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We conducted a prospective study to examine whether in-utero exposure to magnetic fields (MFs) increases
the risk of childhood obesity. Participating women carried a meter measuring MF levels during pregnancy
and 733 of their children were followed up to 13 years to collect clinically recorded information on growth
patterns with 33 weight measurements per child on average. Prenatal exposure to high MF level was
associated with increased risk of being obese in offspring than those with lower MF level (odds ratio51.69,
95% confidence interval: 1.01–2.84). The association demonstrated a dose-response relationship and was
stronger (more than 2.3 fold increased risk) among children who were followed up to the end of the study.
The association existed only for persistent obesity, but not for transitory (unlikely) obesity. Maternal
exposure to high MF during pregnancy may be a new and previously unknown factor contributing to the
world-wide epidemic of childhood obesity/overweight.

T
he prevalence of childhood obesity is increasing rapidly and has reached epidemic proportions in both
industrialized and newly industrialized countries1–7. Such rapid increase signals severe public health chal-
lenges and medical care expenditures ahead, likely to increase by $48–66 billion per year in the U.S. alone8,

an alarming figure. The prevalence of obesity in US children is close to 20%1,3,9. The World Health Organization
has considered the increased prevalence of obesity a top public health challenge10,11. While the efforts to reduce
obesity have focused on changing diets and increasing physical activity with limited success, the causes of the
obesity epidemic during the last several decades remain unclear.

Diet and sedentary life style cannot totally explain such a steep world-wide increase in obesity across countries
with vastly differing dietary patterns and degrees of physical activity. Other environmental factors should be
seriously examined, especially in pregnancy, that may damage the formation and development of fetal endocrine
and metabolic systems, predisposing offspring to a higher risk of developing childhood obesity or becoming
overweight10,12,13. Pregnancy is a critical developmental stage that is (a) among the most vulnerable periods to
environmental insults, (b) susceptible to impacting multiple organ systems (an amplifying effect), and (c) more
likely to result in persistent changes to an individual’s adaptive physiology (long lasting consequences)14.

Among the limited studies examining environmental exposures during pregnancy on childhood obesity,
impacts of physical environmental risk factors have not been examined. One such potential invisible physical
risk factor is increasing man-made electromagnetic fields (EMFs) from microwave ovens to countless wireless
devices. This parallel in the epidemic of obesity/overweight with massively increased use of EMF-generating
appliances, and wireless networks and devices during the last a few decades warrants closer examination.

Studies have shown that EMFs could impact pregnancy outcomes and childhood diseases including asthma15–19,
Higher EMF has also been associated with diabetes in humans, and overweight and high glucose level in ani-
mals20,21. A recent study published in JAMA showed an EMF effect on glucose metabolism, which provides a direct
biological plausibility for a possible EMF effect on the risk of obesity22,23. In a recently published paper in Scientific
Reports, in-utero MF exposure has been associated with ADHD in offspring indicating an EMF effect on fetal
neurological development in mice24. Therefore, exposure to EMFs during pregnancy could potentially impact the
fetal development including fetal endocrine and metabolic systems, predisposing offspring to a higher risk of
obesity. To examine this possible association, we conducted a prospective cohort study by following a group of
children (up to 13 years) whose mothers participated in a study of effect of exposure to magnetic fields (MFs)
during the index pregnancy. Maternal MF exposure was measured objectively by a MF meter worn by participants
during pregnancy. Children’s weight information was obtained longitudinally from medical records.
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Results
Characteristics of the study population are presented in Table 1
according to in-utero MF exposure level. We examined maternal
factors, prenatal factors, childhood factors, outcome measures, and
other factors that may be potential confounders. Among 18 factors
examined, only family income and a childhood habit of eating fruits
and vegetables varied among the three maternal MF exposure
groups. However, there was no consistent pattern of MF exposure

with family income: women with either low or high family income
had lower MF exposure level than women with medium family
income. Children eating more fruits and vegetables tended to have
a mother who had higher MF exposure during pregnancy. There was
no difference among the three MF exposure groups in the average
number of weight measurements per child. The proportion of chil-
dren who remained in the KPNC system at the end of study (11 years
or older) was almost identical among the three groups.

Table 1 | Characteristics of the Study Population by In-utero Exposure to Magnetic Fields (MF)

90th Percentile MF

#1.5 mG 1.5–2.5 mG .2.5 mG Chi-square

Characteristics Category N5239 (%) N5218 (%) N5276 (%) p-value

Maternal factors
Age at delivery , 25 37 (15.5) 26 (11.9) 40 (14.5)

25–30 64 (26.8) 73 (33.5) 73 (26.5)
30–35 77 (32.2) 73 (33.5) 101 (36.6)
351 61 (25.5) 46 (21.1) 62 (22.5) 0.49

Education ,College 133 (55.7) 116 (53.5) 157 (56.9)
College degree 70 (29.3) 63 (29.0) 76 (27.5)
Graduate school 36 (15.1) 38 (17.5) 43 (15.6) 0.93

Race White 78 (32.6) 92 (42.4) 110 (39.9)
Black 18 (7.5) 12 (5.5) 19 (6.9)
Hispanic 54 (22.6) 44 (20.2) 58 (21.0)
Asian/Pacific Islander 73 (30.5) 60 (27.5) 77 (27.9)
Other/Unknown 16 (6.7) 10 (4.6) 12 (4.4) 0.55

Income ,$30,000 52 (22.9) 33 (16.1) 48 (18.2)
$30,000–60,000 79 (34.8) 88 (42.9) 131 (49.6)
$$60,000 96 (42.3) 84 (41.0) 85 (32.2) 0.01

Marital Status Single 13 (5.4) 8 (3.7) 17 (6.2)
Married 200 (83.7) 181 (83.0) 222 (80.4)
Live with partner 19 ( 8.0) 25 (11.5) 28 (10.1)
Other 7 (2.9) 4 (1.8) 9 (3.3) 0.66

Pre-pregnancy BMI # 25 164 (68.6) 154 (70.6) 195 (70.7)
.25 75 (31.4) 64 (29.4) 81 (29.4) 0.85

Pre-existing or gestational diabetes No 210 (90.5) 202 (95.7) 245 (92.1)
Yes 22 (9.5) 9 (4.3) 21 (7.9) 0.10

Number of previous live births 0 103 (43.1) 104 (47.7) 135 (48.9)
1 93 (38.9) 78 (35.8) 95 (34.4)
21 43 (18.0) 36 (16.5) 46 (16.7) 0.75

Index pregnancy factors
Maternal smoking during pregnancy No 217 (90.8) 200 (91.7) 249 (90.2)

Yes 22 (9.2) 18 (8.3) 27 (9.8) 0.84
Preterm Delivery No 219 (92.4) 206 (94.9) 252 (92.3)

Yes 18 (7.6) 11 (5.1) 21 (7.7) 0.45
Child sex Male 122 (51.1) 124 (56.9) 134 (48.6)

Female 117 (49.0) 94 (43.1) 142 (51.5) 0.18
Childhood characteristics
Breastfed No 16 (6.7) 23 (10.6) 26 (9.4)

Yes 223 (93.3) 194 (89.4) 250 (90.6) 0.32
Eat at least 5 servings of fruits and vegetables No 51 (40.2) 23 (20.9) 56 (35.7)
per dayb Yes 76 (59.8) 87 (79.1) 101 (64.3) 0.005
TV, computer, video game time limited to 1 hour No 24 (20.3) 15 (14.6) 32 (22.1)
per dayb Yes 94 (79.7) 88 (85.4) 113 (77.9) 0.32
Exercise at least 30–60 minutes per dayb No 14 (12.2) 9 (8.9) 13 (9.0)

Yes 101 (87.8) 92 (91.1) 131 (91.0) 0.64
Play any sportsb No 22 (19.5) 14 (14.4) 29 (20.9)

Yes 91 (80.5) 83 (85.6) 110 (79.1) 0.44
Outcome measurements
Number of weight measurements in analysis
(mean 6 sd)

11.3 6 5.6 10.9 6 6.0 11.3 6 6.0 0.74a

Other factors
Child still a Kaiser member at age 11 No 105 (43.9) 98 (45.0) 120 (43.5)

Yes 134 (56.1) 120 (55.1) 156 (56.5) 0.95
aP-value from ANOVA F test.
bChildhood characteristics from sub-sample of children whose data was collected at well-child visits.
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After controlling for child’s age at each weight measurement, child
gender, maternal age at delivery, maternal pre-pregnancy BMI, race,
education level, smoking during pregnancy, and breastfeeding, in-
utero exposure to medium/high MF level (90th percentile MF .

1.5 mG) was associated with 69 percent increased risk of being obese
or overweight during childhood (. 97.5th percentile the U.S
age-specific weight25), compared to lower in-utero MF level (#
1.5 mG), adjusted odds ratio (OR)51.69, 95% confidence interval
(CI): 1.01–2.84 (Table 2). There was a dose-response relationship
with increasing in-utero MF level being associated with increased
risk of obesity/overweight: a 50% increased risk of obesity/over-
weight for medium in-utero MF level (1.5–2.5 mG), and a 84%
increased risk for high in-utero MF level (.2.5 mG) with a statist-
ically significant trend test. Additional adjustment for maternal par-
ity, preexisting or gestational diabetes, family income, preterm
delivery, and childhood behaviors such as fruit and vegetable intake,
TV watching, and amount of exercise did not change the results.

Further examination of the association among the children for
whom we had a complete follow-up from birth to the end of study
(at least 11 years old) showed a stronger association between med-
ium/high (vs. low) in-utero MF exposure and the risk of obesity/
overweight (OR52.37, 95% CI: 1.13–5.00) as well as a stronger
dose-response relationship: in-utero MF level at 1.5–2.5 mG led to
1.85 times the risk of childhood obesity, and MF level . 2.5 mG led
to 2.80 times the risk, compared to MF level , 1.5 mG. The trend test
for the dose-response relationship was highly statistically significant
(p50.008) (Table 2). These results indicate that a more complete
follow up would have led to a stronger observed association.

To examine whether in-utero MF exposure is more likely to be
associated with persistent or temporary obesity/overweight, we con-
ducted subgroup analyses separately for children with persistent
obesity/overweight and those with transitory overweight among chil-
dren for whom we had complete follow-up. Children with persistent
obesity throughout the follow-up period were likely to be truly obese,
while those with occasional measurements reaching obesity level
were less likely to have true obesity. Table 3 shows that in-utero
MF exposure was much more strongly associated with persistent
obesity (OR54.97, 95% CI: 1.01–24.5) with a strong dose-response

relationship. In contrast, in-utero MF exposure was not associated
with temporary obesity/overweight (OR50.84, 95% CI: 0.43–1.63).

We also examined the interaction between in-utero MF exposure
and several known risk factors for childhood obesity. Among the four
risk factors we examined (high maternal pre-pregnancy BMI, mater-
nal pre-existing or gestational diabetes, smoking during pregnancy,
and a lack of breast-feeding), the MF effect on childhood obesity was
noticeably stronger in the presence of all these risk factors, although
the interaction with maternal smoking and a lack of breast-feeding
did not reach statistical significance (Table 4). Synergetic factors are
often, but not always, themselves independent risk factors26–28.

To examine the consistency of using weight and BMI measure-
ments, we examined the association separately for weight and BMI
among those who had those measurements at six years or older when
BMI measurement becomes more reliable. While the number of
measurements for BMI was significantly smaller than that for weight
(only about 36% weight measurements had height measurements at
the same time in this subgroup), the increased risk of obesity/over-
weight associated with in-utero MF exposure was consistent whether
weight alone or BMI was used as an outcome measure (Table 5). In
addition, the association was stronger in this older age group
(OR52.49 vs. 1.69 in all ages), probably reflecting their true obes-
ity/overweight at older ages rather than transitory obesity/over-
weight at younger ages.

Discussion
In this prospective cohort study, we present a new finding that a high
in-utero MF exposure level in pregnancy is associated with an
increased risk of childhood obesity. The association was further sup-
ported by (a) a dose-response relationship; (b) a strong association
with persistent obesity/overweight, but not with transitory over-
weight; and (c) interactions with known risk factors for childhood
obesity: a stronger observed effect in the presence of maternal high
BMI and pre-existing or gestational diabetes. Any unknown con-
founders would have to simultaneously account for all of these obser-
vations to explain away the association. On the other hand, these
several pieces of confirmatory evidence made biological sense and
pointed to an underlying association. The observed association and
supporting evidence provide the first epidemiological link between

Table 3 | In-utero Exposure to Magnetic Fields (MFs) and the Risk
of Obesity/Overweight in Offspring among Children with 11 or
more years of follow-up

MF exposure level1 N of Children aOR4 95% CI p-value

Persistent obesity/overweight2

#1.5 mG 68 Reference
.1.5 mG 168 4.97 1.01–24.5 ,0.05

Dose-response relation
1.5–2.5 mG 76 3.35 0.56–20.1 0.19
.2.5 mG 92 6.36 1.21–33.6 0.03

Transitory obesity/overweight3

#1.5 mG 87 Reference
.1.5 mG 186 0.84 0.43–1.63 0.61

Dose-response relation
1.5–2.5 mG 82 0.65 0.28–1.50 0.31
.2.5 mG 104 1.00 0.48–2.98 1.00

190th percentile of 24 hour MF exposure in milliGauss (mG).
2$50% of measurements met definition of obesity/overweight (.97.5 percentile of weight-for-age
based on CDC criteria 25) and the child remained obese/overweight at the end of follow up (vs.
never overweight).
3,50% of measurements were above the cutoff of obesity/overweight or the child was no longer
obese/overweight at the end of follow up (vs. never overweight)
4From logistic regression model, adjusted for child gender, maternal pre-pregnancy BMI, race,
education level, smoking during pregnancy, and breastfeeding. Further adjustment for maternal
age at delivery, parity, prior or gestational diabetes, income, preterm delivery, and childhood
characteristics such as fruit and vegetable intake, TV watching, and exercise did not change
results.

Table 2 | In-utero Exposure to Magnetic Fields (MFs) and the Risk
of Obesity/Overweight in Offspring

MF exposure level1 N of Children aOR2 95% CI p-value

All children
#1.5 mG 239 Reference
.1.5 mG 494 1.69 1.01–2.84 ,0.05

Dose-response relation
1.5–2.5 mG 218 1.50 0.81–2.77 0.20
.2.5 mG 276 1.84 1.05–3.22 0.03

Trend test
p50.03

Children with 111 years of follow-up
#1.5 mG 89 Reference
.1.5 mG 204 2.37 1.13–5.00 0.02

Dose-response relation
1.5–2.5 mG 89 1.85 0.76–4.56 0.17
.2.5 mG 115 2.80 1.29–6.08 ,0.01

Trend test
p50.008

190th percentile of 24 hour MF exposure in milliGauss (mG).
2adjusted odd ratio of obesity/overweight defined as .97.5 percentile of weight-for-age based on
CDC criteria24. Odds ratio from GEE model with repeated measurements, adjusted for child’s
exact age at each weight measurement, child gender, maternal age at delivery, maternal pre-
pregnancy BMI, race, education level, smoking during pregnancy, and breastfeeding. Further
adjustment for maternal parity, prior or gestational diabetes, income, preterm delivery, and
childhood characteristics such as fruit and vegetable intake, TV watching, and exercise did not
change results.
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ever increasing exposure to environmental MFs (especially in-utero
exposure) in the last few decades and the rapid rise in childhood
obesity during the corresponding decades. Given the world-wide
epidemic of childhood obesity/overweight as a leading public health
challenge, our findings, if confirmed by other studies, have the poten-
tial to reveal a new environmental risk factor for childhood obesity,
which may lead to prevention of childhood obesity.

While no studies have directly examined the association between
MF exposure and childhood obesity, a previous study from New

Zealand reported an association between high MF exposure and type
II diabetes20. More recently, a study demonstrated that EMF exposure
could impact cellular glucose activity level22. This finding has pro-
vided a direct possible mechanism to support our observed asso-
ciation. In addition, studies have shown that MF exposure during
pregnancy could have impact on the fetus leading to adverse fetal
outcomes and childhood diseases15–18. A recent publication in
Scientific Reports showed that in-utero exposure to radio frequency
EMF in mice could adversely impact neurological development in
offspring24. Therefore, it is biologically plausible that in-utero MF
exposure have an adverse effect on fetal development including the
metabolic and endocrine systems. Damaged metabolic and endocrine
systems could lead to childhood obesity. In addition, in-utero MF
exposure may be especially detrimental because the effect of envir-
onmental insults tend to be amplified both in terms of affecting
multiple organ systems and having long-lasting changes to physi-
ology such as the endocrine systems and hormone receptors14.

Compared to previous studies of EMF health effects, the current
study has several strengths. The most important strength is the pro-
spective nature of the study design. Maternal MF exposure was mea-
sured during pregnancy long before the occurrence of childhood
obesity/overweight. Compared to case-control studies, the prospect-
ive study design significantly reduces participation bias due to the
presence of outcomes under study. In addition, we were able to
measure MF exposure prospectively during pregnancy before the
onset of childhood obesity/overweight, reducing the measurement
bias. The previous case-control studies of EMF health effects could
only assess EMF exposure level retrospectively, usually based on
recall, surrogate measures, and assumptions. EMF level is unlikely
to be accurately measured retrospectively.

Table 4 | In-utero Exposure to Magnetic Fields (MFs) and the Risk of Obesity/Overweight in Offspring in Relation to Other Risk Factors
for Childhood Obesity

MF exposure level1 N of Children aOR2 95% CI (p-value) p-value for interaction3

Maternal pre-pregnancy BMI 0.001
#25
#1.5 mG 164 Reference
.1.5 mG 349 1.09 0.54–2.21 (0.81)
.25
#1.5 mG 75 Reference
.1.5 mG 145 2.91 1.33–6.33 (,0.01)

Maternal pre-existing or gestational diabetes 0.01
No
#.5 mG 210 Reference
.1.5 mG 447 1.43 0.83–2.44 (0.19)
Yes
#1.5 mG 22 Reference
.1.5 mG 30 11.01 1.42–85.58 (0.02)

Smoking during pregnancy 0.19
No
#1.5 mG 217 Reference
.1.5 mG 449 1.52 0.88–2.65 (0.14)
Yes
#1.5 mG 22 Reference
.1.5 mG 45 4.87 1.06–22.25 (0.04)

Breastfeeding 0.34
Yes
#1.5 mG 223 Reference
.1.5 mG 444 1.64 0.94–2.87 (0.08)
No
#1.5 mG 16 Reference
.1.5 mG 49 2.51 0.36–17.40 (0.35)

190th percentile of 24 hour MF exposure in milliGauss (mG).
2adjusted odd ratio of obesity/overweight defined as .97.5 percentile of weight-for-age based on CDC criteria24. Odds ratio from GEE model with repeated measurements, adjusted for child’s exact age at
each weight measurement, child gender, maternal age at delivery, maternal pre-pregnancy BMI, race, education level, smoking during pregnancy, and breastfeeding. Further adjustment for maternal
parity, prior or gestational diabetes, income, preterm delivery, and childhood characteristics such as fruit and vegetable intake, TV watching, and exercise did not change results.
3Interaction based on log-likelihood ratio test.

Table 5 | In-utero Exposure to Magnetic Fields (MFs) and the Risk
of Obesity/Overweight in Offspring over 6 Years of Age

MF exposure
level1 N of Children aOR2 95% CI p-value

Outcome measurements . age 6
Based on weight
#1.5 mG 169 Reference
.1.5 mG 347 2.49 1.22–5.07 0.01
Based on BMI
#1.5 mG 153 Reference
.1.5 mG 316 1.87 0.90–3.86 0.09
190th percentile of 24 hour MF exposure in milliGauss (mG).
2adjusted odd ratio of obesity/overweight defined as .97.5 percentile of weight/BMI-for-age
based on CDC criteria24. Odds ratio from GEE model with repeated measurements, adjusted for
child’s exact age at each weight measurement, child gender, maternal age at delivery, maternal
pre-pregnancy BMI, race, education level, smoking during pregnancy, and breastfeeding. Further
adjustment for maternal parity, prior or gestational diabetes, income, preterm delivery, and
childhood characteristics such as fruit and vegetable intake, TV watching, and exercise did not
change results.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 2 : 540 | DOI: 10.1038/srep00540 4



A second strength of the study is the objective measure of both MF
exposure level and weight. In most previous studies of EMF health
effects, due to the retrospective nature of the study design, MF level
was measured by participants’ recall, surrogates (e.g., distance to
power lines or current exposure to simulate past exposure), or indir-
ect measures. These crude measures contained significant measure-
ment errors. This type of non-differential misclassification tends to
mask the underlying true association and reduce the ability to detect
an existing relationship. In comparison, in this current study, preg-
nant mothers wore a meter that actually captured daily MF exposure
from all sources, providing a much more accurate assessment of their
daily MF exposure level during pregnancy. In addition, all weight
measurements were obtained from medical records, rather than self-
report, providing a more accurate recording of weight information
and age at the time of measurement. Also, the weight measurement
was taken by practitioners without knowledge of maternal MF expo-
sure level in pregnancy (blind).

As stated above, most children had multiple weight measurements
during the follow up period (up to 13 years). The median number of
weight measurements was 33 per child. Such longitudinal, multiple
measurements provided rich information on weight at different ages,
and also allow us to examine impact of maternal MF exposure on the
different type of obesity/overweight (persistent vs. transitory). The
observed strong association with persistent obesity, but no asso-
ciation with temporary overweight, further strengthens the argu-
ment for the underlying association between in-utero MF exposure
and childhood obesity, while arguing against confounders being
likely the explanation.

In addition to observing a dose-response relationship and a stron-
ger association with persistent obesity, not with transitory over-
weight, we also observed a statistically significant interaction be-
tween the MF effect and two other risk factors for childhood obesity:
maternal high BMI and pre-existing or gestational diabetes. Both
maternal high BMI and diabetes are known risk factors for childhood
obesity/overweight, and the association between in-utero MF expo-
sure and childhood obesity was much stronger in the presence of
these known risk factors. The existence of such a synergistic inter-
action further argues for an underlying association between in-utero
MF exposure and childhood obesity.

MF measurement errors, though significantly reduced in this pro-
spective study, might still have existed because we could only ask
women to wear the meter for 24 hours during pregnancy, thus, lead-
ing to misclassification of MF exposure. Given the prospective study
design, the non-differential misclassification (i.e., the same degree of
misclassification to everyone) would generally lead to attenuation of
observed associations. Without such misclassification, the observed
association would have been even stronger. To test this hypothesis,

we conducted a sensitivity analysis by stratifying on whether the MF
measurement was conducted during a typical day or a non-typical
day of pregnancy. It is reasonable to expect that measurements taken
on a typical day reflect the MF exposure during pregnancy more
accurately, thus less non-differential misclassification, while mea-
surements taken on a non-typical day may contain more errors. As
shown in Table 6, we indeed observed that less measurement error
(i.e., measured on a typical day) led to a slightly stronger observed
association (odds ratio51.86) compared to more measurement error
on a non-typical day (odds ratio51.59). Therefore, had we had less
measurement errors, the observed association between in-utero MF
exposure and childhood obesity/overweight would have been stron-
ger than those presented in Table 2. The same principle applies to a
lack of information on MF exposure after birth (see supplemental
materials for details). Because we only had one 24-hour measure-
ment, we were not able to evaluate the timing effect of MF exposure
during pregnancy.

Another limitation is a lack of corresponding height information for
more than 60% of weight measures; thus we used weight as a primary
measure for overweight/obesity. However, the results in Table 5 indi-
cate that using BMI or weight as the outcome measure showed a
similar association, although BMI results did not reach statistical sig-
nificance due to significantly reduced number of measurements.

In conclusion, our study provides the first epidemiologic link
between in-utero MF exposure and childhood obesity/overweight.
Given the worldwide epidemic of childhood obesity and ubiquitous
MF exposure, this finding, if confirmed by other studies, could have
implications for possibly reducing childhood obesity and under-
standing the obesity epidemic.

Methods
A prospective cohort study was originally conducted to examine the effect of MF
exposure during pregnancy on the risk of adverse pregnancy outcomes in Kaiser
Permanente Northern California (KPNC) from 1996–199816. The study was
approved by the KPNC Institutional Review Board and informed consent was
obtained from all participants.

Subject recruitment. All women who had a positive pregnancy test were identified.
We recruited 1,063 women early in gestation (5–13 weeks) and 829 of them delivered
a live-born infant. We excluded 28 children who did not receive pediatric care in our
KPNC system.

In-person interview. Participating women were interviewed in-person during
pregnancy to collect information on risk factors for adverse pregnancy outcomes,
reproductive history, potential confounders and socio-demographic characteristics.

Exposure measurement: magnetic fields. EMF consists of both electric and
magnetic fields. Because we used EMDEX-II meters that measure only magnetic
fields, hereafter we will refer to our exposure as magnetic fields (MF). Participating
women wore an EMDEX-II meter for 24 hours to measure their actual MF exposure
from all sources. The meter collected MF measurements in the frequency range of 40–
800 Hz every 10 seconds. The meter was specifically programmed only to show the
time of day without displaying any actual MF exposure level so that participants were
not aware of their MF exposure. This design was to prevent any changes in routine
daily activities due to the MF level displayed. Participants were also asked to keep a
diary of their daily activities during the measurement period. At the end of the study,
each participant was asked to rate the past 24 hours as a typical or non-typical day
during pregnancy. The unit of MF level was measured in milliGauss (mG). We
excluded 67 without complete 24 hour MF measurements. MF measurements for
more than 90% of participants were conducted during the first trimester. The median
gestational age at measurement was 71 days.

Outcome measurement: longitudinal weight information in offspring. Medical
charts of children were reviewed to obtain information on weight and height from
birth until they either (a) left the KPNC system or (b) the end of the study period (June
31, 2010). After excluding one child with no information on weight or height, 733
mother-infant pairs were included in the final analyses.

Most children (99.5%) had multiple measurements for weight and height, pro-
viding more detailed information on a child’s growth pattern. The median number of
measurements for weight per child was 33 and the number was 13 per child for height
measurements. If both weight and height were measured on the same day, body mass
index (BMI) was calculated.

BMI in children is not as good a measure of obesity as in adults and height in
children is not as accurately measured as weight9. In addition, there were far fewer

Table 6 | In-utero Exposure to Magnetic Fields (MFs) and the Risk
of Obesity/Overweight in Offspring, Stratified by Typical and
Non-typical day

MF exposure level1 N of Children aOR2 95% CI p-value

Typical day
#1.5 mG 147 Reference
.1.5 mG 320 1.86 (0.98–3.55) 0.06
Non-typical day
#1.5 mG 92 Reference
.1.5 mG 174 1.59 (0.67–3.76) 0.29
190th percentile of 24 hour MF exposure in milliGauss (mG).
2adjusted odd ratio of obesity/overweight defined as .97.5 percentile of weight-for-age based on
CDC criteria24. Odds ratio from GEE model with repeated measurements, adjusted for child’s
exact age at each weight measurement, child gender, maternal age at delivery, maternal pre-
pregnancy BMI, race, education level, smoking during pregnancy, and breastfeeding. Further
adjustment for maternal parity, prior or gestational diabetes, income, preterm delivery, and
childhood characteristics such as fruit and vegetable intake, TV watching, and exercise did not
change results.
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BMI measurements than weight measurements; more than 60% of weight measure-
ments would have been lost due to a lack of height information. Thus, we used weight
as the primary measure for overweight/obesity. The 2000 CDC growth charts29 were
used to determine age-specific percentile in weight. To reflect the secular increase of
obesity/overweight in the US population, we used 97.5th percentile (the mid-point
between 95th and 100th percentiles) as the cutoff for obesity leading to 12.9% being
classified as obese. To verify the consistency between using weight criterion alone and
using BMI, we compared classification of being obese/overweight by both criteria
among a subset of children who had both measurements. For measurements over age
6 (when BMI measurement is more reliable), 98.9% of those classified as
obese/overweight by the weight criterion were also classified as obese by BMI cutoff at
95th percentile.

To avoid excessive numbers of weight measurements in a short time period, we
selected one weight measurement roughly every six months (when available) to reflect
a reasonable measure of growth pattern while reducing unnecessary measurement
variation within a short time period due to redundancy.

To separate those children with persistent obesity/overweight throughout their life
from those children with temporary or transitory overweight, we considered children
who were more likely to be truly obese (i.e., persistent) if (a) at least 50% of their
measurements throughout the follow-up period were above 97.5th percentile cutoff for
obesity, and (b) their last measurement must also meet the cutoff for obesity, indicating
that they remained obese at the end of the follow-up period (at least 11 years old).

Potential Confounders. Although MF exposure is not related to commonly known
social, demographic and behavioral factors16, we evaluated many of these variables to
verify. Information on some childhood behaviors such as eating habits, TV watching
time, and amount of exercise was only available for a subset of children (42–46%)
from the KPNC electronic medical records. Thus, the evaluation of potential
confounders for childhood factors was conducted among the subset of participants
with such information available.

Data analysis. Logistic regression for repeated measurements was used to obtain
point and interval estimates of association (odds ratios) after controlling for
confounders. Regression coefficients and associated robust standard error estimates
were estimated via generalized estimating equations, accounting for the non-
independence of the multiple longitudinal measurements per child30. We assumed an
autoregressive working correlation structure, given that nearby weight measurements
are more highly correlated than measurements far apart. Alternative working
correlation structures (i.e., exchangeable and unstructured) were examined in
sensitivity analyses, and results were consistent.

We also examined the same association among a subset of children for whom we
had complete follow-up of weight measurements from their birth to the end of the
study (11 years or older) to verity whether a more complete follow-up leads to a better
assessment of the association. We examined the relationship of in-utero MF exposure
separately with persistent obesity/overweight (yes/no) and temporary overweight
(yes/no) in this subgroup, using logistic regression without repeated measurement.

Children’s age at each weight measurement was included in all models to ensure
that age-specific weight was compared. Although most variables evaluated were not
confounders, we included in the final model the common socio-demographic vari-
ables such as maternal age, education and race/ethnicity, and the main risk factors for
childhood obesity/overweight such as maternal pre-pregnancy BMI and smoking
during pregnancy, as well as child’s gender and history of breastfeeding.

We used 90th percentile MF level to measure maternal MF exposure during preg-
nancy. MF level at 90th percentile represents the top ten percent of MF levels in the 24-
hour measurement period, which is equivalent to 2.4 hours of the highest MF exposure
every day. For 90th percentile MF exposure level, we used tertiles to divide 90th per-
centile MF exposure into three levels: low (, 1.5 mG), medium (1.5–2.5 mG), high
(.2.5 mG). We first compared low vs. medium/high to determine whether maternal
MF exposure level in pregnancy had any relationship with the risk of overweight/
obesity in offspring. Once the association was observed, we then separated medium and
high MF levels to determine whether there was a dose-response relationship.
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