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Abstract A number of novel freezing systems have been de-
veloped that claim to improve the quality of frozen foods by
enhancing supercooling in the food prior to ice nucleation and
consequently controlling ice crystal formation. One of these is
the Cells Alive System (CAS) produced by ABI of Japan,
which applies oscillating magnetic fields (OMF) during freez-
ing. This study was carried out to investigate what effect ap-
plying OMF (0.04 to 0.53 mT) during freezing had on the
freezing characteristics of pork loin samples when compared
to freezing under the same conditions without OMF. Overall,
the results of this study clearly indicate that freezing under the
OMF conditions used in these experiments had no significant
effect on the freezing characteristics of pork, in comparison
with freezing under the same conditions without OMF.
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Introduction

Freezing is a well-established food preservation process capa-
ble of producing high quality nutritious foods with a long

storage life. However, freezing is not suitable for all foods,
and freezing can cause physical and chemical changes in some
foods that are perceived as reducing the quality of either the
thawedmaterial or the final product. There is a great interest in
methods of improving the freezing process. Many of these
innovations have been reviewed by James et al. (2015b).
Among these innovations are oscillating magnetic fields
(OMF) (Owada and Kurita 2001; Owada 2007).

OMF are used by the Cells Alive System (CAS), a novel
patented (Owada and Kurita 2001; Owada 2007) freezing
process marketed by the Japanese company ABI (ABI
Corporation Ltd., Chiba, Japan). CAS is not a refrigeration
process in itself, but is claimed to improve existing freezing
processes (both in terms of process speeds and product qual-
ity). The patent literature (Owada and Kurita 2001; Owada
2007) claims that OMF acts on polarised water molecules to
delay the formation of ice crystals. Whether this is due to
engendering of supercooling or through the movement of
the molecules during the ice formation process is unclear.
However, the claimed consequence is that most of the ice
crystals form at the same time, thus restricting their size,
resulting in less cellular damage during freezing. There is a
common belief that small ice crystals result in a superior qual-
ity in foods (James et al. 2015b, c). The effects of electric and
magnetic fields on freezing have been reviewed by Woo and
Mujumdar (2010); James et al. (2015b, c), and Otero et al.
(2016). There is evidence that water, being a diamagnetic
material, can be magnetised in a magnetic field. However,
Wowk (2012) questioned the claims made in papers using
CAS, given the very small (<1 mT) field strengths used.

There is very little scientific published data on OMF-
assisted freezing of foods (James et al. 2015a; Otero et al.
2016), although a number of papers have been published on
OMF-assisted freezing of biological samples (such as teeth)
using ABI equipment (Kaku et al. 2010; Abedini et al. 2011;
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Kaku et al. 2012) and even on whole-organism survival of
frozen small animals like Drosophila (Naito et al. 2012).

The aim of this short-targeted study was to investigate what
effect freezing under CAS conditions, using a CAS system
designed and constructed in consultation with ABI, had on
the characteristics of the freezing curve and drip losses, texture
and colour of samples extracted from pork loin when com-
pared to freezing under the same conditions without CAS.
Pork meat was used as test material because it is reported that
Bas much as 50% or more of pork produced has unacceptably
high purge or drip loss^ (Huff-Lonergan and Lonergan 2005)
and gives rise to a considerable amount of drip loss after
thawing. In common with other studies, such as Ngapo et al.
(1999), small cylindrical samples were used to both minimise
product variation and the effect of thermal gradient on ice
formation which occurs in large samples. All trials were car-
ried out using an air temperature of ca. −30 °C and an air speed
of ca. 1 to 2 m s−1.

Materials and Methods

Samples

Fresh pork loin was obtained from a local supermarket and
stored in chilled conditions, at a mean (SD) temperature of
−1.4 (1.0) °C, for a period between 1 and 5 days. When re-
quired, several cylindrical samples were extracted from each
pork loin using a cork borer with an inner diameter of approx-
imately 30 mm. The longitudinal axis of the cylinder followed
the fibre direction to minimise damage to fibres and potential-
ly reduce drip losses. Care was taken to avoid obvious pieces
of fat and connective tissue. After cutting, each meat cylinder
was wrapped in plastic film to minimise evaporation of water
from the surfaces. The wrapped pork samples were then
equalised for 24 h prior to freezing, in a catering refrigerator
running at a mean (SD) temperature of −0.9 (0.8) °C and then
cut to a length of approximately 22mm. A total of 40 cylinder-
shaped pork samples were used throughout the trials. The
mean (SD) diameter, length, and mass of the samples were
30.3 (1.0) mm, 21.8 (0.9) mm, and 13.6 (1.3) g, respectively.

Freezing Trials

An experimental batch air blast-freezer, with and without CAS
being applied was used (as used by James et al. 2015a). The
freezer had been designed and constructed in consultation
with ABI (ABI Corporation Ltd., Chiba, Japan), and the mag-
netic coils and control system supplied and commissioned by
ABI. The CAS freezer was equipped with both static and
oscillating magnetic field generators to assist the freezing pro-
cess. The air temperature was set to −30 °C (providing a mean
(SD) air temperature of −29.2 (0.6) °C across the product)

with CAS settings of off (control), 10, 50, and 100%.
Unfortunately, details of the CAS settings were not provided
by ABI. Two samples, placed at two different fixed positions
on a grid, were used in each trial. Previous studies had shown
that these positions were those with the highest and the lowest
magnetic field strengths at the different CAS settings. The
RMS values of OMF strength measured using a gaussmeter
(GM07, Magnetic Instruments Ltd., Falmouth, UK) at the
different CAS settings were 0, 0.53, 0.29 and 0.15 mT for
the highest field point (position 1), and 0, 0.18, 0.09 and
0.04 mT for the lowest field point (position 2), respectively.
Air velocities of 1 to 2 m s−1 in both positions were measured
using a vane anemometer (AV-2, Airflow Instruments, High
Wycombe, UK). The surface heat transfer coefficient at the
two positions was also determined using the method described
by Cowell and Namor (1974).

Bare wire T type (copper constantan) thermocouples
(1 mm diameter), previously calibrated to an accuracy
of ± 0.5 °C against a standard platinum resistance probe, were
used to measure temperatures in the geometric centre of the
cylindrical pork loin samples. Temperatures were recorded to
a resolution of 0.2 °C, every 30 s using a datalogger
(Diligence N2014, Comark Instruments (Norwich), UK) until
temperature readings at the centre of both samples were below
−27 °C. A total of five replicate experiments, with two sam-
ples in each, were carried out for each condition.

Freezing Curve Analysis

From each freezing curve, a typical example being shown in
Fig. 1, data on the potential occurrence of supercooling, ‘char-
acteristic freezing time’, and ‘completion of freezing rate’
were extracted. ‘Characteristic freezing times’ (Jiang and
Lee 2005) were calculated as the time to cool the thermal
centre of the samples from the initial freezing point tempera-
ture to −7 °C. ‘Completion of freezing rate’ was calculated as
the rate of cooling as the thermal centre of the samples cooled
from −10 to −15 °C.
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Fig. 1 Typical freezing curve for pork loin samples frozen in air at set
point of −30 °C and 1–2 m s−1

1616 Food Bioprocess Technol (2017) 10:1615–1621



Drip Losses Analysis

After freezing, the samples were wrapped in food grade
polyethylene film to prevent evaporation and stored in a
chest freezer for between 21 and 27 days. After storage
samples were taken out of the chest freezer, the polyethyl-
ene film was removed, and the sample was wrapped in a
piece of absorbent paper, before placing then in a zipped
plastic bag to prevent evaporation losses. Both the bag and
paper were weighed together prior to use and again togeth-
er with the pork sample and the inserted thermocouple, to a
resolution of 0.001 g, using a calibrated scale (RC2022,
Sauter GmbH, Balingen, Germany). Samples were then
thawed in a domestic refrigerator at a mean (SD) tempera-
ture of 2.6 (0.9) °C.

The samples remained in the refrigerator until their centre
temperatures were above 0 °C, which took between 17 and
21 h, after which they were removed. Immediately after re-
moval, the bags, pieces of absorbent paper, meat sample and
thermocouples were weighed. Each thermocouple was then
removed from the sample, and the weight of the sample and
thermocouple was weighed individually. The drip loss was
expressed as the percentage of mass loss according to eq. 1:

Drip loss %ð Þ ¼ Mb−Mað Þ
Mb

� 100 ð1Þ

WhereMb andMa are the masses (g) of the samples before
and after the storage period, respectively, and the overall mea-
surement uncertainty is less than 0.1%.

Colour Analysis

The surface colour of samples was measured using the
Commission Internationale de L’Éclairage (1976) (CIE) colour
space (L*, a* and b*) with a chroma meter (CR-400, Konica
Minolta Corp, Tokyo, Japan). Values were initially measured
on the bases of each cylindrical pork loin sample immediately
before being frozen in the CAS freezer after calibration with a
standard white reflector. The repeatability of the instrument is
claimed to be withinΔE*ab0.07 standard deviation (when the
white calibration plate is measured 30 times at intervals of 10 s)
and inter-instrument agreement within 0.6.

The measurements were repeated on each sample after
freezing and after thawing. Values measured after freezing/
thawing were subtracted from the values measured before
freezing to calculate ΔL*, Δa* and Δb*, the variations in
value.

Texture Analysis

After the thawing and the colour measurements, the texture of
each sample was determined using a texture meter (TVT-150,

TEXVOL Instruments, Stockholm, Sweden). The texture test
consisted of a compression trial performed using a 25-mm-
diameter piston, applying a compression rate of 40% and a
hold time of 30 s.

For each trial, a series of values were obtained: density
(g/ml), hardness (g), force A (g), force B (g) and elasticity
(%). Force Awas the maximum force exerted during compres-
sion and force B the force exerted at the end of 30 s, just before
the withdrawal of the piston. Elasticity was calculated by di-
viding force B by force A and expressing it as a percentage.

Statistical Analysis

The statistical analysis of the data was performed using
the software IBM SPSS Statistics v. 23.0.0.0 for
Windows (IBM Corp., Armonk, NY, USA). Trial results
were split into two groups, depending on the positions 1
and 2, and evaluated separately in order for them to be
independent from differences in heat transfer coefficient.
Levene’s test was carried out to evaluate the homoge-
neity of variances. In cases where the hypothesis of
equal variances was not rejected (significance level of
p > 0.05), then a one-way analysis of variance
(ANOVA) was performed, otherwise, Welch’s test was
chosen to evaluate the equality of means among groups,
the OMF strength being the studied factor in both cases.
The potential differences between the applied fields,
with a significance level of p < 0.05, was established
for the previously mentioned independent variables:
characteristic freezing time, completion of freezing rate,
percentage of drip loss, variation of colour parameters
(ΔL*, Δa* and Δb*), density, hardness, force A, force
B and elasticity. If any significant differences were ob-
served, a post-hoc test, either Tukey-b or Tamhane’s T2,
depending on Levene’s test results, was carried out.
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Fig. 2 Plot of characteristic freezing time (min) against magnetic field
intensity (mT)
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Results and Discussion

Freezing Curve Analysis

The mean (SD) values of surface heat transfer coefficients
calculated by means of the cooling curve of copper blocks
for positions 1 and 2 were 22.3 (1.0) W m−2 K−1 and 16.1
(1.1) W m−2 K−1, respectively. These surface heat transfer
coefficients are quite low for an air-blast freezer, and the air
velocities of 1 to 2 m s−1 that were measured at this point and
were likely to be due to how the magnetic coils in the chamber
deflected the air flow.

No significant degree of supercooling was observed in any
of the samples irrespective of the application or absence of
OMF during the freezing process.

The characteristic freezing time and the completion of freez-
ing rate are shown plotted against the magnetic field strength in
Figs. 2 and 3, respectively, and the mean and standard deviation
of these variables are shown in Table 1. There appeared to be no
relationship between magnetic field strength and characteristic
freezing time or completion of freezing rate. The OMF did not
appear to have any significant effect (p > 0.05) on the character-
istic freezing time or the completion of freezing rate as shown in
Table 2. In all cases, as would be expected given the differences

in surface heat transfer coefficients, samples in position 1 cooled
and froze faster than those in position 2, irrespective of magnetic
field strength. Mean characteristic freezing times were 16.3 and
18.8 min at positions 1 and 2, respectively, and completion of
freezing rates were −0.036 and −0.028 °C s−1, respectively.

Drip Loss Analysis

An increase in the drip from meat after freezing and thawing
compared with that in chilled meat is the most common quality
deterioration associated with the freezing of meat. One of the
most important claims of the CAS patents (Owada and Kurita
2001; Owada 2007) is that OMF prevents cells from being
damaged, due to the generation of smaller ice crystals, and thus
reduces drip. Drip losses in the present work ranged from 1.7 to
4.6% (Fig. 4), which is within the usual range reported for pork
(Pérez Chabela andMateo-Oyague 2006). The results indicated
no clear effect of OMF on drip loss, or between drip losses at
different field strengths (Fig. 4). No significant difference
(p > 0.05) between OMF strengths for each of the positions
was shown, as can be seen in Table 2. The average drip loss
from samples frozen in position 2 was slightly higher than that
from samples frozen in position 1 indicating that there was a
slight effect of freezing rate on drip loss. It should be noted that
although drip loss is of great monetary importance and can
make meat less attractive, it has not been shown to influence
the final eating quality after cooking, except in extreme cases
(Pérez Chabela and Mateo-Oyague 2006).

Colour Analysis

Pork can naturally be rather variable in colour, and colour
changes during freezing can affect perceived meat quality.
To check for any bias in the colour of samples prior to freez-
ing, the values of L*, a*, and b* were plotted (data not shown
in this paper) against magnetic field intensity and no bias was
observed. Means (SD) for these colour parameters, before
freezing and after thawing, are shown in Table 3. The

Table 1 Mean (SD)
characteristic freezing time (min)
and completion of freezing rate
(°C/s) at different magnetic field
intensities

CAS condition Position n Characteristic freezing time (min) Completion of freezing rate (°C/s)

Control 1 5 14.8 (0.9)A 0.0351 (0.007)A

2 5 18.2 (3.1)a 0.0272 (0.005)a

0.04 mT 2 5 18.1 (2.3)a 0.0301 (0.002)a

0.09 mT 2 5 19.8 (2.1)a 0.0288 (0.001)a

0.15 mT 1 5 15.9 (1.9)A 0.037 (0.004)A

0.18 mT 2 5 19.1 (1.6)a 0.0253 (0.005)a

0.29 mT 1 5 17.6 (3.4)A 0.0362 (0.004)A

0.53 mT 1 5 16.7 (2.2)A 0.0345 (0.004)A

Different letters in the same column indicate significant differences, position 1: capital letters, position 2: lower-
case letters
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application of the different OMF applied during freezing did
not cause any significant (p > 0.05) effect on the variation of
colour characteristics, as shown in Table 2.

Texture Analysis

If the application of OMF resulted in less cell damage, it could
be expected to affect the texture of the thawed samples. The
mean (SD) values of density, hardness, force A, force B and
elasticity against magnetic field intensity are shown in
Table 4. No significant difference (p > 0.05) showing a clear
relationship between magnetic field intensity and any of the
texture parameters was found, as shown in Table 2.

Overall

Overall, this study found that the application of OMFs during
air-blast freezing had no effect, whichever their strength or
frequency, on the freezing time or quality attributes of pork
loin. Similar results were reported by Suzuki et al. (2009) and
Watanabe et al. (2011) who did not find any effect of OMFs on
the microstructure, drip losses, colour, texture and sensory
evaluation of frozen radish, sweet potato, spinach, yellow
tail fish and tuna. Yamamoto et al. (2005) also found that the
application of OMF (1.5–2 mT at 20, 30, and 40 Hz) during
freezing had no effect on the drip, cooking losses or the

rupture stress and strain of chicken breasts frozen in a ABI
CAS freezer. Similarly, Otero et al. (2017) did not find any
effect of OMFs (<2 mT, 6–59 Hz) on freezing time, drip loss,
water-holding capacity, toughness or whiteness of crab sticks.

Not all published studies on OMF have been negative.
Studies at the Korea Food Research Institute have reported
benefits for OMF frozen meats. Kim et al. (2013a, b) reported
reduced total freezing times and improved quality attributes in
beef, pork and chicken, and Ku et al. (2014) and Choi et al.
(2015) reported similar findings for pork and beef, respective-
ly. However, unfortunately, none of these studies compared
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intensity (mT)

Table 2 Level of significance of
Levene’s test, ANOVA F-test and
Welch’s t-test for the properties
extracted from the analysis of
freezing curve, drip loss, colour
and texture, at positions 1 and 2

Levene’s test ANOVA F-test Welch’s t-test

Position 1 Characteristic freezing time 0.099 0.282 –

Completion of freezing rate 0.520 0.848 –

Drip loss 0.756 0.906 –

ΔL* 0.502 0.145 –

Δa* 0.001 – 0.576

Δb* 0.022 – 0.524

Density 0.005 – 0.175

Hardness 0.033 – 0.577

Force A 0.019 – 0.751

Force B 0.037 – 0.692

Elasticity 0.794 0.804 –

Position 2 Characteristic freezing time 0.610 0.632 –

Completion of freezing rate 0.158 0.259 –

Drip loss 0.666 0.945 –

ΔL* 0.141 0.855 –

Δa* 0.604 0.172 –

Δb* 0.549 0.525 –

Density 0.128 0.925 –

Hardness 0.178 0.681 –

Force A 0.106 0.587 –

Force B 0.003 – 0.213

Elasticity 0.164 0.235 –

Food Bioprocess Technol (2017) 10:1615–1621 1619



like with like. The air blast freezer used for the magnetic
resonance freezing was different to the air blast freezer used
to freeze the control samples, as were the operating air tem-
peratures. The ABI CAS freezer used was operated at −55 °C,
while the conventional air blast freezer used as the control was
operated at −45 °C (although in the case of the experiments
carried out by Kim et al. (2013b), the published temperature
curves indicate that actual temperatures in the conventional air
blast were nearer −40 than −45 °C).We agree with Otero et al.
(2016) conclusions on this work; since the air temperatures
used in the two systems compared were very different, and no
details of the air speeds or surface heat transfer coefficient
used in the different systems were given, it is not possible to
deduce whether the improvements detected by these authors
were produced by the OMF or by the different freezing con-
ditions applied.

In the author’s opinion, although we have yet to see any
clear advantages of OMF-assisted freezing, we do not believe
that studies to date completely invalidate ABI’s CAS system
as a method of enhancing the overall freezing of foods; how-
ever, they do suggest that weak OMFmay not affect all foods.
It is possible that any effect will depend on a complex combi-
nation of food, freezing rate and magnetic field frequency.

Similar observations have been made in published studies
using ABI equipment to freeze human tissues (Nakagawa
et al. 2012). We also agree with Otero et al. (2017) that further
investigations into OMF should investigate a wider range of
OMF strength and frequency than those currently employed in
commercial CAS freezers. Combined pulsed electric field
(PEF) and static magnetic field (SMF) technology, as demon-
strated by Mok et al. (2015), may also show greater promise
than OMF.

Conclusions

Overall, the results of this study clearly indicate that the ap-
plication of weak OMF during air-blast freezing (1) does not
enhance supercooling in pork loin, under the conditions used
in these trials; (2) has no significant (p > 0.05) effect on the
characteristic freezing time or completion of freezing rate after
freezing of pork loin; (3) has no significant (p > 0.05) effect on
drip loss from pork loin after thawing; (4) has no significant
(p > 0.05) effect on colour parameters L*, a* and b* after
thawing; (5) has no significant (p > 0.05) effect on texture
parameters analysed using a compression test after thawing,

Table 4 Mean (SD) of density,
hardness, force A, force B and
elasticity for different magnetic
field intensities and positions

CAS
condition

Position n Density
(g/mL)

Hardness (g) Force A (g) Force B (g) Elasticity
(%)

Control 1 5 1.29 (0.21)A 2195 (1466)A 3615 (2405)A 1748 (1386)A 45 (9)A

2 5 1.3 (0.18)a 2132 (1417)a 3179 (1595)a 1489 (911)a 46 (10)a

0.04 mT 2 5 1.24 (0.22)a 1424 (389)a 2267 (630)a 883 (253)a 39 (6)a

0.09 mT 2 5 1.28 (0.10)a 2135 (1278)a 3574 (2154)a 1993 (1480)a 51 (12)a

0.15 mT 1 5 1.27 (0.08)A 2079 (591)A 3471 (1163)A 1659 (825)A 46 (8)A

0.18 mT 2 5 1.25 (0.07)a 1921 (779)a 3112 (1241)a 1459 (737)a 45 (7)a

0.29 mT 1 5 1.29 (0.11)A 2784 (1089)A 4496 (1898)A 2333 (1283)A 49 (8)A

0.53 mT 1 5 1.18 (0.05)A 1970 (433)A 3413 (781)A 1547 (403)A 45 (6)A

Different letters in the same column indicate significant differences, position 1: capital letters, position 2: lower-
case letters

Table 3 Mean (SD) L*, a* and b* colour values of samples prior to freezing and after freezing-thawing and incremental values ΔL*,Δa* andΔb*

CAS condition Position n L* ΔL* a* Δa* b* Δb*

Before After Before After Before After

Control 1 5 48.0 (2.8) 46.9 (3.4) −1.1 (1.6)A 7.2 (1.1) 7.6 (1) 0.5 (1.2)A 0.8 (2.2) 1.7 (0.8) 1.0 (2.1)A

2 5 50.7 (4.1) 48.7 (4.3) −2.0 (0.5)a 7.0 (0.9) 7.2 (1.3) 0.2 (0.7)a 2.3 (1.7) 2.5 (1.0) 0.2 (0.8)a

0.04 mT 2 5 55.4 (2.7) 52.8 (2.6) −2.6 (1.2)a 6.6 (1.3) 6.3 (1.4) −0.3 (0.4)a 3.2 (0.7) 3 (0.5) −0.2 (0.7)a

0.09 mT 2 5 53.9 (5.0) 51.3 (4.5) −2.6 (1.2)a 6.1 (0.9) 6.6 (1.3) 0.5 (0.4)a 2.3 (1.5) 2.7 (0.6) 0.5 (1.0)a

0.15 mT 1 5 55.2 (2.6) 51.7 (2.5) −3.5 (1.0)A 6.7 (1.5) 7.0 (1.6) 0.2 (0.2)A 3.3 (0.9) 3.1 (0.7) −0.2 (0.2)A

0.18 mT 2 5 55.3 (3.2) 52.9 (3.5) −2.5 (2.1)a 6.5 (1.6) 6.4 (1.6) −0.1 (0.6)a 3.1 (1.0) 3.0 (0.8) −0.1 (0.4)a

0.29 mT 1 5 53.6 (5.9) 50.3 (4.0) −3.3 (2.3)A 5.9 (0.9) 6.7 (1.1) 0.8 (1.0)A 2.1 (1.9) 2.6 (0.5) 0.6 (1.4)A

0.53 mT 1 5 55 (2.6) 52.9 (2.3) −2.0 (1.7)A 6.1 (1.1) 6.2 (0.8) 1.0 (0.6)A 3.1 (0.5) 3.1 (0.5) 0.0 (0.6)A

Different letters in the same column indicate significant differences, position 1: capital letters, position 2: lower-case letters
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namely density, hardness, force A, force B or elasticity has
confirmed any dependence on the applied OMF. The OMF
strengths and frequency ranges covered those employed in
commercial CAS freezers. It is possible that other strengths
and frequency ranges may have more potential for assisting
food freezing.
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