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Volatile compounds released from herring fillets (Clupea harengus) during 15 days of storage on ice
have been measured with a commercial hybrid gas-sensor array system. Using partial least-squares
regression modeling, the sensor responses were correlated with data from chemical analyses (lipid
oxidation products and antioxidants) and sensory analyses (odor). Eight of the 16 sensors proved
significant in the correlation studies: 6 metal oxide semiconductor field effect transistor (MOSFET)
sensors and 2 Taguchi type sensors. Correlation coefficients for chemical and sensory data ranged
from 0.9 to 0.98 and from 0.49 to 0.92, respectively, with 0.92 referring to both “sharp/acrid” and
“rancid” odors. Prediction errors ranged from 8 to 14% and from 11 to 25% for the chemical and
sensory measures, respectively. That the prediction errors for oxidation product formation (5-9%)
were close to the analytical errors of the chemical reference methods indicated close to “optimum”
performance of the gas-sensor system. The sensor system predicted the storage time of the herring
with a 1-day error. Results illustrate high potential of the gas-sensor technology in rapid nondestructive
quality determination of ice-stored herring.
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INTRODUCTION

Herring (Clupea harengus) is a fish with many advantages
as a raw material for food production: abundance, low price,
and high content of omega-3 fatty acids. Unfortunately, the
development of lipid oxidation often limits the possibilities for
storage and processing of this species. This is due to close
contact between the highly unsaturated herring lipids and strong
catalytic systems. A certain control of the lipid-catalyst
interactions is provided for by the presence of natural antioxi-
dants in the tissue, for example, vitamin E and C. However,
post mortem, an array of changes takes place in the tissue that
disturbs the delicate balance that initially exists between catalysts
and antioxidants. Among these changes are decrease in reducing
capacity (1), reduced muscle pH (2), increase in free iron (3),
activation of hemoproteins (4), and membrane disintegration
(5).

Freezing and refining of herring is most often preceded by a
storage period on ice. Under these conditions, lipid oxidation
occurs in parallel with bacterial growth. Small variations, for
example, in storage temperature and ice quality, will determine
whether rancidity or spoilage will be limiting for the shelf life.

Some studies have pointed at microbial growth as the main
process lowering the quality of fish during ice storage (6-7).
However, several other studies have reported large losses of
antioxidants (8-10) and substantial increases in both primary
(11, 12), secondary (13-16), and tertiary (6-7) lipid oxidation
products.

A large fraction of the products from lipid oxidation (17)
and bacterial growth (18) are volatile. Volatile lipid oxidation
products have traditionally been analyzed by headspace gas
chromatography mass spectrometry (HS-GCMS). A rapidly
emerging new measurement technique for measuring volatiles
is gas-sensor array technology (electronic nose) that has shown
to have a great potential as a rapid method for quality analysis
in foods (19-21).

Recently, several gas-sensor investigations to determine
chemical and microbial degradation of fish during storage have
been published using different gas-sensor technologies (22-
27). Olafsdottir et al. (22) investigated spoilage in capelin during
storage at 0 and 5°C over 8 days using electrochemical gas
sensors selective to SO2, NH3, and CO. They found a good
correlation with sensor responses and total volatile bases.
Schweizer-Berberich et al. (23) stored trout samples over 26
days at 3°C and used eight commercial amperometric gas
sensors optimized for CO, H2S, SO2, and NO. A significant
correlation between sensor responses and ammonia released
from the fish during storage was found. Di Natale et al. (24)
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used four metalloporphyrin-coated quartz microbalance sensors
to monitor spoilage of cod fillet at 5°C for 1 and 7 days. By
neural network modeling, they achieved a relative prediction
error of 5% over 24 h of storage and 20% over 8 days of storage.
Newman et al. (26) used an instrument with 12 conducting
polymer sensors to measure odor and microbial changes in
yellowfin tuna during 10 days of storage at 2, 7, and 13°C.
They obtained high classification rates (82-96) in prediction
of sensory scores and microbial load on the basis of multiple
discriminant analysis. Similar predictions of sensory scores were
found during 10 days of storage of Atlantic salmon at 2, 7, and
13 °C (25). A sensor array system consisting of 32 conducting
organic polymers showed a good agreement with microbial and
sensory changes in yellowfin tuna during 9 days of storage at
0, 4,10, and 22°C (27).

No studies exist so far on the use of gas sensors for the
determination of lipid oxidation in fish, but a few papers have
been published on oxidation in edible fats and fish oils (28-
30). These studies point at the potential gas-sensor array
technology could have in determining the rancidity of pure
lipids. In particular, the so-called MOSFET sensors (a metal
oxide semiconductor field effect transistor with a thin catalytic
metal layer on top) proved high sensitivity to volatile lipid
oxidation products (aldehydes and ketones). These sensors also
have sensitivity to typical volatiles emerging from fish spoilage
(amines and sulfides) and thus are thought to be very useful in
measuring loss of freshness because of chemical/microbial
changes.

The aim of the present study was to investigate the potential
of a commercial hybrid gas-sensor array for indirect determi-
nation of lipid oxidation in herring fillets during 15 days of ice
storage. Volatiles released from herring fillets were sampled
using CO2, MOSFET, and Taguchi sensors. The sensor re-
sponses were then correlated to the results from different
chemical and sensory oxidation analyses that have been
published earlier (31).

MATERIALS & METHODS

Samples.Herring (Clupea harengus)caught off the west coast of
Sweden in October 1997 was stored in refrigerated seawater (RSW)
tanks for 24 h before it was mechanically headed, gutted, and deboned
with commercial equipments. The double fillets obtained, which had a
length of 10.2( 1.3 cm and a weight of 30.8( 7.4 g, were packed in
paper boxes (5 kg herring/box) and stored, between plastic bags filled
with ice, in a refrigerated room (2°C) for up to 15 days. The mean
temperature of the fish during this period was-0.4 °C. After 0, 3, 6,
9, 12, and 15 days, fillets were removed from the boxes, packed
individually in polyethylene film, and frozen at-40 °C in a tunnel
freezer. After freezing, they were stored at-70 °C. At the day of
analysis, the polyethylene film was removed from the fillets from the
same storage point and these were placed in a polyethylene bag and
thawed for 11 min in cold-running tap water. Following thawing, the
skin was removed manually, and the 10 fillets were homogenized
together for 1 min in a food processor. From this pooled herring mince,
samples in replicates were removed for the different analyses.

Gas-Sensor Array.A commercial hybrid gas-sensor array instru-
ment manufactured by Nordic Sensor Technologies A.B., Linköping
(NST 3220) was used for the measurement experiment. The sensor
configuration consisted of one IR-based CO2-sensor, two blocks of five
MOSFET sensors in each, set to respectively 140°C and 170°C, and
one block with five Taguchi semiconductors set to 400°C coupled in
series. The MOSFET sensors consist of a thin catalytic metal layer on
top of a metal oxide semiconductor field effect transistor and the MOS
sensors were SnO2 Taguchi type gas sensors. The catalytic metal gates
of the MOSFET sensors were respectively palladium, iridium, and
platinum, with a thickness of 5-35 nm. The output signal is based on
a change of potential in the sensor because of electrical polarization

when gas molecules react on the catalytic surface (32). The Taguchi
sensors are metal oxide semiconductors (MOS) consisting of a metal
oxide layer on top of a semiconductor (33). The gas-sensing principle
is based on the reaction between adsorbed oxygen on the oxide surface
with incoming molecules. The output signal is derived by a change in
conductivity of the oxide caused by the reaction with the incoming
molecule.

Gas-Sensor Measurements.Nine individual 15-g portions of de-
skinned, ground fillets from days 0, 3, 6, 9, 12, and 15 of storage were
transferred to 250-mL glass vessels (Schott, Germany). The bottles were
sealed with preheated (105°C 15 h) silicon septa (AB Gummiteknik
Bålsta, Sweden) and open screw caps. Samples were allowed to
equilibrate at room temperature for 10 min before sample headspace
gas was pumped into the sensor array.

During the measurements, a gas flow of 40 mL/min was used. The
total measurement cycle 340 s consisted of 10 s air (baseline), 30 s
sampling, and 300 s air recovery. During the recovery, the inlet system
was flushed with air for 10 s. Ambient air filtered with activated silica
and charcoal was used as reference gas during the recovery phase of
the measurement cycle.

Chemical and Sensory Lipid Oxidation Analysis.Lipid oxidation
was determined chemically and sensorially on the same sample material
as was used in the gas-sensor analyses. Lipids were extracted according
to the method described (34) from three individual samples of the
ground fillets from days 0, 3, 6, 9, 12, and 15 and the lipids were
subjected to duplicate analysis of peroxide value (PV), absorbance at
268 nm (A268), fluorescent lipid oxidation products (FP, ex. 367 nm
and em. 420 nm), andR-tocopherol. Ascorbic acid was measured on
an aqueous acid extract from each of two ground herring samples.

Sensory analyses were performed by a trained sensory panel. The
odor of the pooled samples of whole herring fillets was assessed by
descriptive sensory analysis. Prior to serving, the samples were
equilibrated for 2 h atambient temperature. Seven panel members were
used, and four training sessions were performed prior to the sensory
evaluation. Eight individual samples of ground fillets from each storage
point were assessed on the basis of the intensity of five odor
attributes: shellfish, fresh fish, old, sharp/acrid, and rancid. Details of
the chemical and sensory methods, including results from these methods,
have been published earlier (31).

Data Analysis. The sensor response defined as the average signal
height relative to baseline during the last 30% of the transient signal
was used as raw data from the sensor array. The multivariate statis-
tical software package, The Unscrambler (version 6.11, CAMO A/S
Trondheim, Norway), was used for the multivariate regression analysis
between untransformed gas-sensor array response data and the chemical
and sensory data. Partial least-squares regression (PLSR) and principal
component regression (PCR) were performed to make prediction models
of chemical oxidation parameters and sensory odor descriptors. PLS
models both the X- and Y-matrixes simultaneously to find the latent
variables in X that will best predict the latent variables in Y. Both
PLS1 and PLS2 prediction models were calculated for comparison.
PLS1 deals with only one response variable at a time, and PLS2 handles
several responses simultaneously. PCR is a two-step procedure which
first decomposes the X-matrix by principal component analysis (PCA),
then fits a multiple linear regression (MLR) model, using the PCs
instead of the raw data as predictors. Both untransformed raw data and
autoscaled data were used in the modeling. An equal weighing of the
gas-sensor responses by autoscaling (1/sd) was used. By autoscaling,
each variable is standardized with the inverse of its standard deviation
(1/sd) and has the effect that it gives all the variables the same variance.
Both full cross validation (leaving one sample out at a time) and
segmented cross validation (leaving one individual out at a time) have
been applied in the regression models. The approximate uncertainty
variance of the regression coefficients was estimated by modified
jackknifing and univariate t-test was employed from regression coef-
ficients and standard deviation (35).

RESULTS AND DISCUSSION

Gas-Sensor Responses.Most sensor responses increased with
storage time, reflecting the production of volatile compounds
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during storage of herring fillets.Figure 1 displays changes in
the average response signals from MOSFET sensors 2, 3, and
6 between 0 and 15 days. There was a significant increase in
these sensor responses over the 15 days of storage. For the
MOSFET 3 sensor, a significant increase was found already
after 3 days, suggesting that the measurements could have been
sampled with a higher temporal resolution to detect changes at
an earlier stage of storage. Previous studies have shown that
release of volatiles from capelin (22) and cod (24) can be
detected with gas sensors already within the first day of storage
at 0 °C and 5 °C. The increase in standard deviation with
increasing storage time (Figure 1) reflects that the biological
variation between the individual fish samples is amplified with
increasing storage time, particularly after day 9.Figure 1 also
illustrates how the sensor responses increased in a linear way
between day 0 and 12. After 12 days, there was an increase in
the rate of change. The development of oxidation products as
measured by PV, FP (Figure 2), and A268 (not shown) also
increased in linear manner up to day 12 (31). The bacterial lag
phase lasted for about 7-8 days, although the bacterial number
had not increased significantly until day 12. This indicates that
the linear increase in sensor response observed with storage time
over the first 12 days could reflect the release of volatile
components generated by oxidation processes. The change in
sensor responses seen after day 12 could reflect production of
volatile compounds both from lipid oxidation and bacterial
growth. The findings are in agreement with other studies on
chilled stored herring fillets in air. Molin et al. (36) and Molin
and Stenstro¨m (37) demonstrated that during 20 days at 2°C,
spoiled off-odors, corresponding to a cell count of about 108

cells/g, occurred after 8 days. In a study on Capelin stored at

0 °C, the fish became spoiled after 8 days (22). In similar studies
carried out on cod (38-40) and haddock (40), bacterial
production of volatiles became dominant after about 10 and 6
days, respectively, of chilled storage. In capelin (22) and
haddock (40), production of bacterial volatiles was con-
firmed with gas-sensor measurements. In the present study,
it is likely that the 5-day difference between significant
changes in lipid oxidation parameters and bacterial growth
would have been smaller if the fish had been in direct contact
with the ice. Ice/melting water is a known source of bacterial
contamination.

Multivariate Analysis of Responses from Chemical and
Gas-Sensor Analyses. Table 1shows data for the PLS
regression models that describe the relation between untrans-
formed gas-sensor response data and chemical oxidation pa-
rameters. By applying segmented cross validation in the
prediction modeling, that is, leaving out the sample sets from
each storage day at a time, similar predictions as by full cross
validation was obtained. This confirmed the validity of the
relationship of the gas-sensor measurements with the chemical
lipid oxidation parameters. Eight statistically significant sensors
were identified by means of their regression coefficients
applying the jackknifing procedure in the PLS regression
modeling. Two of them were Taguchi type sensors (TGS 3 and
4) and the other six were MOSFET sensors (MOSFET 1, 2, 3,
5, 6, and 10). These sensors have previously been demonstrated
to have sensitivity to volatile secondary lipid oxidation products
such as aldehydes and ketones (28). Homologous aliphatic
aldehydes usually dominate the vapor phase during lipid
oxidation (17,41-42). No headspace GC/MS analyses were
performed in this study to verify the relationship between sensor
responses and aldehyde/ketone production. However, a recent
study of oxidation in herring fillets over 6 weeks of frozen
storage showed that there was a significant increase in oxidation-
derived volatile compounds such as 2,4-octadiene, butanal,
hexanal, and octanal, already within the first two weeks (43).

An equal weighing of the gas-sensor responses by autoscaling
(1/sd) gave slightly improved correlation to the chemical data
than by using the untransformed sensor responses. PCR models
were also evaluated but gave in general poorer correlations (r
< 0.85) than the PLS models. The cross-validated correlations
between sensor responses and chemical data were high, ranging
from r ) 0.90 to 0.98. Since only three samples were measured
for the chemical oxidation parameters at each storage time, only
a total of 18 samples (3× 6) could be used in the PLS regression
models describing the relation between the gas-sensor measure-

Figure 1. Untransformed responses from the MOSFET 2, 3, and 6 sensors
to volatiles produced in herring fillets during 15 days of storage on ice.
The bars show mean values from nine analyses and error bars indicate
standard deviations.

Figure 2. Changes in peroxide value (PV) and fluorescence in herring
fillets during 15 days of storage on ice. Fluorescence values have been
divided by 100 to make them comparable to the peroxide value scale.
The bars show mean values from three analyses and error bars indicate
standard deviations. Data from Undeland et al. (31).

Table 1. Results from the PLS Regression Models Describing How
Untransformed Responses from Eight of the Sensors (MOSFET 1, 2,
3, 5, 6, 10, and TGS 3 and 4) Were Correlateda to Storage Time/Lipid
Oxidation Parametersb

measure r (PLS2/1) RMSEP units RMSEP %

storage time 0.98/0.98 0.79/0.70 days 5.3/4.6
peroxide value 0.95/0.96 2.29/2.07 meq peroxide/kg 8.8/8.1
fluorescence products 0.95/0.94 314/380 log area units/µg 7.9/9.5
absorbance at 268 nm 0.90/0.91 1137/1112 log area units/µg 8.3/8.2
R-tocopherol 0.91/0.94 0.022/0.015 g/kg 13.6/9.3
ascorbate 0.91/0.92 0.73/0.67 mg/kg 10.1/9.5

a The correlation coefficients (r) are obtained from PLS regression with full cross
validation. Root-mean-square errors of prediction (RMSEP) are given in absolute
values and as percentage of measurement range (RMSEP %). The two numbers
listed correspond to PLS2 and PLS1 results, respectively. b Data on lipid oxidation
products and R-tocopherol are expressed on a lipid weight basis while ascorbate
data are expressed on a muscle weight basis. The results have previously been
reported by Undeland et al. (31).
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ments and oxidation parameters. However, despite the limited
number of measurements (n ) 18) used in the models, the
coefficients of correlation were high enough to be statistically
significant.

Since there was high-time-dependent correlation and high
covariance both among chemical oxidation measures and among
gas-sensor array measures, high correlations were found between
lipid oxidation and sensor data (Table 1). The high covariance
in the chemical measures contributes to a stabilization of the
PLS 2 modeling and explains why the PLS2 models came out
with the same performance as the PLS1 models.

A notorious problems with solid-state sensors is their stability.
During this study, sensor drift was insignificant in comparison
to the day-to-day signal variation between the measured fish
samples. In long-term sensor drift, however, the prediction
models obtained may be valid for only a few weeks, but if the
season in which the fish are caught is short, it may not be so
much a problem. If the same models are to be applied for a
longer period of time, this would require suitable reference
standards and drift compenastion algorithms to recalibrate the
gas-sensor responses for maintaining reliable predictions. The
same will be required in sensor replacement. Both drift
compensation and standardization algorithms have been applied
to gas-sensor array data with success (44-47) and are becoming
more commonly implemented as routine tools in commercial
gas-sensor array system software.

The validation method used in the prediction models allowed
for the biological variation expressed in the samples to be
included in the prediction models. This made the gas-sensor
method very robust. However, lipid oxidation in fish is species
specific. The types and levels of oxidation products formed
depend on the composition of pro-oxidants and of lipid
substrates. In addition, the total quantity of lipids will affect
the partitioning of formed oxidation products between the lipid
and aqueous phase, the latter which will affect their release into
the gas phase. Other fish species would therefore require new
calibrations.

Changes and Predictions of Individual Chemical Meas-
ures. The correlation between PV-data and time wasr ) 0.97
(31) (Table 1). A high correlation was also found between the

peroxide value and gas-sensor response data,r ) 0.96 (PLS
1), with an average prediction error of 2.2 meq peroxide/kg,
that is, 8.1 RMSEP% (Table 1). The prediction model for PV
is shown inFigure 3. In a lipid oxidation study carried out on
crude marine fish oils, a relative prediction error of 5% PV
measured over a similar measurement range was obtained (28).

The A268 is a measure of both primary (conjugated triene
hydroperoxides) and secondary (ethylenic diketones and oxo-
dienes) lipid oxidation products (48, 49). Also for this parameter,
a high correlation (r) 0.93) was obtained between untrans-
formed data and storage time (31). The correlation with the gas-
sensor responses wasr ) 0.91 (PLS1) with a prediction error
of 8.2% over the measurement range.

Autofluorescence is recognized as a sensitive method for
determining the extent of lipid oxidation in muscle foods (50).
Fluorescent tertiary oxidation products increased almost linearly
up to day 12, with an increase in the rate between day 12 and
15. The correlation between fluorescence and time wasr ) 0.90
(31) and between fluorescence and gas-sensor responsesr )
0.95, (PLS 2,Table 1). The prediction error was 8%.Figure 4
shows the PLS1 prediction model.

Undeland et al. (31) demonstrated a high linearity regarding
storage-induced loss of the antioxidantsR-tocopherol and
ascorbate from the herring fillets,r ) 0.94 andr ) 0.93,
respectively. Rapid loss of these compounds was also found
during ice storage of mackerel fillets (9). Although ascorbate
loss was highly correlated with the development of rancid odor
in whole herring fillets (r ) -0.97), ascorbate loss did not reflect
the large differences in oxidation product formation that was
found between different parts of the fillets (31). The role of
ascorbate as an indicator of lipid oxidation was therefore
questioned. The gas-sensor based prediction model for ascorbate
in the present study gave a correlation ofr ) 0.92 (PLS1) with
a prediction error of 9.5% (Table 1). ForR-tocopherol, the PLS2
correlation wasr ) 0.91 with a prediction error of 13.6%. These
results suggest that measuring the volatile phase with gas
sensors, the antioxidants ascorbate andR-tocopherol content in
the whole fillets may be indirectly determined.

Although it is mainly the volatile secondary oxidation
products that are detected with the gas-sensor array system (28-

Figure 3. PLS1 prediction model for peroxide value (PV). Sample names correspond to storage times in days. Measured Y (x-axis) are the measured
PVs and predicted Y (y-axis) represent PVs predicted by the gas-sensor response data.
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30, 47), the results above indicate that this technique also
predicted storage-induced changes in antioxidants and in
nonvolatile oxidation products (e.g., lipid hydroperoxides and
Schiff’s bases) with high accuracy. This was thought to arise
in the strong correlation seen between antioxidant loss and
oxidation product formation, as well as between formation of
different groups of nonvolatile and volatile oxidation products.
This correlation contradicts descriptions of lipid oxidation as a
process with its various steps well separated in time (51) but is
in accordance with several previous freeze-storage studies
involving both herring fillets (52) and herring mince (53). Most
likely, the presence of multiple pro-oxidants in the herring
muscle, acting at different stages of oxidation reactions,
contributed to the “parallel kinetics” observed during ice storage
of herring mince. The use of the gas sensors for measuring, for
example, antioxidant changes, PV, and fluorescent products can
therefore be regarded as an indirect methodology.

One reason for the high ability of the gas sensors to predict
antioxidant loss and formation of nonvolatile oxidation products
(e.g., lipid hydroperoxides and Schiff’s bases) was the strong
correlation seen between storage-induced changes in these and
other oxidation products. Most likely, the presence of multiple
pro-oxidants in the herring muscle, acting at different stages of
oxidation reactions, contributed to the “parallel kinetics”
observed during ice storage of herring mince. The fact that the
gas sensors can predict, for example, PV so well is probably
because of a high correlation between the formation of hydro-
peroxides and volatiles.

As a result of the high correlation obtained between sensor
responses and most of the chemical oxidation parameters (Table
1), the prediction errors were within the range of the oxidation
parameter methods themselves. A correlation method in the best
case may not be better than the error within the reference method
against which it has been calibrated.

Multivariate Analysis of Responses from Sensory and
Gas-Sensor Analyses.Except for “shellfish” odor, the intensi-
ties of all the six descriptors used to assess odor changed almost
linearly throughout the storage period, either increasing or
decreasing (Figure 5) (31). “Sharp/acrid” and “rancid” were
the most strongly related,r ) 0.99 (31). On the basis of
regression analysis of the data, sharp/acrid increased at the

highest rate, but changes in rancid odor were the first to be
significant, after 2.5 days, compared to 3 days for “sharp/acrid”.
“Fresh fish” and “shellfish” were also strongly correlated (r )
0.98) and had both decreased significantly after 3.5 days. The
results from the PLS regression models between gas-sensor
responses and sensory scores for the assessed attributes are listed

Figure 4. PLS1 prediction model for fluorescence. Sample names correspond to storage times in days. Measured Y (x-axis) are the measured absorbance
values and predicted Y (y-axis) represent predicted values by the gas-sensor response data.

Table 2. Results from PLS Regression Models Describing How
Untransformed Responses from Five of the MOSFET Sensors (1, 2, 5,
6, and 10) Were Correlateda to the Sensory Datab

attribute r (PLS2/1) RMSEP RMSEP %

shellfish 0.49/0.40 9.0/9.4 23.6/24.7
fresh fish 0.66/0.68 7.4/7.2 16.8/16.4
old 0.84/0.83 9.4/9.5 13.8/14,0
sharp/acrid 0.91/0.92 8.6/8.8 12.5/12.7
rancid 0.92/0.92 8.5/8.5 12.5/12.5
total intensity 0.58/0.53 8.6/8.9 12.2/12.7

a Correlation coefficients (r) are obtained from PLS regression with full cross
validation. Root-mean-square errorrs of prediction (RMSEP) are given as absolute
values and as percentage of measurement range (RMSEP %). The first and second
numbers listed correspond to PLS2 and PLS1 results, respectively. b Sensory data
have previously been reported by Undeland et al. (31).

Figure 5. Untransformed intensity scores from sensory analysis of “old”,
“rancid”, and “sharp/acrid” odors in herring fillets stored for 0−15 days on
ice. The bars show mean values from eight analyses and error bars
indicate standard deviations. Data from Undeland et al. (31).
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in Table 2. The MOSFET 1, 2, 5, 6, and 10 gas sensors were
significantly correlated with the sensory attributes. The attributes
sharp/acrid and rancid showed the highest correlation with
sensor responses;r ) 0.92 (PLS1) for both attributes. The
prediction errors were 12.7% and 12.5% of the measurement
range, respectively. Similar sensory prediction errors have also
been obtained in two other studies using gas-sensor arrays. One
of the investigations looked at yellowfish tuna and the other
Atlantic salmon (25, 26). In Figure 6, the PLS1 model for rancid
is shown as an example. It is seen that one 3-day-old sample
obtained a high-assessed odor (32) but a low-predicted odor
intensity (6). An intensity of 6 was in agreement with the other
predicted odor intensities of the 3-day-old samples. The high
correlation between sensor responses and rancid odor indicates
that the sensors are sensitive to volatile homologue aldehydes
which usually make up a major proportion of the odor active
compounds in the vapor phase released from oxidation of fish
lipids. This has also been documented by previous headspace
GC/MS studies on fatty fish and fish lipids (41, 43, 54).

Prediction of Storage Time.During the 15 days on ice, a
high correlation was found between sensor responses and storage
time (r ) 0.98,Table 1). The prediction error was less than 1
day. By using only the MOSFET 2 sensor, which was the sensor
that showed the highest correlation with storage time (r ) 0.86),
a prediction error of 2.6 days was obtained. This prediction error
is in agreement with prediction errors that have been reported
from similar fish storage studies using sensor array systems.
During 8 days of storage of cod fillets at 5°C, the use of QMB-
sensors gave a prediction error of 1.6 days (24). During 10 days
of storage of Atlantic salmon at 1.8°C, a conducting polymer-
based sensor array gave prediction errors of∼1 day (25). Over
10 days of storage of North Atlantic salmon at 4°C, a sensor
system with the same sensor configuration as in the present
study (55) demonstrated a prediction error of 1.5 day. These
results show the potential of the gas-sensor array technology in
fulfilling demands among fish mongers for rapid nondestructive
tools to asses the storage history and to predict shelf life for
fish.
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