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Abstract—There is some evidence that exposure of various animals
to a power-frequency magnetic field can cause increases in body mass.
However, the precise nature of the relationship is not clear, particularly
for long-term exposure. To clarify the relationship between long-term
power-frequency magnetic field exposure (2 years) and animal body
mass, we conducted a pooled analysis of data in two studies to examine
the impact of power-frequency magnetic field exposure on body mass
as compared with sham-exposed rats of both sexes. Relative body
mass was the response variable, and the study duration (in weeks),
magnetic flux density (µT), and daily exposure time (hours/day)
were the explanatory variables with adjustment for the study. We
analyzed by sex. The P -value (P ) was defined as the probability
of having observed our data (or more extreme data) when the null
hypothesis was true. In multiple linear regression analyses of male
and female rats, performed separately, we obtained estimates of the
effect on relative body mass of study duration (coefficients 0.0225
and 0.0201, respectively; both P < 0.0001), magnetic flux density
(coefficient 0.0002 for males, P < 0.0001; coefficient −0.0002 for
females, P = 0.0015), and daily exposure time (coefficient 0.046 for

Received 13 October 2011, Accepted 4 January 2012, Scheduled 25 January 2012
* Corresponding author: Tsutomu Nishimura (t246ra@kuhp.kyoto-u.ac.jp).



128 Nishimura et al.

males, P = 0.0007; coefficient −0.072 for females, P < 0.0001). Our
pooled analysis has shown that there is a possible relationship between
duration of exposure to power-frequency magnetic fields and body mass
in rats.

1. INTRODUCTION

There is some evidence that exposure of various animals, including
mice and cattle, to a power-frequency magnetic field can increase
body mass relative to unexposed controls [1–4]. This is a potentially
interesting finding because the strength of the Earth’s magnetic fields
varies depending on latitude, and has varied over evolutionary time.
However, except in the study by Babbitt et al. [1], the durations
of exposure to power-frequency magnetic field in these studies were
short, ranging from 28 to 50 days, and so the results of these studies
do not necessarily indicate how long-term exposure might affect body
mass. A number of other reports in the literature describe the effects
of long-term exposure (> 2 years) to power-frequency magnetic field on
animals (rats and mice) with respect to carcinogenesis [5, 6], but these
studies were not designed primarily to ascertain the effects of power-
frequency magnetic field on body mass and so there is only minimal
discussion of this matter.

To arrive at a conclusion about whether long-term exposure
to power-frequency magnetic field affects animal body mass, in the
present study we performed a pooled analysis of data from these
previous studies. To facilitate comparisons and ensure that variations
in experimental method had a minimal effect on our analysis we
selected only studies performed using similar protocols. For our pooled
analysis we focused initially on high-quality animal studies conducted
by the National Toxicology Program (NTP), which is made up of four
charter agencies of the US Department of Health and Human Services.
The NTP has conducted studies to assess the risks, especially with
respect to carcinogenicity, of long-term exposure to power-frequency
magnetic fields. The details of the NTP studies were as follows.

Boorman et al. [5] carried out a 2 year whole-body exposure study
to evaluate the chronic toxicity and possible oncogenicity of a 60 Hz
power-frequency magnetic field in rats. Groups of 100 male and 100
female F344/N rats were exposed continuously to a pure, linearly
polarized, transient-free 60 Hz power-frequency magnetic field at flux
densities of 0µT (sham control), 2µT (Group 1), 200µT (Group 2),
or 1000µT (Group 3). An additional group of 100 male and 100
female rats received intermittent (1 h on/1 h off) exposure to a power-
frequency magnetic field of 1000µT (Group 4). The average exposure
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was 9.25 or 18.5 h/day.
McCormick et al. [6] carried out a 2 year whole-body exposure

study to evaluate the chronic toxicity and possible oncogenicity of a
60Hz power-frequency magnetic field in mice. Groups of 100 male and
100 female B6C3F1 mice were exposed to a pure, linearly polarized,
transient-free 60 Hz power-frequency magnetic field at flux densities of
0µT (sham control), 2µT (Group 1), 200µT (Group 2), or 1000µT
(Group 3). An additional group of 100 male and 100 female B6C3F1

mice received intermittent (1 h on/1 h off) exposure to a 1000µT
power-frequency magnetic field (Group 4). The average exposure was
9.25 or 18.5 h/day.

In addition, Kullberg et al. [7] suggest that birds respond to a
changing magnetic field by increasing their fat deposition. Therefore,
we also researched the relationship between food consumption and
exposure to a power-frequency magnetic field.

2. MATERIALS AND METHODS

2.1. Search Strategy and Inclusion Criteria

We identified trials conducted according to the methods of the NTP
by searching the PubMed database (January 1990–July 2010). The
search terms used were ‘carcinogenicity’ and ‘electromagnetic field,’
and the search was restricted to papers in English and Japanese that
described animal studies. The titles and abstracts of the articles
identified using this process were scanned to exclude any trials that
were clearly irrelevant. The full text of the remaining articles was
read to determine whether they contained information on the topic of
interest. The reference lists of the selected articles were reviewed for
additional pertinent articles.

In our analyses we included only studies that were conducted by
the NTP or according to the study methods of the program, that had
run for more than 2 years and in which animals exposed to a power-
frequency magnetic field and sham-exposed control animals were all
dealt with in the same way and at the same time. We did not assess the
quality of the methods used in the primary studies as we presumed that
studies conducted by the NTP or according to its methods were of high
quality. The following data were collected for each article: publication
data (first author’s last name, year of publication, country in which
the study was performed); study design; number of animals; animal
characteristics (animals, sex, age); interventions (magnetic flux density,
duration of exposure, exposure hours/day); and body mass of animals
and number of survivors at each assessment time point. Publication
bias was not assessed because long-term studies conducted by the NTP
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or according to the methods of the NTP tend to be published whether
the results are positive or negative.

3. STATISTICAL ANALYSIS

We conducted a regression analysis to examine the impact of power-
frequency magnetic field exposure on relative body mass (percentage
of control body mass). We defined relative body mass as 100× (the
body mass of animals exposed to a power-frequency magnetic field
divided by the body mass of control animals at the same assessment
time point in the same study). Firstly, we conducted a simple
regression analysis of each study. Relative body mass was the response
variable and the duration of study (in weeks) was the explanatory
variable. Secondly, we conducted a multiple linear regression analysis
by pooling the studies. Relative body mass was the response variable,
and the duration of study (in weeks), magnetic flux density (µT),
daily exposure time (hours/day), and study (for adjustment) were the
explanatory variables. In both analyses we analyzed by sex.

In addition, to investigate the relationship between food
consumption and power-frequency magnetic field exposure we
conducted a multiple linear regression analysis. We defined relative
food consumption as 100× (the food consumption of animals exposed
to a power-frequency magnetic field divided by the food consumption of
control animals at the same assessment time point in the same study).
Relative food consumption was the response variable and the duration
of study (in weeks) and magnetic flux density were the explanatory
variables. We analyzed by sex. We used a weighted regression model
so that a larger number of survivors would have a greater influence
on the results of the analysis. A P value (P ) of 0.05 or less indicated
statistical significance. The P was defined as the probability of having
observed our data (or more extreme data) when the null hypothesis
was true. The cut-off level for statistical significance is usually taken
to be 0.05 in the present study, as it is usually. Statistical analyses were
performed using SAS version 9.2 (SAS Institute, Cary, NC, USA).

4. RESULTS

Our search of the PubMed database initially yielded 20 articles.
However, 16 articles were excluded because they did not meet the
criteria of running for more than 2 years or that animals exposed to
a power-frequency magnetic field and sham-exposed control animals
were dealt with in the same way and at the same time. Four potentially
relevant articles were left. We read the full text of these four articles
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Table 1. Details of the studies included in our pooled analysis and
the populations studied.

Study 
no.

Papers Animal

Average age of 
animals when 
study began

Duration 
of exposure

Frequency

(Hz)

1
Yasui et al. [1997] and 
Takebe et al. [1999] 

F344 
rats 5 weeks

104 weeks 50

2

Boorman et al. [1999] 

and National Toxicology 
Program [1999] 

F344/N
rats 

6 –7 weeks
18.5 or 9.25 h/day, 

106 weeks 
60

Study 
no.

1

2

Sex Sham 
control (0 T)

Group 
1 

Group 
2

Group 
3

Group 
4

Study
location 

Male 
Female

N=48
 

N=48
 

500 T  

N=48 

5000 T
N=48

Ibaraki, 
Japan

Male 
Female

N=100

 N=100

2   T
N=100
N=100 

200   T
N=100

 N=100

1000 T

 
N=100

N=100 

1000 T
N=100 
N=100 

Chicago,

USA 

µ

µ µ

µ µ

N=48 N=48

µ µ 

22.6 h/day,

Table 2. Results of a simple linear regression analysis to investigate
relative body mass with respect to study duration (weeks) in male and
female rats.

Group

No. of

data

points*

Coefficient SE P value
At 90

weeks**

Male rats

(Yasui study)
74 0.021 0.0017 < 0.0001 101.9

Male rats

(Boorman study)
128 0.016 0.0015 < 0.0001 101.4

Female rats

(Yasui study)
74 0.018 0.0024 < 0.0001 101.6

Female rats

(Boorman study)
128 0.023 0.0017 < 0.0001 102.1

* Total number of assessment time points for power-frequency magnetic field
exposure groups.
**As a percentage of control body mass.
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and checked the reference lists for other relevant articles. We thus
identified four trials that were conducted by the NTP or according to
the NTP’s study methods [5, 6, 8, 9]. We obtained detailed data on
bodymass changes in three trials from a report [10] and book [11]. We
excluded the study of Mandeville et al. [8] from the analysis because
it did not show any detailed data. The general characteristics of the
trials are described in Table 1. A total of 1288 rats and 1000 mice
(50% female) were involved in these controlled trials: there were 992
rats and 800 mice in the groups exposed to a power-frequency magnetic
field and 296 rats and 200 mice in the control groups.

The study of Yasui et al. [9] was a whole-body exposure study
that was conducted to evaluate the effect of a 50 Hz power-frequency
magnetic field on cancer rate in rats. In this study, male and female

(a)

(b)

Figure 1. (a) Simple regression of the change in relative body
mass with study duration in male and female rats (the results of
Yasui et al., 1997). Squares indicate males and triangles indicate
females. (b) Simple regression of the change in relative body mass with
study duration in male and female rats (the results of Boorman et al.,
1999). Squares indicate males and triangles indicate females.
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F344 rats, 48 per exposure group, were sham-exposed (sham control)
or exposed to a power-frequency magnetic field of 500µT (Group 1) or
5000µT (Group 2) for 2 years. Animals were exposed from 5 to 109
weeks of age. The average exposure was 22.6 h/day.

Table 3. Results of a multiple linear regression analysis to investigate
relative body mass with respect to study duration (weeks), magnetic
flux density (µT), and daily exposure time (hours) in male and female
rats.

Group
No. of

trials

No. of

data

points*

Covariate Coefficient** SE P value

Male

rats
2 202

Duration of

study

(relative body

mass/week)

0.0225 0.0017 < 0.0001

Magnetic flux

density

(relative body

mass/µT)

0.0002 0.00004 < 0.0001

Daily exposure

time

(relative body

mass/hour)

0.046 0.013 0.0007

Female

rats
2 202

Duration of

study

(relative body

mass/week)

0.0201 0.0021 < 0.0001

Magnetic flux

density

(relative body

mass/µT)

−0.0002 0.00005 0.0015

Daily exposure

time

(relative body

mass/hour)

−0.072 0.017 < 0.0001

* Total number of assessment time points for power-frequency magnetic field
exposure groups.
**After adjustment for study.
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We conducted a regression analysis to examine the impact of
exposure to a power-frequency magnetic field on relative body mass
(percentage of control body mass), as described in the Statistical
analysis section, above. We did not analyze mouse data because there
was only one study using mice. We used data up to 90 weeks and did
not use data after 90 weeks because animal mortality increased after
that time.

In simple regression analyses of each study, we obtained estimates
of the effect of relative body mass against study duration (male rats
in the Yasui study, coefficient 0.021, Standard Error (SE) 0.0017,
P < 0.0001) (Fig. 1(a)); (male rats in the Boorman study, coefficient
0.016, SE 0.0015, P < 0.0001) (Fig. 1(b)); (female rats in the Yasui
study, coefficient 0.018, SE 0.0024, P < 0.0001)(Fig. 1(a)); (female
rats in the Boorman study, coefficient 0.023, SE 0.0017, P < 0.0001)
(Fig. 1(b)). The results of the simple regression analyses are given in
Table 2. The Standard Error (SE) is the standard deviation of the
sampling distribution of a statistic.

In the multiple linear regression analysis of data for male rats we
obtained estimates that were significantly different from zero for the
regression of relative body mass against study duration (coefficient
0.0225, SE 0.0017, P < 0.0001), magnetic flux density (coefficient
0.0002, SE 0.00004, P < 0.0001), and against daily exposure time
(coefficient 0.046, SE = 0.013, P = 0.0007) (see Table 3). In the
multiple linear regression analysis of data for female rats we also

Table 4. Results of a multiple linear regression analysis to investigate
relative food consumption with respect to study duration (weeks) and
magnetic flux density (µT) in male and female rats.

Group
No. of

trials

No. of

data

points*

Covariate Coefficient SE P value

Male

rats
1 36

Duration

of study
0.0144 0.0086 0.10

Magnetic

flux density
−0.0001 0.0001 0.24

Female

rats
1 36

Duration

of study
−0.0331 0.0097 0.0016

Magnetic

flux density
0.00005 0.0001 0.57

* Total number of assessment time points for power-frequency magnetic field
exposure groups.
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obtained estimates that were significantly different from zero for the
regression of relative body mass against study duration (coefficient
0.0201, SE 0.0021, P < 0.0001), magnetic flux density (coefficient
−0.0002, SE 0.00005, P = 0.0015), and daily exposure time (coefficient
−0.072, SE = 0.017, P < 0.0001) (Table 3).

We obtained data on food consumption from the studies of
Yasui et al. [11], whereas the other studies did not present data on food
consumption. In multiple linear regression analyses of male rats and
female rats, performed separately, we obtained estimates of the effect
of study duration on relative food consumption (male rats: coefficient
0.0144, SE 0.0086, P = 0.10; female rats: coefficient −0.0331, SE
0.0097, P = 0.0016) (Table 4) and of magnetic flux density on relative
food consumption (male rats: coefficient−0.0001, SE 0.0001, P = 0.24;
female rats: coefficient 0.00005, SE 0.0001, P = 0.57) (Table 4).

5. DISCUSSION

We reviewed the results of four studies in which animals exposed to a
power-frequency magnetic field and animals that were sham-exposed
were compared over a period of 2 years. Pooled analysis can detect
small differences that may not be detected in each individual study
because greater sample size gives more statistical power. In addition,
we used different statistical methods from those used in the individual
studies. A major limitation of this analysis was the small number
of studies, because so few studies have been conducted that examine
long-term effects and which show detailed data of animal body mass.
However, a total of 1288 rats (50% female) were involved in these
controlled trials, and a pooled analysis of the kind presented here
has not been performed until now. The mass-level phenomena and
the increases in body mass seen in the studies analyzed could not
be explained by any other conventional methodology. Therefore, this
pooled analysis may give some insight into this field of biology.

In all groups, multiple linear regression analysis showed
that duration of exposure to power-frequency magnetic fields was
significantly positively correlated with body mass. In our multiple
regression analysis there was a significant statistical relationship
between study duration and food consumption in female rats, but
the relationship showed a negative correlation. Therefore, food
consumption may not affect gains in body mass. A dependence on
magnetic flux density was shown in all groups analyzed (Table 3). In
male rats, the relationship was a positive correlation, but in female rats
the relationship was a negative correlation. This finding corresponds
with evidence for sex differences in the effects of various types of
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magnetic field [12–17].
Our results agree with previous findings that short-term power-

frequency magnetic field exposure causes an increase in the body mass
of mice and cattle [1–4, 18]. Electrical fields alone did not produce
any change in the body mass of pregnant lactating cows relative to
unexposed controls [19], whereas magnetic fields did [2]. These results
suggest that magnetic fields have an impact on body-mass gain in
animals and correspond with our results.

Regarding the mechanism of body-mass gain, it is interesting that
mild increases in plasma thyroid hormones (e.g., thyroxine) [20] and
prolactin [21] have been found in pregnant lactating dairy cows that
were exposed to a power-frequency magnetic field. Thyroxine is known
to play key roles in growth, metabolism, reproduction, and somatic
differentiation in developing and adult animals [22]. Also, in pregnant
lactating dairy cows exposure to the electrical component of these
fields alone (10 kV/m) did not affect production of prolactin [19]. It is
possible that magnetic fields exert an effect on body size via plasma
thyroxine and/or prolactin.

Our results may be explained by confounding variables. In the
power-frequency magnetic field groups lighter animals may have died
from the effects of the power-frequency magnetic field, as reported
previously, because slow-growing animals and animals with low body
mass are generally more infirm than rapid-growing and heavy animals,
Then, in the groups exposed to a power-frequency magnetic field the
heavier animals could have survived and thus mean body mass would
be higher than for control groups. However, this theory can be rejected
on the grounds that survival rates did not differ between exposure and
control groups in any study.

In conclusion, our pooled analysis has shown that there is a
possible relationship between duration of exposure to power-frequency
magnetic fields and body mass in rats.
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