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The fiber structure of tissue in meat and seafood has a significant impact on their perceived quality. However,
quantifiable description of muscle structure is challenging. We investigate diffusion tensor imaging (DTI) mag-
netic resonance imaging (MRI) as a method to quantitatively describe tissue structure. DTI measures the
anisotropy of water molecule diffusion within muscle fibers. A pilot study evaluated three different cod loin
samples: one of high-quality, one of medium-quality, and one of poor-quality. DTI parameters such as fractional
anisotropy, axial diffusion and radial diffusion showed clear differences between the sample qualities. Changes in
the DTI metrics consistent with freezing and thawing damage to the tissue were observed. The DTI maps were
compared to Ty-weighted images and DTI detected significant details that were not visible in To-weighted im-
ages. Overall, these results indicate that DTI is a promising method for spatially-resolved characterization of

tissue structure in seafood and meat.

1. Introduction

Characterizing the quality of meat and seafood products is a chal-
lenge. Sensory methods are typically considered the gold standard for
determining whether a sample has the properties associated with a high
or low-quality product. However, sensory evaluation has drawbacks in
that the results are subjective, limited to a small number of samples, and
cannot be used for screening industrially (Hyldig & Green-Petersen,
2008). For meat and seafood, muscle fiber structure has a significant
influence on the perceived quality. Previous research indicates that fiber
density is positively correlated with sensory properties such as chewi-
ness, firmness, mouth-feel and dryness (Johnston et al., 2000). There-
fore, a method to quantitatively characterize muscle structure would
provide a useful metric for evaluating sample quality. Unfortunately,
current methods to provide information on microstructure of meat and
seafood are limited. Light microscopy of the tissue can provide infor-
mation on fiber size, density, and structure, but it is only available in
two-dimensions at one time, is limited to small subsections, and destroys
samples such that they cannot be used for further investigations (Kalab
et al., 1995).

Magnetic resonance imaging (MRI) is a method that has been used to
provide spatial and structural characterization of meat and seafood
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samples. MRI has been used to characterize tissue changes due to pro-
cessing such as brining (Aursand et al., 2009; Erikson et al., 2004;
Gudjonsdottir et al., 2015; Vestergaard et al., 2005) or freezing and
thawing (Howell et al., 1996; Nott et al., 1999). However, these studies
tended to be qualitative. Previous work applied machine learning and
To-weighted MRI images as a method to quantify damaged tissue asso-
ciated with freezing and thawing (Anderssen et al., 2021). Recent
research indicates that numerous effects can influence the T, relaxation
in tissue and changes to the fiber structure may not dominate other
sources of relaxation (Anderssen & McCarney, 2022). Therefore, in
order to focus on changes to the physical structure of the tissue during
processing, we propose that diffusion tensor imaging (DTI) is a more
suitable method. DTI is a technique originally developed for investiga-
tion of brain disease and damage (Basser, 1995). While the method is
widely used in medical studies, its application beyond the medical
domain has been limited. In this article, we perform a small pilot study
to investigate its potential to identify changes and damage to tissue due
to processing.

Pulsed-field gradient nuclear magnetic resonance (NMR) is a well-
established technique for measuring the self-diffusion coefficients of
molecules (Callaghan, 2011). In the presence of an applied field
gradient, molecules will have their NMR signal attenuated
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proportionally to how far they have moved during the mixing time. This
effect is described by the equation:

S = Sue—Drzﬁzgz(A—ﬁ/ﬂ 6

where Sy is the signal observed in the absence of a gradient, D is the
diffusion coefficient of the molecule, y is the gyromagnetic ratio of the
observed nucleus, § is the applied gradient duration, g is the gradient
amplitude, and A is the diffusion time. Equation (1) is sometime
simplified such that all the pulsed field gradient parameters are com-
bined into a single variable, b:

S = Spe (2)

where b = y25°g?(A — 5/3). When water molecules are placed in a
porous matrix like tissue, the free diffusion of the water molecules is
limited by the presence of barriers. Depending on the structure of the
tissue, the diffusion may be more limited in some directions than others.
For example, many cells like muscle or nerve cells are very long and thin.
Water molecules are able to freely diffuse a much longer distance along
the long axis of the cell than perpendicular to it. Diffusion tensor im-
aging measures the diffusion coefficient in multiple dimensions in a
three-dimensional sample, which is described by the equation:

Dy Dy D,
D=1\ Dy Dy D, (3)
D., Dy, D

From this, a diffusion tensor is calculated in each voxel, which de-
scribes the diffusion of water in that location of the sample. More
detailed treatment of the mathematics of the measurement is beyond the
scope of this paper but can be found elsewhere (Le Bihan et al., 2001).
Several parameters are associated with the diffusion tensor, shown
Fig. 1.

The fractional anisotropy (FA) describes the extent of anisotropic
movement and is measured on a scale from 0 to 1, with a higher score
indicating a greater degree of anisotropic movement. The radial diffu-
sivity (RD) describes the diffusion along the short axis of the diffusion
tensor. The axial diffusivity (AD) describes the diffusivity along the long
axis of the diffusion tensor. Solving for equations 1-3 when the DTI data
is analyzed produces a 2D map of these values for each image slice in a
sample. Therefore, by using DTI, it is possible to focus on structural
changes in the samples, as it is sensitive to the physical form of the
sample, as opposed to methods like To-weighting, which are also sen-
sitive to the chemical composition of the tissue. The aim of this study
was to evaluate whether the DTI metrics (FA, AD and RD) could char-
acterize the differences in muscle structure between samples of high,
medium, and poor quality.

2. Materials and methods
2.1. Samples

Atlantic cod fish (Gadus morhua) were received from the Tromsg
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Fig. 1. Explanation of diffusion tensor imaging metrics.
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Aquaculture Research Station (Kvalgya, Norway). The fish were killed
by a blow to the head and immediately gutted. They were bled for 30
mins, iced and transported to Nofima (Tromsg, Norway), where they
were kept on ice for 4 days to ensure that the fish were out of rigor prior
to filleting. Three samples were investigated, each taken from the loin
portion of the fillets. One sample (210.7 g) was measured immediately
after filleting. The other two samples had undergone three years of
storage at —22 °C (183.4 g) and —35 °C (156.3 g) respectively. These two
samples are taken from another, ongoing study on the effect of tem-
perature on long-term storage and the main results from that study will
be published elsewhere. Even if —18 °C is considered to be the standard
deep-freezing temperature limit, most cold storage depots keep a stable
temperature of —22 °C. This ensures temperatures at —18 °C or below to
buffer for cargo flux in and out of the depot and to have some capacity to
lower the temperature of goods. However, long-term storage at this
temperature is deleterious to sample quality and other researchers have
found that effective long-term storage of fish can be achieved from
—35 °C (Tolstorebrov et al., 2016). As such, the three samples were
selected for use here because of the obvious quality differences between
them. The fresh sample is considered a high-quality sample, the sample
stored at —35 °C a medium-quality sample, and the sample stored at
—22 °C a poor-quality sample.

2.2. Cod sample quality evaluation

Thaw loss was measured from the two samples. Liquid loss was
collected directly from the vacuum packages. The vacuum-packed
samples containing fish muscle and expelled liquid were opened after
thawing from frozen storage. Loins were then repackaged for MRI im-
aging. Liquid loss was determined according to the formula:

LL =" 1009
my

where LL is liquid loss, my is the initial weight of the loin, and my, is
the weight of the loin after thawing. In addition, thaw loss and a con-
sumer test (8 tasters) to evaluate sensory quality were performed on
samples that had experienced the same storage condition as the two
samples measured in this study. Samples were rated on a scale of 1 to 5,
with 5 being the highest quality mark. These samples were not imaged
due to concerns the imaging process at ambient temperature could affect
their sensory properties.

2.3. MRI acquisition and data processing

MRI images of the fresh and thawed samples were acquired using a
preclinical 7 Tesla MR Scanner (MRS*DRYMAG, MR solutions, Guild-
ford, UK) with a rat quadrature bird cage coil (¥ 65 mm, length 70 mm).
To-weighted images were taken in the axial direction using a Fast Spin
Echo sequence. Repetition time (TR) was 8 s, echo time (TE) was 45 ms,
slice thickness was 1 mm and the number of slices was 54. Field of View
(FOV) was 60 mm and each image was 256 x 256 pixels, giving a res-
olution of approximately 240 pm. Total measurement time was
approximately 8 min. Diffusion tensor images were taken using a Fast
Spin Echo sequence. TR was 6 s, TE was 35 ms and diffusion was
measured in 10 sampling directions. The b value was 800 s/mm?, in-
plane resolution is 500 ym by 500 um, slice thickness was 1 mm and
number of slices was 60. Total measurement time was approximately 2
h. Diffusion tensor images were processed using DSI studio (Yeh, 2021).
Reconstruction of the fiber tractography was performed according to the
methods laid out in Yeh et al. (2013).

2.4. Statistical analysis of magnetic resonance images
Statistical analysis was performed on all the FA, RD and AD images

from each sample in Python (Python Software Foundation, Delaware,
USA). For each sample, the DTI metrics of each pixel were compiled
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from every image slice into a single matrix. Note, as the values of FA, RD
and AD outside the sample in the image are zero, these values were
discarded for analysis. The distribution of the DTI metrics were plotted
as histograms and the average and standard deviation of each metric for
each sample was calculated. Tests for significance were performed using
the students t-test (Student, 1908). Significance level was taken to be p
< 0.01.

3. Results
3.1. Liquid loss and consumer quality results

Liquid loss data for the —35 °C sample was 2.02% and 5.83% for the
-22 °C sample. For the other samples that have experienced the same
storage conditions but were not imaged by MRI, average liquid loss was
2.03 £ 1.65% for the —35 °C samples and 6.07 + 2.4% for the -22 °C
samples (p = 0.0004). On a quality scale of 1 to 5, where 5 is the highest
possible quality score, consumer tests on the non-imaged sister samples
gave an average score of 4.3 + 0.48 for the —35 °C samples and 2.4 +
0.79 for the —22 °C samples (p = 0.0003). These results indicate clear
quality differences between the two frozen samples.

3.2. Ty-Weighted MRI, DTI and tractology results

Fig. 2 shows an example To-weighted axial image for each sample,
the associated FA map for that slice, and the reconstructed tractography
in the sagittal view. For the fresh sample, the T, image shows smooth,
uniform tissue. The —35 °C sample shows more texture than the fresh
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sample, but overall, the tissue appears fairly uniform. The -22 °C sample
shows marbling of bright spots in the tissue, indicative of damage. These
results are in line with previous research (Anderssen et al., 2021). The
FA maps tend to be more homogeneous for the fresh sample, with sig-
nificant spatial heterogeneity seen in the —35 °C sample and to a lesser
degree the —22 °C sample. This is not surprising, as the freezing process
will not uniformly affect the sample. Some regions will freeze more
quickly than others, leading to variation in the extent that the muscle
fiber structure is altered. Although not shown, similar maps are calcu-
lated for the RD and AD of the samples. Tractography maps are created
to show the most probable distribution and orientation of fibers in the
sample based on the spatial distribution of the DTI parameters. Statis-
tical analysis was not performed on the tractography, but visual in-
spection of the sample shows uniform fiber orientation in the fresh
sample. In both the frozen samples, more heterogeneity is visible in the
fiber orientation, suggesting disruption during the freezing and thawing
process.

Due to the large number of image slices for each sample, it is difficult
to evaluate the samples by visual inspection alone. Therefore, the FA,
AD, and RD values for all the slices of each sample were converted into
histograms, shown Fig. 3. The fresh sample shows uniform FA (0.27 +
0.07), RD (1.61 £+ 0.27) and AD (2.46 + 0.45). The —35 °C sample shows
an overall shift towards more isotropic diffusion (FA = 0.24 £+ 0.08), but
there is also increased heterogeneity in the RD (2.12 + 0.34) and AD
(3.09 + 0.62). The —22 °C sample shows an even greater shift to more
isotropic diffusion (FA = 0.19 + 0.07, RD = 2.22 + 0.34, AD = 2.96 +
0.54) but exhibits less heterogeneity than the —35 °C sample.

-22°C

Fig. 2. Imaging results of the three investigated samples under fresh, —22 °C and —35 °C conditions, showing in the upper row: a To-weighted axial slice, middle row:

associated FA map and bottom: reconstructed sample tractography.
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Fig. 3. Histograms for the entire sample for a) axial diffusivity b) fractional anisotropy values c) radial diffusion values.

4. Discussion
4.1. DTI metrics in relation to sample quality

Physical changes in the samples were observed by DTI that are in line
with the expected physical changes due to freezing and thawing. The
fresh sample showed homogeneity in FA, AD and RD, indicative of
uniform tissue. Although no values were found in the food science
literature, the values of FA, RD and AD for the fresh sample are similar to
what have been observed in healthy skeletal muscle in medical studies
(Heemskerk et al., 2010). The tractography indicates that the fresh
sample consists of highly parallel muscle fibers.

Frozen storage disrupts this homogeneity. The freezing, frozen
storage, and thawing involve both formation of ice crystals and subse-
quent recrystallizations, something which can tear or burst the cell
membrane (Mgrkgre and Lilleholt, 2007). Both the samples that had
undergone frozen storage showed a shift to lower FA and an increase in
the RD, indicative of breakdown in the muscle fiber structure and
damage to the cell membrane. Based on previous research (Anderssen
et al., 2021; Mulot et al., 2019) and the results of the thaw loss and
sensory studies, higher freezing temperatures are associated with
greater tissue damage. This is also seen in the DTI metrics, as the —-22 °C
sample had a lower mean FA and higher mean RD than the —35 °C
sample. The more damage the muscle fibers experience, the less the
structure will restrict diffusion to along the long axis of the cells,
allowing water molecules to more freely diffuse in all directions.
Although the frozen samples had an overall shift to lower FA, some re-
gions had a shift to higher FA values. While both samples experienced
this effect, it was more prominent in the —35 °C sample, as shown by the
bright regions in Fig. 2. These regions also had a decrease in RD and an
increase in AD. This indicative of radial shrinkage of the muscle fibers in
those locations, another alteration that is known to occur in samples that
have been frozen (Sigurgisladottir et al., 2000). As the —35 °C sister
samples were rated as having excellent quality by the consumer test, we
speculate that some types of alterations to the muscle structure may
have less negative influence on the sensory properties than others.
However, given the preliminary nature of this work, further research is
necessary on larger sample sets to make any definitive conclusions.
Interestingly, these regions of apparent fiber shrinkage were not visible
in the Ty-weighted measurement. This indicates the DTI measurements
are able to provide additional insight into food tissue structure that are
not apparent by more standard MRI techniques. This conclusion is
supported by results from medical studies, where the DTI data was able
to detect changes to muscle tissue that the T, weighted images were not
(Froeling et al., 2014). Visual examination of the tractography of the
frozen samples showed a loss of the highly parallel structure seen in the
fresh sample, with more prominent disruption in the —22 °C sample than

the —35 °C sample.

4.2. Advantages and disadvantages of DTI methodology

The results of this pilot study indicate that DTI could provide a
wealth of information not easily obtained by other methods. Further
studies are planned to validate the initial findings here more thoroughly.
With larger studies combined with more traditional quality metrics such
as histology and sensory panels, it may be possible to find correlations
between the DTI metrics and meat and seafood quality attributes.
Although not investigated in depth in this study, the spatial distribution
of the DTI parameters could provide further information on how pro-
cessing transforms meat and seafood products. The ability to describe
the tissue structure in three-dimensions gives the technique a significant
advantage over other methods. Drip loss only gives information on tissue
damage for a sample as a whole. Texture measurements can only provide
information in two dimensions and at a lower resolution than is possible
with DTI. The technique also has a significant advantage over other
structural evaluation methods like histology in that repeated measure-
ments can be made over time to track changes. The method is also non-
invasive, such that the tissue structure can be characterized without
influencing it. Histology is well known to be prone to artefacts under
sample preparation that alter structure, such as shrinkage, tearing or
crushing (Taqi et al., 2018). One of the drawbacks of the DTI technique
is the significant acquisition time that is required. However, it is antic-
ipated that this should be possible to improve in the future. A high-
quality shim was not possible with the coil available, which is opti-
mized for small animals. A coil optimized for use on samples like meat
and fish should enable the use of faster DTI sequences, such as echo
planer imaging methods, significantly shortening measurement time.
Because the method relies on the diffusion of water, another drawback is
that it cannot be used on samples in the frozen state.

5. Conclusions

Diffusion tensor imaging shows promise to provide quantifiable,
spatially resolved descriptions of muscle tissue changes due to pro-
cessing. The properties of fractional anisotropy (FA), radial diffusion
(RD) and axial diffusion (AD) help provide information regarding
muscle fiber structure and damage. Tissue damage can be identified by
decreased FA and increased RD, indicating tearing of the cell mem-
branes of the muscle fibers. Fiber shrinkage appears as an increase in FA
and AD, while the RD decreases. Tractography illustrates disruption and
breakdown of the fiber structure due to the freezing process. Together,
these DTI metrics provide considerably more information for structural
characterization of tissue compared to other methods of MRI previously
used in food science.
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