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Abstract

Background—cChildren today are exposed to cell phones early in life, and may be the most
vulnerable if exposure is harmful to health. We investigated the association between cell phone
use and hearing loss in children.

Methods—The Danish National Birth Cohort (DNBC) enrolled pregnant women between 1996
and 2002. Detailed interviews were conducted during gestation, and when the children were 6
months, 18 months, and 7 years of age. We used multivariable-adjusted logistic regression,
marginal structural models (MSM) with inverse-probability weighting, and doubly-robust
estimation (DRE) to relate hearing loss at age 18 months to cell phone use at age seven years, and
to investigate cell phone use reported at age seven in relation to hearing loss at age seven.

Results—Our analyses included data from 52,680 children. We observed weak associations
between cell phone use and hearing loss at age seven, with odds ratios and 95% confidence
intervals from the traditional logistic regression, MSM, and DRE models being 1.21 [0.99-1.46],
1.23[1.01-1.49], and 1.22 [1.00-1.49], respectively.

Conclusions—Our findings could have been affected by various biases and are not sufficient to
conclude that cell phone exposures have an effect on hearing. This is the first large-scale
epidemiologic study to investigate this potentially important association among children, and
replication of these findings is needed.

Cell phone use has increased rapidly in recent years, with over 5.2 billion cell phone
subscribers at the end of 2010.17 This has led to concern about the potential health effects
of exposure to radio frequency (RF) radiation from cell phones used at close proximity to
the head. Today’s children are exposed to cell phones beginning at a very early age and
continuing throughout life. They will have a higher and much longer lifetime exposure than
today’s adults. Children may be more susceptible to potential effects of RF due to their
developing organ and tissue systems, and differences in size, shape, water content, and
tissue distribution of the head.> 6 Should RF exposure from cell phones have a harmful
effect on human health, children may be at the highest risk and should be given high priority
in research.’
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The International Agency for Research on Cancer (IARC) recently classified RF radiation as
possibly carcinogenic.8 Laboratory and provocation studies have reported a range of
findings across various non-cancer outcomes as well, including changes in glucose
metabolism and electrical activity in the brain, effects on visual and somatosensory evoked-
potentials, and reports of subjective symptoms such as fatigue and skin sensations in relation
to RF exposure.®10 Epidemiologic studies have investigated changes in behavior and
cognition!1-13 and headaches'* with some observing positive associations, and numerous
relevant outcomes are still to be examined. While no mechanism for an effect of RF
exposure from cell phones on human health has been established, these findings along with
widespread exposure call for further research into potential health effects of cell phone use,
particularly among young children.

As cell phones are typically positioned close to the head during use, particularly the ear,
their effect on the occurrence of auditory function is of interest. While several causes of
hearing loss have been identified, including genetics, otitis media, certain prenatal and early-
life infections, injuries, and prolonged exposure to loud noises, a recent review suggests that,
for approximately 56% of hearing impaired children in the United States, the cause is
unknown.1® To date, experimental and non-experimental studies have not provided solid
evidence of effects of cell phones on auditory function.16-24 The only prospective study
completed on this subject was of adults and found that cell phone users had a significant
increase in average auditory threshold (evidence of hearing damage) at the end of three
years of follow-up compared to non-users.24 While this study may have encountered
problems of bias due to loss-to-follow-up, the results point to the need for additional
research in this area.

In the present study we investigated the associations between mathers’ reports of cell phone
use by children and hearing loss at age seven years using data from a large birth cohort. We
also examined whether hearing loss at age 18 months affects cell phone use at age seven.

We used data from the Danish National Birth Cohort (DNBC), which enrolled 91,661
pregnant women in Denmark between 1996 and 2002. Approximately 50% of all pregnant
women in Denmark at the time were invited to participate in the DNBC, and about 60% of
those invited accepted the invitation. The women and the children born from their
pregnancies have been followed since enrollment, and follow-up will continue for decades
into the children’s lifetimes. For each pregnancy, the DNBC collected detailed information
on lifestyle and environmental exposures from interviews with the mothers at gestational
weeks 12 and 30 and again when the children were six and 18 months of age.25

When the children reached seven years of age, mothers were invited to complete a new
questionnaire that focused on the child’s exposures, lifestyle, and health problems. Letters
were sent to participants’ homes instructing them how to respond to the Internet version of
the age-seven questionnaire. Women that did not respond within four weeks were sent a
reminder by mail. Paper questionnaires were sent to women who still had not responded four
weeks after the reminders were sent. The format and questions of the Internet and paper
questionnaires were identical.12

This study was approved by the Danish Data Protection Agency, regional science ethics
committees in Denmark, and the Office for the Protection of Research Subjects at the
University of California, Los Angeles. All women who participated in the DNBC gave their
informed consent prior to inclusion in the cohort.
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Mothers were asked in the age-seven questionnaire, “Does your child use a mobile phone?
(text messages do not count)”. Response options were “No, never”, “Yes, but less than one
hour/week”, and “Yes, more than one hour per week”. This question was used to generate

our main exposure variable of interest, “postnatal exposure”.

Our main outcome of interest was permanent hearing loss at age seven years, which was
reported by mothers in the age-seven questionnaire in response to the question, “Does your
child have permanent hearing loss?” Diagnosis of reduced hearing was reported by mothers
during the age-18-months interview.

With data collected during various time points in the lives of the DNBC children, we
included a number of covariates in our analysis. Information on social-occupational status
and whether the mother smoked, used alcohol, or had a fever during pregnancy was
collected during the prenatal interviews. Prior occurrence of ear infection in the child and
breast feeding were reported by mothers in the age-six-months and age-18-months
interviews. The age-seven questionnaire included questions about mothers’ cell phone use
behaviors during pregnancy (prenatal exposure) and whether or not the child ever had inner
ear inflammation up to age seven years.

With Denmark’s extensive population registration system, we linked each mother and child
to the Danish Medical Birth Registry, from which we obtained the mother’s age and birth
data for the children, including gestational age at birth and sex.

Statistical analysis

Our analyses were guided by the directed acyclic graph (DAG) shown in Figure 1. We
investigated (i) whether diagnosis of reduced hearing at age 18 months () affects later cell
phone use at age seven years (X5) and (ii) the association between postnatal exposure (X5)
and permanent hearing loss at age seven years (Y5). We expected that both of these
relationships could be affected by prenatal exposure (X;) and prenatal and postnatal
variables A and B, but not by ear inflammation at age seven years.

For each of the two relationships, we employed three types of estimation in our analysis,
partly to address possible time-varying confounding and residual confounding due to
potential model misspecification.

First, we adjusted for the variables in A, B, and X1 using traditional logistic regression.

Second, we used marginal structural models (MSM), fit with inverse probability weighting
(IPW).268 In our analysis of the effect of diagnosis of reduced hearing on postnatal cell phone
exposure, we used logistic regression to generate a stabilized IPW: P(Y; = )4)/P(Y1 = n| X1
= X1, A=a, B=b). Those records with diagnosed reduced hearing Y7 = 1 were
subsequently weighted by P(Y7 = 1)/P(Y1 = 1|.X1 = x1, A= a, B= b), while those without
reduced hearing, namely Y7 = 0, were weighted by P(Y7 =0)/P(Y1=0|.X1=x;, A=a, B=
b) in a second-stage logistic regression relating diagnosis of reduced hearing Y; to postnatal
exposure X5. For the association between postnatal cell phone exposure and permanent
hearing loss at age seven years, we generated a stabilized IPW: P(X5 = X)/IP(Xo = x| X1 =
x1, Y1=W1, A=a, B=b). Those records with exposure X, = 1 were subsequently weighted
by PG = 1D)IP(Xo =1 | X1 = X1, Y1 =0, A=a, B= b) while the unexposed, namely X, =
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0, were weighted by P(X6 = 0)/P(Xo =0 | X1 = x1, Y1 =1, A=4a, B=b) in a second-stage
logistic regression relating postnatal exposure X5 to outcome Y5.

Third, we combined the traditional regression model with the MSM in a so-called doubly
robust estimation (DRE), aimed at hedging a bet against model misspecification provided
either the traditional outcome regression or MSM model is correctly specified.2?,28

The point estimates and their 95% confidence intervals (95% CI) are reported as odds ratios
(OR). For the MSM and DRE, robust standard errors were used to compute the 95% CI. To
estimate the possible effect of time-trends in cell phone use, results for the association of
hearing loss at age seven years are presented for all children combined as well as stratified
by birth year of the child. All statistical analyses were conducted in SAS version 9.2 (SAS
Institute Inc., Cary, North Carolina, USA).

Sensitivity analysis

RESULTS

As a number of factors that were not measured by the DNBC (e.g., use of headphones or
other sound-delivery devices) could have confounded the relationship between cell phone
use and hearing loss, we performed sensitivity analyses to estimate the extent to which bias
due to unmeasured, hence uncontrolled, confounding may have over- or under-estimated the
true effect. These analyses were conducted using the methods described in the literature.2®
We varied the prevalence of the unmeasured confounder among exposed and unexposed
children as well as the strength of the association between the unmeasured confounder and
hearing loss to reflect various plausible scenarios.

We also performed sensitivity analyses for the effect of misclassification of hearing loss at
age seven years on the association of interest, again using recently published methods.2? As
many cases of mild hearing loss go unnoticed and undiagnosed, and identification of hearing
loss may be affected by cell phone use, misclassification of the outcome could have affected
our results. The “naive” odds ratios (OR) and 95% confidence intervals (CI) calculated
using the observed frequencies for postnatal cell phone use and reported hearing loss at age
seven years only account for random error. To account for misclassification error, we
developed eight different scenarios with varying distributions of the sensitivity and
specificity of hearing loss classification. We randomly sampled values for sensitivity and
specificity from these distributions, and used the sampled values to correct the numbers of
exposed and unexposed migraine cases and non-cases. These corrected cell values were used
to calculate adjusted ORs that accounted for systematic (here, misclassification) error as
well as random error. We ran this simulation 1,000 times to obtain each misclassification
adjusted OR and 95% simulation interval.

Of the 91,256 mothers that were invited to participate in the age-seven interview, 59,975
completed and submitted the questionnaire (66% participation rate). This study is based on
data from 52,680 children from singleton births who were included in the age-seven DNBC
questionnaire. Permanent hearing loss at age seven years was reported in 1.6% (n=836) of
children. (Table 1) While 1,405 (2.7%) of children reportedly had a diagnosis of reduced
hearing at age 18 months, only 6% (n=82) of them also had permanent hearing loss at age
seven years according to mothers’ reports. (not shown)

Approximately 36% (n=18,935) of children used a cell phone at age seven years, (Table 2)
but less than 1% used it more than one hour per week (not shown). Thirty-nine percent of

mothers used a cell phone during pregnancy, and mothers who used a cell phone prenatally
were more likely to have children who used a cell phone at age seven years. Boys were less
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likely than girls to use a cell phone at age seven, and being breast-fed was also negatively
associated with postnatal cell phone use. While about one-third of children had an ear
infection by the age of 18 months, 61% had experienced inner ear inflammation by the time
they reached seven years of age according to mothers’ reports.

We did not observe an association between reduced hearing at age 18 months and postnatal
cell phone exposure. None of the analytic approaches we used, namely, traditional logistic
regression, MSM with IPW, and DRE, produced ORs suggesting an effect. (Table 3)

Overall, we observed weak associations between postnatal exposure and hearing loss at age
seven years for all birth years combined. The ORs and 95% Cls for the traditional, MSM,
and DRE models are 1.21 [0.99-1.46], 1.23 [1.01-1.49], and 1.22 [1.00-1.49], respectively.
(Table 4) Stratification by the child’s birth year did not reveal any clear time-trend effects,
although these results were imprecise.

Our sensitivity analyses for unmeasured confounding suggest that the weak associations we
observed between postnatal cell phone exposure and hearing loss at age 7 are unlikely to
have been due to confounding only. (Table 5) It is only after adjustment for a very strong
confounder (e.g., one that produces a 2—-3 fold increase in risk of both hearing loss and cell
phone exposure) that we see a complete attenuation of the association between cell phone
exposure and hearing loss. Adjustment for more moderate confounders produced little
change in the results.

Table 6 summarizes the results of our sensitivity analysis for misclassification of hearing
loss at age seven years. In all scenarios after accounting for both systematic and random
error, the odds ratios for the association between postnatal cell phone exposure and hearing
loss increased to approximately 1.8. This suggests that if misclassification of hearing loss
affected our results, it would have most likely biased our estimates of association toward the
null under plausible or our assumed priors and models.

COMMENTS

In this study, we observed a weak association between cell phone use and hearing loss in
children at age seven years. This is the first large-scale study in children to examine this
association, and it has the advantage of a large sample size and allows for adjustment of a
number of potential confounding factors. However, our results should be interpreted with
caution, and do not mean that cell phone use has an effect on the development of hearing
loss in children, as biases may have contributed to the observed findings.

The primary association of interest in this study — between postnatal cell phone exposure
and hearing loss at age seven years — was estimated using a cross-sectional analysis. Since
both the exposure and outcome were assessed from mothers’ reports in the age-seven
questionnaire of the DNBC, we cannot account for the temporality of the association, and
therefore our results cannot be used to assess the direction of causation. However, the
present study serves as a primary investigation into this association using the DNBC data.
As the age-11 data collection in the DNBC is currently underway, we may revisit this
association in future investigations using a prospective analysis once the latest dataset is
available.

Our outcome variables were based on mothers’ reports of hearing loss in children, and while
we expect mothers to be able to report this information accurately, we cannot rule out the
possibility of misclassification. We expect most diagnoses of hearing loss in children at age
seven years to be made by physicians or during school hearing screening exams and that
mothers are most likely aware of their children’s hearing diagnoses. The data collection
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instrument included many questions on a wide range of outcomes and exposures, and
questions about hearing loss were asked separately from questions about cell phone use.
Further, at the time of the age-seven data collection, no studies had been published to cause
mothers to believe that cell phone exposure was associated with hearing loss. It is therefore
unlikely that our data suffered from a differential reporting error that biased our results.

While only a small percentage of the children who were reportedly diagnosed with reduced
hearing at age 18 months had permanent hearing loss at age seven years, this change in
prevalence is not surprising. Most cases of reduced hearing in very young children are
temporary and often due to infections.30 In some cases, these conditions can lead to
permanent damage to auditory function and children with recurrent ear infections are at
higher risk for hearing loss, but the underlying causes of permanent hearing loss at age
seven years in our study may be different from most cases of reduced hearing at age 18
months. This reasoning is consistent with our results relating reduced hearing at age 18
months to cell phone use at age seven years. If hearing loss in early childhood were to
persist up to age seven years, we would have expected reduced hearing at age 18 months to
be negatively associated with cell phone use. However, we found no association, which
likely reflects the temporary nature of reduced hearing in early life. Further, it is possible
that the few children who did suffer permanent hearing loss in early life were undeterred
from using a cell phone in later childhood with the help of hearing treatment, which now is
compatible with cell phone use.

Many cases of mild hearing loss are likely to have gone unnoticed. The prevalence of
hearing loss in children and adolescents in the United States is estimated at approximately
3% based on clinical data, but the prevalence based on parent/self-reported data is
considerably lower at 1.9%.1° This discrepancy is in line with our data in the DNBC, and
suggests that some children in our study with mild hearing loss may have been misclassified
because the condition went unnoticed. Should cell phone exposure have an effect on
auditory functioning in children, we would expect the effect to be mild. Rather than
producing severe hearing loss, it is more likely that cell phone exposure could have a weak
effect on hearing, thus increasing the hearing threshold only slightly upon prolonged
exposure. Even a weak effect of this highly prevalent exposure can have a profound impact
on public health and childhood school performance.31,32

We did not include hearing diagnoses from the Danish National Hospital Register in our
analyses. As the hospital register includes only those diagnoses made during hospital
admissions, visits to emergency rooms, and visits to specialty outpatient clinics, it is likely
to include only the most serious cases of hearing loss or those related to another hearing-
related condition. Since any effect of cell phone exposure on the development of hearing
loss, should it exist, is likely to be small, the cases in the hospital register are unlikely to be
caused by cell phone exposure alone. Future investigations into this association among the
DNBC children may allow us to use data from the school screening tests.

Exposure assessment in this study was limited to mothers’ reports of their children’s cell
phone use at age seven years. Although actual RF exposure was not measured, mothers
reported that most children were not using cell phones at age seven years, and those who
were did so for short periods of time. Therefore, children’s overall exposure to RF from cell
phones was most likely low. While no mechanism for harmful effects of RF from cell
phones has been demonstrated, and we did not observe strong associations between cell
phone exposure and hearing loss in children, we cannot rule out the possibility that RF from
cell phone exposure could have an effect. Future studies using prospective data on exposure
and additional outcome information are needed to better document the possible relationship.

Paediatr Perinat Epidemiol. Author manuscript; available in PMC 2014 May 01.
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We do not expect high levels of exposure misclassification to have affected our results.
Although objective measures of cell phone use and RF exposure with more detailed
information would have been ideal, obtaining such measurements was not feasible in this
large sample of children. Regardless, assessment of the child’s cell phone use was very
general (whether the child uses a cell phone more or less than one hour per week or not at
all), and mothers should be able to answer the question accurately.

Selection bias is unlikely to account for the results we observed, as both the exposure and
outcome of interest occurred after enrollment into the cohort. Therefore, women who chose
not to participate in the DNBC are unlikely to be different from participants on factors that
could introduce bias into our results.

A large proportion of the original study participants were not included in our analysis due to
non-response during age-seven data collection. A recent study estimating loss-to-follow-up
bias in the DNBC found that mothers who were lost-to-follow-up were more likely to be in
the low social-occupational status category than women who continued participation.33
Several studies have reported that cell phone use among children and adolescents is
inversely associated with social-occupational status.34-38 Therefore, it is possible that
children (and possibly mothers) who are heavier cell phone users may have been less likely
to continue follow-up in the DNBC, and therefore are under-represented in our data.
Denmark has a relatively homogenous population in terms of healthcare access and
utilization, and therefore diagnoses of hearing loss are unlikely to be related to social-
occupational status in Denmark. Therefore, loss-to-follow-up bias in relation to SES is not
likely to account for our results.

It is possible that our results reflect detection bias. Children with hearing loss may notice
that they have difficulty communicating by voice calls on a cell phone, and may therefore be
more likely to get a hearing examination and diagnosis than children who do not use a cell
phone. On the other hand, the opposite may also be possible since increasing the volume on
the cell phone speaker may compensate for poor hearing for some children. Due to the
nature of the exposure and outcome in this case, questionnaire-based epidemiologic
investigations of this relationship may be prone to detection bias. However, investigations
using data from school hearing screening tests, where all children are screened for hearing
loss, can bypass the issue of detection bias.

As an additional check, we performed sensitivity analyses to estimate the impact of possible
unmeasured confounding and outcome misclassification on our results. Our sensitivity
analyses suggested that our results are unlikely to be due to unmeasured confounding or
misclassification of hearing loss alone. Only a very strong risk factor for both hearing loss
and cell phone exposure could have produced the results we observed, and we do not expect
such a risk factor to be highly prevalent among children. Nonetheless, since uncontrolled
confounding is untestable and pervasive in observational epidemiology, we cannot rule it out
a possible explanation for our findings. The sensitivity analyses also suggested that
misclassification of hearing loss across a number of plausible scenarios is more likely to
have attenuated our results than to have produced spurious associations in the positive
direction.

Our study has the advantage of a large sample size with good exposure contrast and rich
covariate data from a well-published prospective cohort. Given that cell phones were still
gaining popularity and were not as frequently used by children as they are today, our study
captured a large number of both exposed and unexposed children. Children born today are
likely to start using cell phones earlier and to continue for longer periods of time. A study
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like this may be much more difficult to repeat today, as very few non-exposed children
remain.39,40

Using data from the DNBC offers many additional advantages. With long-term follow-up of
the children and linkage to population registers we were able to measure and control for a
large number of variables in our analysis. Further, Denmark is a relatively homogenous
population in terms of ethnic background, socio-economic status, and access to healthcare,
resulting in less likelihood of confounding by these factors compared to studies conducted in
many other countries.

The associations between cell phone use and hearing loss in children that we observed in
this study are not sufficient to conclude that cell phone exposure has an effect on hearing,
but they provide justification for continuing to study this association. As the DNBC is an
ongoing study, follow-up of children and mothers is planned to continue for several years to
come, allowing for longitudinal analysis of the association between cell phone use and
hearing loss outcomes in the future. The latest wave of data collection is currently
underway, with questionnaires to be completed by mothers and their children at the age of
11 years. The age-11 questionnaire includes more detailed exposure assessment questions.
Additionally, all school children in Denmark undergo hearing examinations as part of a
nation-wide screening. As the latest DNBC data become available, we hope to investigate
this association further with a prospective analysis and linkage to school-based hearing
examination results. Replication of this work in other cohorts, particularly of children, is
needed.
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. Prenatal cell phone exposure

. Postnatal cell phone exposure

: Reduced hearing at age 18 months
: Hearing loss at age 7 years

: Mother’s age, socio-occupational status, prenatal smoking, prenatal alcohol use,

fever during pregnancy, sex of child

. Gestational age at birth, breastfeeding, ear infection up to age 18 months
. Inner ear inflammation up to age 7 years

Figure 1.
Directed Acyclic Graph for Associations between Cell Phone Exposure and Hearing Loss
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Table 3

Odds Ratios for the Association Between Hearing Loss at Age 18 months and Postnatal Cell Phone Exposure
(According to Mothers' Reports)

OR [95% Cl]

Unadjusted 0.97 [0.87-1.09]
Adjusted, traditional outcome regression model? 0.98[0.85-1.12]
Adjusted, marginal structural model with IPW# 0.94[0.80-1.10]

Adjusted, doubly robust estimation model? 0.93[0.79-1.10]

aAdjustment model or IPW included mother's cell phone use during pregnancy, alcohol use during pregnancy, smoking during pregnancy, fever
during pregnancy, mother's age, social-occupational status, breast feeding, ear infection by age 18 months, sex of child, and gestational age at birth.

Doubly robust estimation combining covariate adjustment in the traditional outcome regression with IPW application in a marginal structural
model using adjustment scheme.
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Table 4

Odds Ratios for the Association Between Postnatal Cell Phone Exposure and Hearing Loss in Children at Age
7 Years (According to Mothers' Reports)

Year of Child’sBirth Unadjusted Adjusted, traditional Adjusted, marginal Adjusted, doubly
outcomeregression  structural model with  robust estimation

model@

IPWa

modelP

1997 (n=24)
1998 (n=6,779)
1999 (n=11,298)
2000 (n=13,131)
2001 (n=11,319)
2002 (n=9,136)

c

1.12[0.75-1.68]
1.29 [0.96-1.74]
1.33 [1.00-1.76]
1.08 [0.79-1.48]
1.39 [1.00-1.92]

c

1.18 [0.61-2.26]
1.18[0.78-1.77]
1.46 [1.01-2.11]
0.79 [0.49-1.28]
1.32[0.86-2.00]

c

1.34[0.70-2.54]
1.17[0.78-1.77]
1.48 [1.02-2.15]
0.80 [0.49-1.30]
1.34[0.88-2.03]

c

1.32[0.68-2.55]
1.17[0.78-1.77]
1.48 [1.02-2.15]
0.79 [0.48-1.29]
1.33[0.87-2.03]

2003 (n=993) 0.85[0.27-2.70]  5.17 [0.52-51.41] 3.43[0.37-32.20] c

Combined (n=52,680)  1.23[1.07-1.41]  1.21[0.99-1.46] 1.23[1.01-1.49] 1.22 [1.00-1.49]

aAdjustment model or IPW included mother's cell phone use during pregnancy, alcohol use during pregnancy, smoking during pregnancy, fever
during pregnancy, mother's age, social-occupational status, breast feeding, ear infection by age 18 months, sex of child, and gestational age at birth,
and reduced hearing at age 18 months.

Doubly robust estimation combining covariate adjustment in the traditional outcome regression with IPW application in a marginal structural
model using adjustment scheme.

c - .
Insufficient sample size
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