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Abstract

Background: The ongoing debate of whether use of cellular telephones increases the risk of developing a brain tumor was
recently fueled by the launch of the fifth generation of wireless technologies. Here, we update follow-up of a large-scale pro-
spective study on the association between cellular telephone use and brain tumors. Methods: During 1996-2001, 1.3 million
women born in 1935-1950 were recruited into the study. Questions on cellular telephone use were first asked in median year
2001 and again in median year 2011. All study participants were followed via record linkage to National Health Services
databases on deaths and cancer registrations (including nonmalignant brain tumors). Results: During 14 years follow-up of
776156 women who completed the 2001 questionnaire, a total of 3268 incident brain tumors were registered. Adjusted rela-
tive risks for ever vs never cellular telephone use were 0.97 (95% confidence interval = 0.90 to 1.04) for all brain tumors, 0.89
(95% confidence interval = 0.80 to 0.99) for glioma, and not statistically significantly different to 1.0 for meningioma, pituitary
tumors, and acoustic neuroma. Compared with never-users, no statistically significant associations were found, overall or by
tumor subtype, for daily cellular telephone use or for having used cellular telephones for at least 10 years. Taking use in 2011
as baseline, there were no statistically significant associations with talking for at least 20 minutes per week or with at least 10
years use. For gliomas occurring in the temporal and parietal lobes, the parts of the brain most likely to be exposed to radio-

frequency electromagnetic fields from cellular telephones, relative risks were slightly below 1.0. Conclusion: Our findings
support the accumulating evidence that cellular telephone use under usual conditions does not increase brain tumor

incidence.

In just a few decades cellular telephones have become a device
of everyday life, with an estimated 8.65 billion subscriptions
worldwide in 2021 (1). To enable wireless communication, cellu-
lar telephones emit radiofrequency electromagnetic fields (RF-
EMF). RF-EMF was ubiquitous in the environment before the
first mobile technology emerged in the 1980s, because of radio
and TV broadcasting. Except in some rare occupations, no RF-
EMF-emitting device had been held directly to the head, until
the first commercial handheld phones were released in the
early to mid-1980s. Because of their close proximity to the head,
RF-EMF emitted from cellular telephones penetrate several cen-
timeters into the head and are absorbed by the tissue (exposing
mainly the temporal and parietal lobes of the brain) (2). The
well-established biological effect of RF-EMF on tissue is heating,

and limits for human exposure to RF-EMF were developed for
cellular telephones to prevent any substantial heating that
could lead to adverse health effects (3). Concerns were raised,
however, that there may be adverse biological effects from RF-
EMF exposure below those limits, possibly caused through
mechanisms other than heat (4,5). )
Associations of cellular telephone use and brain tumors
were investigated in many studies, as the brain was the most
exposed organ (6). Recent evidence synthesized by international
or national authorities generally agrees that “common” or
“modest” use of cellular telephones does not appear to increase
brain tumor risk [eg, European Commission (5)]. For “heavy” use
of cellular telephones, there is less agreement, with some con-
cluding that there is some evidence of an increase in risk of
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glioma and acoustic neuroma. As a result, the Intemational
Agency for Research on Cancer (IARC/WHO) classified RF-EMF
as "possibly carcinogenic” {7). The definition of a heavy user is
not generally agreed on, and largely arbitrary definitions have
been applied in epidemiological studies, with definitions differ-
ing greatly across studies (8). Furthermore, the measures do not
generally take into account that typical emissions from cellular
telephones varied by many orders of magnitude between the
wireless generations and over time (recently the fifth genera-
tion, called SG, has been launched). With increasing popularity
and calls becoming cheaper, the amount of cellular telephone
use has increased over time. Yet, the more recent generations
of wireless technologies emit substantially lower output power,
so that on balance a very heavy user of today is unlikely to accu-
mulate the same RF-EMF exposure as a modest user of the first
2 wireless generations (9,10).

The ongoing debate on the carcinogenicity of RF-EMF was re-
cently fueled by 2 large animal bioassays observing an increase
in heart schwannoma (11-13). However, the applied RF-EMF lev-
els in those experiments together with the exposure duration
relative to the lifetime of the animals preclude direct transfer-
ability into real-life human exposure conditions. This under-
scores the importance of continued epidemiological studies.

In 2013 we reported results from the large prospective UK
Million Women Study on the association between self-reported
cellular telephone use and the risk of various types of brain
tumors (14,15). Using prospectively collected exposure data
means that the participants did not know at the time of report-
ing cellular telephone use whether or not they would subse-
quently develop cancer or any other outcome of interest. Thus,
information about the association between cellular telephone
exposure and disease is not affected by recall bias, which can be
a problem in studies where people report cellular telephone use
after they have developed the disease of interest. Here, we pro-
vide an update with additional follow-up, a 60% increase in
numbers of brain tumors, and new analyses by tumor laterality
and location within the brain.

Methods
Study Population

Details on study design, data collection, and follow-up were de-
scribed previously (14-16), and further details, including infor-
mation on data access, are available through the study website
(http://www.millionwomenstudy.org)‘ In brief, during 1996-
2001, 1.3 million women born in 1935-1950 were recruited
through the UK National Health Service Breast Screening
Programme into the study, completing a postal questionnaire
about sociodemographic, medical, and lifestyle factors (16).
Women were resurveyed every 3-5years, and que
cellular telephone use were asked in median year 2001 (inter-
quartile range = 2000-2003) and again in median year 2011
(interquartile range = 2010-2012). All study participants are fol-
lowed via record linkage to the UK National Health Service
Central Register, providing information on deaths and cancer
registrations (including nonmalignant brain tumors and those
of uncertain behavior) comprising the date of each such event,
with tumor site and morphology (coded according to the 10th
revision of the International Classification of Diseases [ICD-10] and
the third edition of the International Classification of Diseases for
Oncology [ICD-O)). Linkage to the Cancer Outcomes and Services
Dataset from Public Health England provided data, where

stions on
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available, on tumor laterality for women in England. All study
participants gave written consent to take part in the study, and
ethical approval was provided by the Oxford and Anglia Multi-
Centre Research Ethics Committee.

Intracranial tumors are malignant neoplasms, nonmalig-
nant neoplasms, and neoplasms of uncertain behavior at 1 of
the following sites: brain (C71, D33.0-2, D43.0-2), cerebral me-
ninges (ICD-10 C70.0, D32.0, D42.0), cranial nerves (C72.2-5,
D33.3, D43.3), and cranial endocrine glands (C75.1-3, D35.2-4,
D44.3-S). We hereinafter refer to this group of intracranial
tumors as “brain tumors.” Where possible, brain tumors were
further classed by site and morphology as glioma (ICD-O 9380-
9481), ghoblastoma (ICD-O 9440-9441) as a subgroup of glioma,
meningioma (ICD-O 9530-9539), pituitary tumors (ICD-10 C75.1,
D35.2, and D44.3), and acoustic neuromas (also known as vestib-
ular schwannoma: ICD-10 D33.3, ICD-O 9560). Gliomas of the
temporal and parietal lobes (ICD-10 C71.2 and C71.3) were also
considered separately, as these areas of the brain are closest to

where the phone is usually held. Cancers of the eye were also
considered (ICD-10 C69).

Exposure Variables

In median year 2001, women were asked, “"About how often do
you use a cellular telephone [‘mobile phone’ in the original
British English questionnaire]?” and given 3 options to re-
spond:—“never,” “less than once a day,” “every day”"—and “For
how long have you used one (in years)?” Women who reported
in 2001 that they used a cellular telephone less than once a day
or every day were classified as ever-users. In median year 2011,
women were asked, “How long have you used a cellular tele-
phone (in years)?” and “How much do you talk on a cellular tele-
phone (in minutes per week)?” Women who reported in 2011
that they talked on a cellular telephone for at least 1 minute per
week were classified as ever-users. Responses to the 2001 ques-
tionnaire are used as baseline for most analyses, providing
mean follow-up time of 14.2years for cancer incidence.
Responses to the 2011 questionnaire were used as baseline in
some analyses, providing mean follow-up time of 6.2 years.

Statistical Analyses

The main analyses are in women who completed the 2001 ques-
tionnaire when aged 50-69 years and had no prior brain tumor
or any other malignant cancer (except nonmelanoma skin can-
cer [ICD10 C44]). Women who completed a version of the 2001
questionnaire that did not ask about cellular telephone use
were excluded (n=14355), as were women who left questions
on cellular telephone use unanswered (n=1147S). Women with
self-reported neurofibromatosis (n =8) were also excluded, be-
cause of their high risk of neurological tumors (Supplementary
Figure 1, available online).

Cox regression models (with time in study as the underlying
time variable) were used to estimate the hazard ratios (referred
to as relative risks [RRs] here) for each outcome of interest in re-
lation to cellular telephone use. Measures of phone use in 2001
(ever-use, frequency of use, and years of use vs never-use) and
in 2011 (ever-talk on a cellular telephone, minutes spent talking
on a cellular telephone per week, and years of use vs never-talk
on a cellular telephone) were related to subsequent cancer risk.
Years of cellular telephone use was treated as a time-
dependent variable, by assuming that cellular telephone use
continued and incrementing reported years of use annually for
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le 1. Char isti
Tab 7 haracteristics of women by reported cellular telephone use at different times and det

Characteristics

Of those completing a questionnaire in median year 2001
Mean age (SD), y
Socioeconomic group, % in upper fifth
Mean height (SD), cm
Mean body mass index (SD), kg/m?
Alcohol intake, % drinking =14 units/week
Smoking, % ever smoked
Hormone therapy for the menopause, % ever use
Strenuous exercise, % >1 hr/wk
Of those completing a questionnaire in median year 2011*
Mean age (SD), y
Talk on cellular telephone, % >1 min/wk
Talk on cellular telephone, % >30 min/wk
Talk on cellular telephone, median (IQR) min/wk
Years used a cellular telephone, mean (SD)
Follow-up for cancer from the 2001 questionnaire
Women-years of follow-up (millions)
Average years of follow-up per woman
Incident brain tumors, No.

Never (n - 286 387)
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ails of follow-up

Cellular telephone use reported in median year 2001

Ever (n =489 769) Daily (n =66 362)

59.9 (4.7) 58.8 (4.5) 57.6 (4.1)
18.9 23.7 20.1
162.0 (6.6) 162.5 (6.5) 162.3 (6.7)
26.0 (4.6) 26.2 (4.6) 26.7 (5.0)
7.6 11.2 13.7
446 47.1 54.9
48.2 57.4 62.0
38.4 46.3 45.8
68.9 (4.6) 67.6 (4.3) 66.2 (3.8)
45.8 73.5 90.8
8.8 18.2 41.2
0 (0-10) S (0-15) 20 (10-45)
4.3 (3.9) 8.9 (4.6) 11.0 (4.6)
41 6.9 0.9
14.4 14.1 13.8

1261 2007

271

“Completed by 429407 women (who also completed the questionnaire in median year 2001) with no prior cancer. In median year 2001, n = 149024 were never users,
n = 280383 were ever users, and n = 36 338 were daily users. IQR = interquartile range.

Table 2. Proportion (%) of women reporting use of a cellular telephone, by age and calendar year of reporting

Age
Calendar year 50-54y S5-59y 60-64y 65-69y 70-74y 75-79y
The questionnaire in median year 2001, reporting using
a cellular telephone
1999 45.7 36.0 27.9 20.9 — —_
2000 57.0 50.1 39.9 32.2 — —
2001 70.3 65.4 57.0 49.6 — —
2002 76.1 72.3 65.4 58.3 — —
2003 79.6 76.9 70.7 62.7 — —_
2004 81.9 81.6 76.4 67.6 — —
2005 87.6 85.4 80.3 72.2 — —
The questionnaire in median year 2011, reporting using
a cellular telephone for >1min per wk*
2009 — _— 74.4 66.6 55.2 47.3
2010 o — 75.4 68.0 56.3 46.1
2011 = = 72.0 64.5 54.8 45.4
2012/2013° = - 73.5 66.6 57.4

48.3

2Completed by 429 407 women (who also completed a questionnaire in median year 2001) with no prior cancer.

©2012 and 2013 combined, as only 389 women completed the survey in 2013.

though cellular telephone use tends to be considerably greater on
the right than the left side (18).

Our results are in line with the only other published prospec-
tive study, which subdivided the entire Danish adult population
into those who had subscribed for a cellular telephone in 1995 or
earlier and those who did not; no association with any type of
brain tumor was observed even after at least 13 years of subscrip-
tion (19-21). Information on subscription rather than cellular tele-
phone use may, however, introduce exposure misclassification
(22), although any effect was estimated to be modest (20). The 2
prospective studies have the strong advantage of recording expo-
sure before the diagnosis of brain tumors. Retrospective studies,
which record information on cellular telephone use after the

brain tumors are diagnosed, are prone to differential reporting of
use between those who know that they have a brain tumor and
those who know that they do not have a brain tumor.

In the largest retrospective study to date, the 13-country
INTERPHONE study, odds ratios for ever-use and time since first
use consistently showed inverse associations, which are im-
plausible as suggesting causality, because there are no mecha-
nisms suggesting that RF-EMF should provide protection
against the development of brain tumors (23,24). Selection bias
has been identified as a possible major bias in its study popula-
tion (25). Findings in smaller retrospective studies are, likewise,
difficult to interpret (26). In INTERPHONE, a modest paositive as-
sociation was seen between glioma risk and the heaviest (top
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Results are shown for ever-use vs never-use only. Results by frequenc ofuusyé
and by years of use can be found in Supplementary Table 1 (ava:lableyonline)
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of the log relative risk. Error bars represent the 95% confidence intervals. CI =
confidence interval; RR = relative risk.

registries in the Nordic countries, the United States, and
Australia (29-31). Overall age-adjusted incidence rates have in-
creased since the 1970s, mainly at older ages, which are thought
to be an effect of improved imaging diagnostics and registra-
tion. Age- and sex-specific incidence rates do not suggest any
adverse effects due to cellular telephone use, as cellular tele-
phone use increased steeply firstamong middle-aged men.

We found no statistically significant excess of acoustic neu-
roma in ever cellular telephone users, overall or with at least 10
years of cellular telephone use. In INTERPHONE and other retro-
spective studies, there was no association with at least 10 years
of cellular telephone use (0.76, 95% C1=0.52 to 1.11), but there
was a non-statistically significant positive association among
the heaviest (top decile of) cellular telephone users (1.32,95% CI
— 0.88 to 1.97) (24). One possible reason for not finding an asso-
ciation with acoustic neuroma as observed in our first follow-up
could be that more exposure misclassification with longer fol-
low-up may have masked any association (14,15). However, a
more likely explanation for the previous positive results is that
for a very slow growing tumor, there may be detection bias if
cellular telephone users seek medical advice because of aware-
ness of typical symptoms of acoustic neuroma, such as unilat-
eral hearing problems, earlier than non-users (19). We also did
not see an association with eye tumors, consistent with the evi-
dence from previous studies (20,32).

Some evidence for carcinogenicity was recently reported in 2
independent animal bioassays, although findings were based
on small numbers and were inconsistent across species (11-13).
The whole-body exposure of the animals at very high RF-EMF
levels for 9 (12,13) to 19 (11) hours every day of their life was
orders of magnitude higher than the typical localized brain ex-
posure in humans under real-life conditions of cellular tele-
phone use.

The totality of human evidence, from observational studies,
time trends, and bioassays, suggests little or no increase in the
risk of cellular telephone users developing a brain tumor. Heavy
cellular telephone users are now advised to reduce exposure by
using headphones or loudspeakers for calls of long durations.
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Strer'mgths of our study include its large size and that it i
POPUlauOr\-based and has information on tumor subtype u:S
e T e b VL
piiobeedopitian asscei;rscm. ' c’n"\a}:n limitation is tlt\e relatively
s s ent (with a l‘ack of d.etaxled cellular

ry) and the lack of information on the type
qf cellular telephone technology used. Exposure misclassifica-
tion may have occurred especially in the earlier years because
of the rapidly growing use of cellular telephones, as shown in
studies comparing self-reported cellular telephone use and traf-
fic records from cellular telephone operators (33). Tumor lateral-
ity was only available for about half of the glioma cases, which
leaves some uncertainty related to the location-specific results.
Because of small numbers, results for acoustic neuroma have
wide confidence intervals, reflecting the reality that this is a
very rare tumor. In addition, the cohort consists only of women
of middle to older ages, who generally have lower cellular tele-
phone use than younger women or men (9,24). Our study did
not include children, but such studies have been done (34,35).

In conclusion, in this large-scale prospective study of UK
women, there was little to suggest that the use of cellular tele-
phones increases the risk of brain tumors, overall or by subtype
or by tumor location. This finding supports the accumulating
evidence that cellular telephone use under usual conditions
does not increase brain tumor risk. Future research should tar-
get specifically the very heavy cellular telephone users, with at-
tention to new features of a continuously evolving technology:
hence, advising cellular telephone users on how to reduce un-
necessary exposures remains a good precautionary approach.
An ongoing international prospective cohort designed to inves-
tigate adverse health effects of cellular telephone use should
eventually provide further evidence (36).
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