was used to predict the remaining sample.

by partial least-squares (PLS) modeling. The mean relative gray Thereafter, a second sample is left out from all samples and a newly
values (RGVs) measured on the internal surface of fish fillets constructed model was used to predict the sample. This procedure was
by digital photography were used as reference values in the PLSrepeated until each sample was left out and predicted by a model once.
modeling. The predicted values were then compared with the reference values.
The standard error of prediction (SEP) was used to indicate the

MATERIALS AND METHODS predictive performance of the calibration models:

Sample Preparation.Nine pink salmon (length- 50—65 cm) were
harvested off the coast of Kodiak, AK, during the 2001 commercial
opening. Immediately upon capture, fish were treated to generate bruises
similar to what would be expected during abusive commercial handling.
The intent was to create bruising in anterior and posterior dorsal regions,
along the spinal column, and near the tail.

Spectra Collection.SW-NIR spectra of whole, intact, bruised, and  x = NIR method valueY = reference method value, amd= the
nonbruised pink salmon were acquired using a DPA-20 spectropho- nymper of samples.
tometer (D-Squared Development, Inc., La Grande, OR). Spectra were
collected with a fiber optic probe in the diffuse reflectance mode over
a wavelength range from 600 to 1100 nm at 0.5 nm intenftpufe
1). The probe contained 32 illumination fibers (600 in diameter) Typical spectra recorded on bruised and nonbruised locations
arranged in concentric circles 2 mm away from a central pickup fiber. of Pacific pink salmon are shown Figure 2. For some spectra,
Light from the internal tungsten bulb provided illumination. During 3 prominent deoxygenated hemoglobin absorbance peak at 760
the measurement, the probe was put on the lateral line of fish, starting nm (13) is clearly observed. The amplitude of the hemoglobin
at 1 cm from the tail fork and at2 cm intervals along the length of absorbance in the region of a bruise was generally much higher

the fish. Spectra were collected on both sides of the fish. Over 20 th t other | i th fish tth locati
sampling locations were selected per fish, yielding a total of 360 spectra. an at other locations on the same fish or at the same location

Before spectra were measured on the sample, dark and reference spect@? different fish. These spectra were recorded from highly
were obtained with the average of 100 scans and 100 ms exposuredruised locations of pink salmon muscle. However, for most
time. Individual spectra were the average of 100 scans with 200 ms of other spectra recorded on nonbruised locations or slightly bruised
exposure time for each sample. locations, the deoxygenated hemoglobin absorbance peak is

RESULTS AND DISCUSSION
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Figure 2. Typical visible and SW-NIR spectra of bruised and nonbruised
locations in pink salmon muscle.
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Figure 3. Second-derivative spectra (12 nm gap) of bruised and
nonbruised locations in pink salmon muscle.
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of oxyhemoglobin to deoxyhemoglobin contributes mainly to
the bruising of salmon flesh.

Figure 4 shows four typical different degrees of bruising
(heavily, moderately, and slightly bruised and nonbruised) in
pink salmon muscle and black and white referencesx5&0
pixels, RGB mode). The severity of bruising is proportional to
the concentration of deoxyhemoglobin (purplish red) in muscle
tissue. The higher the concentration of deoxyhemoglobin, the
darker the muscle tissue looks. Therefore, images become darker
and darker with increased severity of bruising. Six digital images
(50 x 50 pixels) ofFigure 4 were converted into the gray mode
by using Adobe Photoshop 7.0, yielding six mean RGV,
respectively Figure 5). Using this image analysis, quantitative
values for bruising can be assigned and different degrees of
bruise can be differentiated. The RGVs for bruising provided
reference values for corresponding spectra in a chemometric
model for predicting the degrees and the absence of bruises
directly from visible and SW-NIR spectral measurements.

A PLS calibration model was established for pink salmon
using these data. Choosing the optimal number of latent
variables is very important in PLS methods. If the model is
constructed with too few latent variables, it will be inaccurate
because not all of the relevant information is used. In contrast,
too many latent variables will decrease the prediction accuracy
as a result of overfitting 15). Figure 6 shows the SEP of
predictive models for bruising using different numbers of latent
variables. The SEP decreases sharply and reaches the first local
minimum with the first four latent variables. Then the SEP
reaches a second local minimum at six latent variables. Cross-
validation results (Figure 7) for predicting RGVs of the PLS
model with four latent variables yield a coefficient of correlation

barely seen. Representative second-derivative spectra of bruisedR® = 0-75) and an SEP of 0.06%, whereas cross-validation
and nonbruised locations in pink salmon muscle are shown in "€sults (Figure 8) of the PLS model with six latent variables
Figure 3. The second-derivative technique is often used to Yi€ld anRof 0.83 and an SEP of 0.05%. Although use of the
process NIR data. It helps to separate overlapping absorptionf'rSt_ local minimum for deter_mml_ng the optimal number of Iatent_
bands, remove baseline shifts, and increase apparent spectrfariables is standard practice, in this case, the PLS model with
resolution. This indicates that it may be possible to detect Six latent variables greatly improved tRevalue compared with

changes in the concentration of deoxygenated hemoglobin atthe PLS model with four latent variables, illustrating that the
the location of a bruise. optimal number of latent variables for this PLS model was six.

Hemoglobin is the primary pigment of blood. It consists of An RGV of 0.45 was selected as a threshold value for bruising
four myoglobins linked together as a tetramer. Oxyhemoglobin because most nonbruised images G0 pixels) had RGVs
is bright red in color. Loss of molecular oxygen at the sixth of >0.45 and most bruised images (%050 pixels) had RGVs
ligand yields deoxyhemoglobin, and the color of the tissue of <0.45. The RGVs in this experiment for pink salmon range
changes to the customary purplish red. The discoloration of from 0.24 to 0.69. The average RGVs for nonbruised and
salmon flesh may be due to blood congestion caused by crushingoruised tissue were 0.52 and 0.34, respectively. Approximately
and injuring, leading to competition from active mitochondria 84% of all nonbruised spectra were correctly classified, whereas
with oxyhemoglobin for oxygen, which reduces oxyhemoglobin approximately 81% of all bruised spectra were correctly
and increases deoxyhemoglobi7). In summary, the transition  classified. For instance, if the predicted RGV for a bruised
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Figure 4. Digital images of different degrees of bruise in pink salmon muscle with black and white references (50 x 50 pixels).
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Figure 5. Mean relative gray value (RGV) of six digital images (50 x 50
pixels) in Figure 4.
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Figure 6. Standard error of prediction for PLS models for degree of
bruising in pink salmon muscle.
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Figure 7. Comparison between the reference and predicted RGV for PLS
model (four latent variables): (red triangles) spectra samples recorded
on bruised locations; (black circles) spectra samples recorded on
nonbruised locations.

spectral sample was below the cutoff point (0.45), the sample
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Figure 8. Comparison between the reference and predicted RGV for PLS
model (six latent variables): (red triangles) spectra samples recorded on
bruised locations; (black circles) spectra samples recorded on nonbruised
locations.

sufficient to detect deeper muscle bruis&g)(Better detection

of muscle contusion should be possible if a large enough
“signal” can be obtained from deeper tissue in the bruised area
using a probe that emits a higher intensity light and which has
a geometry permitting tissue illumination at greater penetration
depth. Additional factors affecting the prediction results include

the image resolution of the digital camera and the thickness of
the fish skin and scales.

CONCLUSIONS

This study shows preliminary findings of the potential for
using visible and SW-NIR spectroscopy (660100 nm) for
noninvasively detecting the presence of bruises in the muscle
of intact pink salmon. This technique could be of possible
commercial relevance in aquatic industries and may be transfer-
able to other food systems as well. Further studies are needed
to confirm the feasibility of this technique in detecting bruises
in other salmon species of greater commercial value such as
coho, sockeye, and chinook, particularly for fish that are
intended for smoked or cured preparations.
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