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Results from studies evaluating potential effects of prenatal exposure to radio-frequency electromagnetic fields
from cell phones on birth outcomes have been inconsistent. Using data on 55,507 pregnant women and their
children from Denmark (1996–2002), the Netherlands (2003–2004), Spain (2003–2008), and South Korea
(2006–2011), we explored whether maternal cell-phone use was associated with pregnancy duration and fetal
growth. On the basis of self-reported number of cell-phone calls per day, exposure was grouped as none, low (ref-
erent), intermediate, or high. We examined pregnancy duration (gestational age at birth, preterm/postterm birth),
fetal growth (birth weight ratio, small/large size for gestational age), and birth weight variables (birth weight, low/
high birth weight) andmeta-analyzed cohort-specific estimates. The intermediate exposure group had a higher risk
of giving birth at a lower gestational age (hazard ratio = 1.04, 95% confidence interval: 1.01, 1.07), and exposure-
response relationships were found for shorter pregnancy duration (P < 0.001) and preterm birth (P = 0.003). We
observed no association with fetal growth or birth weight. Maternal cell-phone use during pregnancy may be asso-
ciated with shorter pregnancy duration and increased risk of preterm birth, but these results should be interpreted
with caution, since theymay reflect stress during pregnancy or other residual confounding rather than a direct effect
of cell-phone exposure.

birth outcomes; cell phones; exposure; preterm birth; radio-frequency electromagnetic fields

Abbreviations: ABCD, Amsterdam Born Children and Their Development Study; CI, confidence interval; DNBC, Danish National
Birth Cohort; 2G, second-generation; 3G, third-generation; HR, hazard ratio; INMA, Spanish Environment and Childhood Project;
LGA, large for gestational age; MOCEH, Korean Mothers and Children’s Environment Health Study; OR, odds ratio; RF-EMF,
radio-frequency electromagnetic fields; SD, standard deviation; SGA, small for gestational age.

Cell-phone use has rapidly increased during the last several
decades (1). Cell phones generate radio-frequency electromag-
netic fields (RF-EMF), resulting in local exposure of the
human body to RF-EMF. Concerns have been raised regarding
the potential effects of RF-EMF exposure on human health.
Short-term exposure in adults is regarded as safe; however,
potential health effects of long-term exposure and exposure of
fetuses and children are not well studied (2, 3).

The interpretation of results from epidemiologic studies
evaluating health effects of RF-EMF exposure from cell-phone

use is challenging. Because of the technical evolution of mobile
communication systems, similar levels of cell-phone use do not
necessarily induce similar levels of RF-EMF exposure. Users’
exposure to RF-EMF from third-generation (3G) devices is
much lower than that from second-generation (2G) devices (4).
More recent technologies (4G/5G) also differ from 3G devices,
though less, in terms of users’ exposure.

Exposure to RF-EMF during pregnancy could affect the
growth and development of the fetus and the duration of
pregnancy, either directly due to radiation of the fetus and
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placenta or indirectly as a result of altered maternal physiol-
ogy. Some animal studies have shown an association with
steroidogenesis and lower birth weight in offspring (5, 6).
However, not all animal studies support an association with
adverse birth outcomes (7, 8). During cell-phone calling and
texting, abdominal exposure is low and modeling studies
estimate that the exposure levels of the human fetus are very
low (9–12), although an experimental study in humans has
shown that abdominal RF-EMF exposure may affect placen-
tal function (13). In addition, an association between RF-
EMF exposure and thyroid dysfunction has been indicated in
animal studies (14, 15).

Previous epidemiologic studies have given inconsistent re-
sults. In a cohort study from Turkey (n = 500), Col-Araz (16)
retrospectively assessed cell-phone use and reported shorter
pregnancy duration and increased risk for preterm birth. In a
cohort study from Iran (n = 1,200), Mortazavi et al. (17)
found no association with birth weight. In a much larger sam-
ple from Norway (n = 100,231), Baste et al. (18) found no
association between cell-phone use and low birth weight, pre-
term birth, or small-for-gestational-age (SGA) birth.

Taking into account the ubiquity of cell-phone use, an
effect on birth outcomes, even small, may have considerable
public health impact. Our aim in this study was to explore
the possible association of maternal cell-phone use with
pregnancy duration and fetal growth in 4 birth cohorts from
Denmark, the Netherlands, Spain, and South Korea.

METHODS

Study population

Our analysis was conducted within 4 population-based
birth cohort studies participating in the Generalized EMF
Research Using Novel Methods (GERoNiMO) Project
(19)—namely, the Danish National Birth Cohort (DNBC)
(20, 21), the Amsterdam Born Children and Their Develop-
ment Study (ABCD) (22), the Spanish Environment and
Childhood Project (INMA) (23), and the Korean Mothers
and Children’s Environment Health Study (MOCEH) (24).
In total, 113,319 pregnant women were enrolled in these co-
horts from 1996 to 2011. All participants gavewritten informed
consent, and each cohort study received ethical approval from
local research ethics committees. Our inclusion criteria were the
availability of information on frequency of cell-phone calls
(both incoming and outgoing) during pregnancy, child’s birth
weight, and gestational age at birth. Mother-child pairs were
excluded in the case of multiple pregnancy, if a spontaneous
abortion occurred (gestational age at birth<20 weeks; n = 39),
or if records of birth outcomes were implausible (i.e., if gesta-
tional age at birth was ≥47 weeks (n = 27) and/or birth weight
was more than 4 standard deviations away from the mean for
gestational age, based on birth-weight reference curves (n =
126)). National sex-specific birth-weight reference curves rele-
vant to the study period were available for the Netherlands
(ABCD) (25), Spain (INMA) (26), and South Korea (MOCEH)
(27). In DNBC, the Norwegian reference curves were used,
because of unavailability of national Danish curves developed
with similar methodology and relevant to the study period

(28). In total, 55,507 mother-child pairs met our inclusion
criteria (Table 1).

Maternal cell-phone use during pregnancy

The mothers from DNBC and ABCD reported their fre-
quency of cell-phone calls during pregnancy 7 years postna-
tally. In INMA and MOCEH, similar questionnaires were
given to the mothers during pregnancy. To be consistent with
previous analyses within these cohorts (29), we classified ex-
posure into 4 categories (none, low, intermediate, and high)
based on available information regarding daily frequency of
cell-phone calls during pregnancy (Table 2). During the enroll-
ment period of DNBC, 2G devices were used; in the more
recent cohorts, 3G and 2G devices were used alongside each
other. Thus, RF-EMF exposure from similar cell-phone use
should have been higher in DNBC, on average, and lower in
the more recent cohorts.

Pregnancy duration and fetal growth outcomes

We defined all outcomes of this study a priori. We exam-
ined pregnancy duration, using gestational age at birth, pre-
term birth (≤36 completed weeks), and postterm birth (>42
completed weeks); fetal growth, using birth weight ratio,
SGA birth, and large-for-gestational-age (LGA) birth; and birth
weight, low birth weight (≤2,499 g), and high birth weight
(≥4,000 g), which reflect both pregnancy duration and fetal
growth. Birth weight ratio was defined as the observed birth
weight divided by the median birth weight from a national
birth-weight reference curve (30), SGA birth as birth weight
below the 10th percentile, and LGA birth as birth weight
above the 90th percentile.

In DNBC, gestational age at birth was reported bymidwives
on the basis of the woman’s last menstrual cycle and ultra-
sound examinations. In INMA, the date of the last menstrual
cycle was used, if this was consistent with the ultrasound-
based estimate (≤7 days’ difference); otherwise, the ultrasound
estimate was used. Women for whom this difference exceeded
3 weeks were removed from the study. In ABCD and
MOCEH, gestational age at birth was defined on the basis of
ultrasound examinations during pregnancy; if this information
was not available, calculation of gestational age at birth was
based on the last menstrual period.

Covariate data

We preselected the following covariates for the adjusted
statistical models: maternal age at child’s birth (a natural
spline term with 3 degrees of freedom), parity, active and
passive smoking during pregnancy, alcohol consumption
during pregnancy, prepregnancy body mass index (weight
(kg)/height (m)2; a natural spline term with knots at cut-
off values between underweight, normal, and overweight as
appropriate for Caucasian and Asian populations) (31), height,
educational level, socioeconomic position, and marital status.
In addition, geographical region was a covariate for the analysis
carried out within themulticenter cohorts (INMA andMOCEH)
and maternal country of birth (European/non-European) for the
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analysis carried out within the DNBC, ABCD, and INMA co-
horts, where this was heterogeneous. Data regarding the afore-
mentioned variables were self-reported in questionnaires or
telephone interviews during pregnancy or after birth. Defini-
tions of covariates by cohort are provided in Web Tables 1–4
(available at https://academic.oup.com/aje).

Statistical analysis

Multiple imputation by chained equations was used for
missing values in the covariates of the adjusted statistical
models. It was performed in the study population and sepa-
rately for each cohort. All covariates—apart from geographi-
cal region—and all study outcomes were used as predictors,
and 20 complete data sets were obtained (32).

In each cohort, maternal characteristics and pregnancy
duration and fetal growth outcomes were characterized by ex-
posure group, using mean values and proportions as appropri-
ate. Modified Wald (33), χ2, and Fischer exact tests were
performed to detect any difference between the exposure
groups (Web Tables 1–4).

For the analyses of birth weight and birth weight ratio, we
used multiple linear regression models. To achieve normality
of residuals, we excluded preterm neonates from the analysis
of birth weight. Gestational age at birth was treated as time
from conception to birth, and Cox proportional hazards mod-
els were used (34). To meet the assumption of proportional
hazards, we used parity status, active and passive smoking,
and alcohol consumption as stratifying variables. For the
analyses of low and high birth weight, preterm and postterm
birth, and SGA and LGA birth, we used logistic regression
models. In all statistical models, the low exposure group was
the reference group, because of the very low proportions of
women reporting no use of cell phones during pregnancy in
ABCD, INMA, andMOCEH (Table 2).

The calculated unadjusted and adjusted cohort-specific esti-
mates were meta-analyzed using random-effects models. INMA
was excluded from the meta-analysis of the odds ratios of the
unexposed group for postterm birth, because there were no cases
in that group (Web Table 3). Similarly, MOCEH was excluded
from the meta-analysis of odds ratios of the unexposed group
for postterm birth and low birth weight (Web Table 4). We re-
fitted the adjusted statistical models described above with a con-
tinuous exposure variable and meta-analyzed the obtained
estimates with a random-effects model. The corresponding
P value is the reported statistical significance of the linear
trend.

We performed the following sensitivity analysis: 1) complete-
case analysis, to assess the influence of multiple imputation;
2) analysis with binary exposure (none/low vs. intermediate/
high), to achieve maximum statistical power while including the
unexposed and highly exposed mothers in the comparisons;
3) analysis of low birth weight restricted to nonpreterm neo-
nates, to assess whether the results of primary analysis were
driven by preterm births; 4) analysis of birth weight ratio,
SGA, and LGA in DNBC using the observed birth weight
percentiles per gestational age, to assess the impact of using
the Norwegian reference curves in our primary analysis;
5) meta-analysis of results excluding one cohort at a time, to
assess the influence of each cohort on our pooled estimates;T
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and 6) meta-analysis of cohorts with retrospective exposure
assessment (DNBC and ABCD) versus prospective exposure
assessment (INMA and MOCEH), to assess the effect of recall
error.

All analyses were performed using R statistical software
(version 3.4.0; R Foundation for Statistical Computing, Vienna,
Austria) (35) and the following software packages: “tableone”
(36), “mice” (37), “miceadds” (38), “splines” (35), “survival”
(39, 40), and “metafor” (41).

RESULTS

Descriptive statistics

In our study population of 55,507mother-child pairs, mean
birth weight was 3,578 (standard deviation (SD), 547) g;
1,448 (2.61%) children were born with low birth weight and
12,188 (21.96%) with high birth weight (Table 3). The aver-
age gestational age at birth was 39.98 (SD, 1.67) weeks;
2,271 (4.09%) children were born preterm and 3,170 (5.71%)
postterm. The distribution of gestational age at birth was left-
skewed and indicative of right-censoring, because of the cesar-
ean deliveries and induced vaginal labors. The incidence of post-
term birth varied between 6% in DNBC and 0.6% in MOCEH.
Regarding fetal growth, the mean birth weight ratio was 1.01
(SD, 0.13); 3,535 children (6.37%) were born SGA and 8,287
(14.93%) LGA. Incidence of SGA and LGA was closer to the
expected 10% in theABCD, INMA, andMOCEH cohorts.

With respect to maternal cell-phone use during pregnancy,
55% of the mothers were classified in the unexposed group,
23% in the low-exposure group, 15% in the intermediate-
exposure group, and 7% in the high-exposure group (Table 2).
In the older cohort (DNBC), cell-phone use was less frequent
(61% unexposed). In all 4 cohorts, mothers with higher cell-
phone use during pregnancy were more often primiparous,
were more likely to smoke during pregnancy, and were more
likely to be exposed to secondhand smoke (Web Tables 1–4).
In the ABCD, INMA, and MOCEH cohorts, higher maternal
cell-phone use was associated with a higher educational level;
however, the opposite was seen in the DNBC cohort.

Adjusted associations ofmaternal cell-phone use with
pregnancy duration and fetal growth outcomes

With respect to pregnancy duration, the intermediate-
exposure group had a higher risk of giving birth at a lower
gestational age compared with the low-exposure group (haz-
ard ratio (HR) = 1.04, 95% confidence interval (CI): 1.01,
1.07) (Table 4, Web Figure 1). The hazard ratios for the other
exposure groups were closer to unity (unexposed: HR =
0.99 (95% CI: 0.97, 1.01); highly exposed: HR = 1.02 (95%
CI: 0.98, 1.06)), but a linear trend was observed (P < 0.001).
In the analysis of preterm birth, a linear trend was observed
(P = 0.003), though none of the odds ratios reached statisti-
cal significance (unexposed: odds ratio (OR) = 0.96 (95%
CI: 0.86, 1.07); intermediate exposure: OR = 1.12 (95%
CI: 0.97, 1.28); highly exposed: OR = 1.28 (95% CI: 0.87,
1.88)) (Table 4, Figure 1). For postterm birth, a significant
odds ratio (OR = 0.85, 95% CI: 0.75, 0.97) was observed
only for the intermediate-exposure group, but there was no
linear trend in the results (P = 0.86) (Table 4, Web Figure 2).
No association of maternal cell-phone use with fetal growth
was detected in any of the examined outcomes (birth weight
ratio, SGA, and LGA) (Table 4, Web Figures 3–5). Regard-
ing birth weight, no association or linear trend was observed
within the nonpreterm neonates (Web Figure 6); similarly,
the odds of high birth weight did not differ from unity (Web
Figure 7). In the analysis of low birth weight, we observed a
significant decrease in the odds for the unexposed group
(OR = 0.87, 95% CI: 0.76, 1.00) and a linear trend (P =
0.01) (Table 4, Web Figure 8). Note that 65% (n = 947) of
the low-birth-weight cases were also born preterm. All
cohort-specific unadjusted and adjusted estimates are shown
inWeb Tables 5 and 6.

Sensitivity analyses

In the complete-case analysis, all estimates lost statistical
significance; however, the confidence intervals overlapped
with the ones from the primary analysis, and the direction of
the associations did not change for the outcomes related to
pregnancy duration (Web Tables 7 and 8). When excluding

Table 2. Classification of Cell-Phone Exposure in 4 Cohorts Included in an Analysis of Maternal Cell-Phone Use During Pregnancy and Birth
Outcomes, 1996–2011

Exposure Classificationa

Study Cohort
Total (n = 55,507)

DNBC (n = 49,668) ABCD (n = 2,597) INMA (n = 1,934) MOCEH (n = 1,308)

No. of Pairsb % No. of Pairs % No. of Pairs % No. of Pairs % No. of Pairs %

None 30,185 60.8 180 6.9 53 2.7 15 1.2 30,433 54.8

Low 10,860 21.9 1,125 43.3 703 36.4 242 18.5 12,930 23.3

Intermediate 6,172 12.4 703 27.1 753 38.9 642 49.1 8,270 14.9

High 2,451 4.9 589 22.7 425 22.0 409 31.3 3,874 7.0

Abbreviations: ABCD, Amsterdam Born Children and Their Development Study; DNBC, Danish National Birth Cohort; INMA, Spanish Environ-
ment and Childhood Project; MOCEH, KoreanMothers and Children’s Environment Health Study.

a In the DNBC, ABCD, and INMA cohorts, no exposure corresponded to no cell-phone use, low exposure to ≤1 calls/day, intermediate exposure
to 2–3 calls/day, and high exposure to ≥4 calls/day. In the MOCEH cohort, no exposure corresponded to no cell-phone use, low exposure to ≤2
calls/day, intermediate exposure to 3–5 calls/day, and high exposure to≥6 calls/day.

b Number of mother-child pairs.
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one cohort at a time, similar results were obtained. However,
the odds ratios for postterm birth were unstable (Web Ta-
bles 8 and 9). In the meta-analysis stratified by timing of cell-
phone use data collection, we observed that the pooled odds
ratios for postterm birth in the primary analysis were driven
by the DNBC and ABCD studies, which were conducted ear-
lier and had retrospective exposure assessment (Web Ta-
bles 8 and 10). In addition, the odds ratio for preterm birth
gained statistical significance in the highly exposed group
within the cohorts with prospective exposure assessment
(OR = 2.03, 95% CI: 1.22, 3.39) (Web Tables 8 and 10). In
the analysis with binary exposure, we observed an increased
risk of giving birth at a lower gestational age (HR = 1.04,
95% CI: 1.02, 1.07) and increased odds of preterm birth
(OR = 1.16, 95% CI: 1.05, 1.29) for the mothers who used
their cell phones more often during pregnancy (Web Tables 8
and 11). The estimates for all of the other outcomes did not
differ from unity (Web Table 11). No association of maternal
cell-phone use during pregnancy with fetal growth or birth
weight was detected in any of the sensitivity analyses (Web
Tables 7, 9, 12, and 13). In particular, there was no associa-
tion between maternal cell-phone use during pregnancy and
low birth weight when the analysis was restricted to nonpre-
term neonates (Web Table 13).

DISCUSSION

In this study, we examined the association of prenatal
maternal cell-phone use with pregnancy duration and fetal
growth outcomes in 4 general population birth cohorts. After
adjusting for potential confounders, we found no association
with fetal growth, but we observed an association with

pregnancy duration. Women who reported more frequent
calling had higher risk of giving birth at a lower gestational
age compared with those reporting less frequent calling. This
association was mainly driven by the preterm births; no asso-
ciation with postterm births was observed within the more
recent cohorts (INMA and MOCEH), where postterm births
were more rare. This association with pregnancy duration
was reasonably stable across the cohorts, although in the
Dutch cohort (ABCD) risk estimates were in the opposite
direction. Notably, the association was more pronounced in
the more recent cohorts (INMA andMOCEH), in which cell-
phone use had been prospectively assessed during preg-
nancy, even though their RF-EMF exposure was expected to
be lower than that in the older cohorts because of the increas-
ing use of 3G devices.

To date, there have been few studies which examined the
association of prenatal maternal cell-phone use with birth
outcomes. Although our results for preterm birth are in line
with those of a previous study from southern Turkey (16), an
analysis of more than 100,000 births from Norway did not
find such an association (18). However, unlike our study,
those studies did not control for marital status, maternal edu-
cational level, or socioeconomic position. Maternal sociode-
mographic characteristics correlate with cell-phone use and
birth outcomes, and the direction of the association with cell-
phone use has been shown to differ between populations
(42–45). Thus, residual confounding may contribute to the
discrepancy between the results for preterm birth; however,
it is not possible to determine the direction in which the re-
sults may have been affected.

In our study, we observed an association of maternal cell-
phone use during pregnancy with pregnancy duration, but

Table 3. Pregnancy Duration and Fetal GrowthOutcomes in an Analysis of Maternal Cell-Phone Use During Pregnancy and Birth Outcomes,
1996–2011

Pregnancy Duration or Fetal
Growth Outcome

Study Cohort
Total (n = 55,507)

DNBC (n = 49,668) ABCD (n = 2,597) INMA (n = 1,934) MOCEH (n = 1,308)

No. of Pairsa % No. of Pairs % No. of Pairs % No. of Pairs % No. of Pairs %

Birth weight, gb 3,602 (547) 3,503 (521) 3,262 (461) 3,261 (441) 3,578 (547)

Low birth weight (≤2,499 g) 1,248 2.51 77 2.96 89 4.60 34 2.60 1,448 2.61

High birth weight (≥4,000 g) 11,598 23.35 424 16.33 108 5.58 58 4.43 12,188 21.96

Gestational age at birth, weeksb 40.00 (1.67) 39.93 (1.61) 39.83 (1.60) 39.19 (1.60) 39.98 (1.67)

Preterm birth (≤36 completed
weeks)

2,025 4.08 117 4.51 65 3.36 64 4.89 2,271 4.09

Postterm birth (>42 completed
weeks)

2,982 6.00 108 4.16 72 3.72 8 0.61 3,170 5.71

Birth weight ratiob,c 1.01 (0.13) 1.01 (0.12) 1.01 (0.12) 1.01 (0.12) 1.01 (0.13)

SGA birth (<10th percentile) 3,030 6.10 206 7.93 182 9.41 117 8.94 3,535 6.37

LGA birth (>90th percentile) 7,660 15.42 276 10.63 205 10.60 146 11.16 8,287 14.93

Abbreviations: ABCD, Amsterdam Born Children and Their Development Study; DNBC, Danish National Birth Cohort; INMA, Spanish Environ-
ment and Childhood Project; LGA, large for gestational age; MOCEH, Korean Mothers and Children’s Environment Health Study; SD, standard
deviation; SGA, small for gestational age.

a Number of mother-child pairs.
b Values are expressed asmean (standard deviation).
c Birth weight ratio was defined as observed birth weight divided by themedian birth weight from a national birth-weight reference curve (30).
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Table 4. Results From aMeta-Analysis of the Associations of Maternal Cell-PhoneUse During PregnancyWith
Pregnancy Duration and Fetal GrowthOutcomes, 1996–2011

Birth Outcomea and Category of
Maternal Cell-Phone Useb

No. of
Cases Unadjusted Results Adjusted Results P for

Trendc

MD 95%CI MDc 95%CI

Birth weight in nonpreterm neonates, g 0.093

None 11.68 0.81, 22.54 −11.15 −53.24, 30.94

Low 0 Referent 0 Referent

Intermediate −16.20 −35.13, 2.73 −8.17 −21.34, 5.00

High −11.84 −29.88, 6.20 −2.56 −19.90, 14.78

Birth weight ratio 0.392

None 0.00 0.00, 0.01 0.00 −0.00, 0.00

Low 0 Referent 0 Referent

Intermediate −0.00 −0.01, 0.01 −0.00 −0.00, 0.00

High −0.00 −0.01, 0.00 0.00 −0.00, 0.00

OR 95%CI ORc 95%CI

Low birth weight 0.011

None 684 0.81d 0.71, 0.93 0.87d 0.76, 1.00

Low 373 1.00 Referent 1.00 Referent

Intermediate 251 1.04 0.89, 1.23 0.95 0.81, 1.13

High 140 1.23 1.01, 1.51 1.13 0.92, 1.40

High birth weight 0.268

None 7,244 1.02 0.87, 1.20 0.92 0.68, 1.24

Low 2,739 1.00 Referent 1.00 Referent

Intermediate 1,543 0.92 0.82, 1.03 0.96 0.83, 1.10

High 662 0.89 0.77, 1.04 0.93 0.78, 1.11

Preterm birth 0.003

None 1,145 0.90 0.80, 1.00 0.96 0.86, 1.07

Low 539 1.00 Referent 1.00 Referent

Intermediate 393 1.17 1.02, 1.34 1.12 0.97, 1.28

High 194 1.21 1.02, 1.44 1.28 0.87, 1.88

Postterm birth 0.863

None 1,799 0.92e 0.84, 1.00 0.98e 0.89, 1.07

Low 770 1.00 Referent 1.00 Referent

Intermediate 400 0.87 0.77, 0.98 0.85 0.75, 0.97

High 201 1.06 0.82, 1.37 0.98 0.83, 1.16

SGA birth 0.872

None 1,779 0.90 0.82, 0.98 0.94 0.86, 1.03

Low 877 1.00 Referent 1.00 Referent

Intermediate 608 1.05 0.87, 1.26 1.03 0.88, 1.21

High 272 0.95 0.82, 1.10 0.94 0.78, 1.13

LGA birth 0.488

None 4,773 1.01 0.95, 1.08 0.98 0.92, 1.04

Low 1,916 1.00 Referent 1.00 Referent

Intermediate 1,112 0.92 0.85, 1.00 0.97 0.89, 1.05

High 490 0.89 0.80, 0.99 0.93 0.83, 1.04

Table continues
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not with fetal growth. Since fetal exposure is very low during
cell-phone calls (9–12), for the interpretation of these results
we considered the potential effect of RF-EMF on maternal
head and neck structures, as well as indirect pathways related
to the use of cell phones rather than the radiation per se.
Animal studies have suggested that RF-EMF exposure may
result in minor thyroid gland dysfunction (14, 15). Addition-
ally, higher preconception thyroid-stimulating hormone levels
and subclinical hypothyroidism during pregnancy have been
associated with higher risks of miscarriage and preterm birth
(46–49). Thus, the increased risk for giving birth preterm
among heavier users of cell phones that we observed could
be mediated by mild thyroid dysfunction. However, the asso-
ciation of RF-EMF exposure from cell-phone use with thyroid
function is not established, and large-scale epidemiologic
studies on the topic are lacking. Increased oxidative stress has
also been considered (50). However, it is not clear whether
the elevation of radical oxygen species resulting from local
RF-EMF exposure is of such an extent in humans that it could
trigger systematic responses affecting birth outcomes. Causal
pathways involving local radiation of parts of the human body
other than the maternal head and neck were not considered,
since this exposure would not be reflected in the number of
cell-phone calls per day.

With regard to indirect pathways, stress may contribute to
our results (51). Psychosocial stress—acute and chronic—
has been associated with higher risk of preterm birth (52–
54). Socioeconomic differences and behavioral risk factors
(e.g., smoking, alcohol) contribute to this association, along
with a direct biological effect (55–57). Maternal cortisol, lev-
els of which increase under stress, stimulates the secretion of
placental corticotrophin-releasing hormone during gestation,
which participates in the cascade of events initiating labor
(57, 58). The elevated levels of placental corticotrophin-
releasing hormone among women under stress, and to a lesser

extent other stress-relatedmechanisms, contribute to a higher risk
for preterm initiation of spontaneous labor (57, 58). Although
our results were adjusted for socioeconomic position, smoking,
and alcohol consumption, the direct effect of stress on pregnancy
duration was not controlled for. Personal dependency and de-
mands from work and social networks are potential sources of
psychosocial stress that were not captured in the covariates used
in our analyses andmay correlate with cell-phone use (51).

Our study had some important strengths. The large sample
size allowed us to detect potential weak associations of mater-
nal cell-phone use with birth outcomes. All of the examined
outcomes are interrelated and reflect pregnancy duration, fetal
growth, and birth weight. To reduce the probability of type I
error, we proposed potential pathways for statistically signifi-
cant associations only if they were robust across correlated
outcomes and across different cohorts. We were also able to
assess whether these associations persisted or became attenu-
ated after the introduction of 3G devices, since our study
window spanned the period during which 3G technology was
introduced. Additionally, the availability of detailed informa-
tion on maternal characteristics gave us the opportunity to
adjust our results for confounders, which were not controlled
for in previous studies.

Our study also had several limitations. The exposure vari-
able was based only on the number of cell-phone calls per
day; duration of calling was not taken into account, as that
information was available only in MOCEH. Furthermore, the
number of cell-phone calls per day during pregnancy was self-
reported in all cohorts and was validated only in MOCEH
(59). Thus, misclassification of exposure should have attenu-
ated the observed association, under our assumption that mis-
classification was predominantly nondifferential (60–62). We
expect that misclassification was much larger in the older
cohorts (DNBC and ABCD), as the number of cell-phone
calls per day was reported 7 years postnatal. Therefore, the

Table 4. Continued

Birth Outcomea and Category of
Maternal Cell-Phone Useb

No. of
Cases Unadjusted Results Adjusted Results P for

Trendc

HR 95%CI HRc 95%CI

Gestational age at birth <0.001

None 1.00 0.98, 1.02 0.99 0.97, 1.01

Low 1.00 Referent 1.00 Referent

Intermediate 1.01 0.96, 1.06 1.04 1.01, 1.07

High 1.01 0.98, 1.05 1.02 0.98, 1.06

Abbreviations: ABCD, Amsterdam Born Children and Their Development Study; CI, confidence interval; DNBC,
Danish National Birth Cohort; HR, hazard ratio; INMA, Spanish Environment and Childhood Project; LGA, large for
gestational age; MD, mean difference; MOCEH, KoreanMothers and Children’s Environment Health Study; OR, odds
ratio; SGA, small for gestational age.

a For definitions of birth outcomes, see Table 3.
b In the DNBC, ABCD, and INMA cohorts, no exposure corresponded to no cell-phone use, low exposure to ≤1

calls/day, intermediate exposure to 2–3 calls/day, and high exposure to ≥4 calls/day. In the MOCEH cohort, no expo-
sure corresponded to no cell-phone use, low exposure to ≤2 calls/day, intermediate exposure to 3–5 calls/day, and
high exposure to≥6 calls/day.

c Adjusted for maternal age, parity, active and passive smoking, alcohol consumption, prepregnancy body mass
index, educational level, socioeconomic position, marital status, andmaternal height.

d ExcludingMOCEH.
e ExcludingMOCEH and INMA.
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estimates in the DNBC and ABCD cohorts should be more
biased towards the null in comparison with the INMA and
MOCEH cohorts. In addition, the etiology of the preterm
births in our study population was not recorded. As a result,
we could not determine whether the observed association
with preterm birth was driven by spontaneous labor or labor
that was induced because of pregnancy complications.
Finally, maternal thyroid function during pregnancy was as-
sessed only in a small subset of participants from the cohorts
that were included in this analysis, and information about
perceived stress levels during pregnancy was not consistently
collected across the cohorts. Consequently, we could not
explore or quantify the contributions of the proposed under-
lying mechanisms to the observed increase in the risk of pre-
term birth.

In conclusion, in our study, more frequent maternal cell-
phone use during pregnancy was associated with shorter preg-
nancy duration, resulting in increased risk of preterm birth. No
association with fetal growth or birth weight was observed.

These results suggest that strong effects of cell-phone use on
pregnancy duration and fetal growth are unlikely. The findings
should be interpreted with caution, since they may reflect an
effect of stress during pregnancy or other residual confound-
ing rather than a direct effect of RF-EMF exposure.
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