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Abstract

Radiofrequency electromagnetic fields (RF-EMF, 100 kHz to 300 GHz) are classified
by IARC as possibly carcinogenic to humans (Group 2B). This study evaluates the
potential association between occupational RF-EMF exposure and brain tumor risk,
utilizing for the first time, a RF-EMF job-exposure matrix (RF-JEM) developed in the
multi-country INTEROCC case-control study. Cumulative and time-weighted aver-
age (TWA) occupational RF-EMF exposures were estimated for study participants
based on lifetime job histories linked to the RF-JEM using three different methods:
(1) by considering RF-EMF intensity among all exposed jobs, (2) by considering
RF-EMF intensity among jobs with an exposure prevalence > the median exposure
prevalence of all exposed jobs, and (3) by considering RF-EMF intensity of jobs of
participants who reported RF-EMF source use. Stratified conditional logistic regres-
sion models were used, considering various lag periods and exposure time windows
defined a priori. Generally, no clear associations were found for glioma or meningi-
oma risk. However, some statistically significant positive associations were observed
including in the highest exposure categories for glioma for cumulative and TWA
exposure in the 1- to 4-year time window for electric fields (E) in the first JEM appli-
cation method (odds ratios [ORs] = 1.36, 95% confidence interval [95% CI] 1.08,
1.72 and 1.27, 95% CI 1.01, 1.59, respectively), as well as for meningioma for cumu-
lative exposure in the 5- to 9-year time window for electric fields (E) in the third JEM
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1 | INTRODUCTION

TURUBAN ET AL.

application method (OR = 2.30, 95% Cl 1.11, 4.78). We did not identify convincing
associations between occupational RF-EMF exposure and risk of glioma or

meningioma.

KEYWORDS
brain tumors, INTEROCC, job-exposure matrix, occupational exposure, radiofrequency
electromagnetic fields

What's New?

Radiofrequency electromagnetic fields have been classified as possibly carcinogenic to humans.
Here, the authors applied a novel job-exposure matrix to investigate the link between occupa-
tional radiofrequency electromagnetic field exposure and brain tumors within the multi-country
INTEROCC case-control study. The findings revealed no clear associations, despite some posi-
tive findings for gliomas and meningiomas in the 1- to 4- and 5- to 9-year exposure windows.
The study underlines the applicability of the job-exposure matrix in occupational research and
the need to further investigate the association between brain tumors and occupational radiofre-

quency electromagnetic field exposure.

relation to mobile phone use, fewer studies have investigated this

Radiofrequency electromagnetic fields (RF-EMF) and their potential
health effects have been the subject of scientific investigation for
decades.! RF-EMF, spanning frequencies from 100 kHz to 300 GHz,
are used in diverse applications. They are commonly used to transmit
information wirelessly for broadcasting, telecommunication, and RF
identification; they function in remote sensing tools such as radars
and security scanners. They are also employed for the heating and/or
drying of products, as well as in some medical diagnostic and thera-
peutic procedures.?® At high intensity, RF-EMF have the potential to
generate excessive heat inside the body, which may cause tissue
damage. To mitigate health risks, guidelines have been established by
agencies such as the International Commission on Non-lonizing Radia-
tion Protection (ICNIRP).* While the general public encounters rela-
tively low intensity levels of these RF fields emitted by everyday
technologies, workers in certain professions might experience higher
and more sustained RF-EMF exposure due to their proximity to, or
use of, specific devices or sources emitting RF-EMF in occupational
settings. Worker exposure levels to RF-EMF have been described in

various sectors including in healthcare,””” telecommunications,~1°

11-13 armed forces'S

manufacturing, as well as among office
workers.*®*” Occupational standards were occasionally exceeded in
many of these sectors,*® but exposure for office workers was consid-
ered equivalent to that of the general population.'”

In 2011, a Working Group convened by the International Agency
for Research on Cancer (IARC) classified RF-EMF as Group 2B, possi-
bly carcinogenic to humans, with some evidence of an increased risk
of glioma and acoustic neuroma. Recently, an Advisory Group to the
IARC Monographs recommended the re-evaluation of the carcinoge-
nicity of RF-EMF with high priority based on new evidence from
human and animal studies.'” While many studies have explored the

potential association between RF-EMF and cancer, primarily in

association in occupational settings.*>2%?! Moreover, occupational
studies have typically been limited by the methods used to ascertain
worker exposure. To further address these questions, better methods
of occupational exposure assessment that can be applied in large-
scale epidemiological studies are needed.

In previous occupational epidemiological studies, exposure
assessment often relied on surrogates of exposure such as job titles,
work in proximity to a particular RF-EMF source, or distance to the
source.?2?® Qualitative exposure estimates were commonly assigned
by occupational hygienists or derived from JEMs based on expert
judgment. The few studies that employed exposure estimates derived
from measurement data, typically involved a small number of mea-
surements and did not account for temporal variation in exposure
levels. 242>

A prior epidemiological analysis utilizing a source-exposure matrix
(SEM) approach in the INTEROCC study did not reveal any notable
associations between cumulative occupational RF-EMF exposure and
either glioma or meningioma risk.2* The SEM was created by integrat-
ing exposure data, primarily spot-measurements, extracted from the
literature and summarized in an Occupational Exposure Measurement
Database (OEMD), with occupational source-based questionnaire
information collected in INTEROCC.2® Some nonsignificant positive
odds ratios (ORs) were observed in the highest exposed groups for
recent exposures (experienced in the 1-4 years preceding diagnosis/
reference date) for both glioma and meningioma. The prevalence of
exposure was low.?

The construction of the INTEROCC RF job-exposure matrix
(RF-JEM) has been detailed elsewhere.?® In short, the RF-JEM was
constructed using exposure estimates compiled in the SEM (above)
coupled with occupational information captured by INTEROCC ques-
tionnaires per job. Information included the types of sources used,

their frequency, and the number of INTEROCC participants in
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each job code who reported using a particular relevant source.
By combining these data, exposure intensity and prevalence metrics
for electric (E) and magnetic (H) fields were estimated across
468 four-digit 1ISCO88 occupations.?® Given that RF electric and
magnetic fields are only proportional in the far-field—typically beyond
one wavelength from the source, separate assessments of electric
(E) and magnetic (H) fields are essential. They behave independently
in near-field conditions, where proximity to the source alters their
interaction with the body.?” A JEM approach including exposure
estimates for both E and H fields provides standardized, job-level
exposure estimates for broad use in epidemiological research.?® The
database of jobs held by INTEROCC subjects had already been previ-
ously linked to other JEMs such as the INTEROCC chemical JEM? to
study the relationship between brain tumors and a range of chemical
exposures, as well as with extremely low frequency (ELF) EMF
through an updated version of an ELF-JEM.%°

The objective of this article is to report results of the first analysis
using the INTEROCC RF-JEM within the INTEROCC study population
to examine the potential association between occupational RF-EMF
exposure and risk of glioma and meningioma. The RF-JEM was linked
to occupational histories in three ways: (1) by considering RF intensity
estimates among all exposed jobs, (2) by considering RF intensity esti-
mates only among jobs with an exposure prevalence >the median expo-
sure prevalence of all exposed jobs, and (3) by considering RF intensity
estimates of jobs for participants who also reported RF-EMF source use
in detailed occupational questionnaire modules. We also compare our
present findings based on the RF-JEM with previous results based on the

SEM in an attempt to evaluate the performance of the RF-JEM.?!

2 | METHODOLOGY

21 | Study population

The INTEROCC study population is based on seven of the 13 INTER-
PHONE countries that participated in this case-control study of risk
factors for primary glioma and meningioma between 2000 and
20043; Australia, Canada, France, Germany, Israel, New Zealand,
and the United Kingdom. The age range of participants varied among
countries. While the core INTERPHONE protocol targeted individuals
aged 30-59 years, the inclusion criteria differed among countries: in
Germany, subjects up to the age of 69 years were included; in the
United Kingdom, the age range was 18-69 years; and in Israel, indi-
viduals aged 18 years and above were included without an upper age
limit. Controls were randomly selected from the source population,
mainly using population registries, electoral lists, general practitioner
patient lists in the United Kingdom, and random digit dialing in
Ottawa, Canada. To improve efficiency, controls were matched to
cases by age group, sex, study region, and country, maintaining an
approximate 1:1 case-control ratio, except in Germany, where 1:2
matching was used. Upon contact, potential participants were briefed
on the study, and those agreeing to participate signed an informed

consent prior to interview.*?

JOURNAL of CANCER

The INTEROCC study subject database has been described

21,29,30,32-35 Briefly, information was collected from 2054

elsewhere.
cases of glioma, 1924 cases of meningioma, and 5601 controls. Partic-
ipation rates were 69% and 79% for glioma and meningioma cases
respectively, and 50% for controls.3¢ The main reasons people did not
take part were refusal (64%) or being unreachable (27%). If a person
had died or otherwise could not take part, a proxy was allowed to
answer for them, proxy interviews were used for 13% of glioma

cases.31

2.2 | Data collection

Whenever possible, study subjects were interviewed in person by
trained interviewers using a computer-assisted personal interview.
The study questionnaire included, in particular, information on demo-
graphic, lifestyle and socioeconomic factors, and occupational history,
with a comprehensive job history including all jobs held for at least
6 months or longer. The information obtained from participating sub-
jects included a lifetime list of job titles, start and end dates, company
name and description, and detailed tasks. An occupational hygienist in
each country coded the local jobs according to the International
Standard Classification of Occupations from both the 1968 system
(ISCO68), with three and five-digit codes, and the 1988 system
(ISCO88), with two, three, and four-digit codes.

Exposure ascertainment covered electromagnetic fields ranging
from O Hz to 300 GHz. As such, the questionnaire contained targeted
screening questions to identify those who might have worked with or
near EMF sources in particular settings where substantial exposure
could occur, including (i) medical diagnosis and treatment, (ii) food-
heating equipment (for cooking, drying, sterilizing, or pasteurizing
food), (iii) industrial heating, (iv) semiconductor manufacturing,
(v) radars, (vi) telecommunication antennas, and (vii) portable transmit-
ters such as CB radios or walkie-talkies. This led to further inquiries
about the nature of the work, the job(s) in which this took place, the
exposure sources, tasks, work arrangements, start and end years, and
number of hours per week/month the subject worked with or near
the reported source(s).2 A subject could report multiple sources of
exposure and, in some instances, multiple questionnaire modules for a

given job were completed.

2.3 | Exposure assessment

In 2019, a RF-JEM was created with estimates of exposure to electric
(E) and magnetic (H) fields based on the INTEROCC study SEM and
subjects' coded occupational histories.?® The RF-JEM was based on
the international ISCO88 coding system, giving estimates of both
intensity and prevalence of RF-EMF exposure for each four-digit
ISCO88 code found in INTEROCC. The JEM provides exposure
estimates for 468 ISCO88 four-digit codes, of which 62% were
considered as occupationally exposed to frequency ranges including

intermediate-frequency ELF (IF-ELF; 3-100 kHz), intermediate-frequency
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radiofrequency (IF-RF; 100 kHz-10 MHz), or RF (10 MHz-300 GHz);
with the majority of exposed job codes exposed to RF only (88% of
exposed job codes for E-fields and 87% for H fields).2®

Intensity estimates in the JEM were computed by combining the
mean electric (E) or magnetic (H) field strength extracted from
the SEM estimates for the different sources encountered in each job
code, depending on their frequency range, and the corresponding
frequency-specific ICNIRP basic restrictions (BRs) and reference
levels (RLs). For IF-RF and RF (>100 kHz), intensity was calculated as
the E- and H-field ICNIRP squared ratios (Equation 1). These ratios
were used to consider the frequency-dependent biophysical
responses to EMF exposure, and the multiplicity of frequency ranges
within the same band (i.e., RF frequencies in kHz, MHz, or GHz).
ICNIRP's guidelines include frequency-specific RLs for occupational expo-
sure, based on thresholds of biological responses, or BRs. The fact that
these guidelines vary with frequency emphasize the necessity of accom-

modating frequency variations in the assessment of exposure.

G:(f)]*

o SAR 1
[Grus(F)? W

ICNIRP squared ratiogs ) =

In Equation (1), Gs(f) denotes the electric (E) field in V/m or the
magnetic (H) field in A/m for a source S with frequency f. G; (f) is the
arithmetic mean E or H exposure level for that source and frequency,
taken from the SEM. Ggs(f) is the ICNIRP standard RL for the fre-
quency of that source. For frequencies above 100kHz, ICNIRP
squared ratios are thought to approximate the specific absorption rate
(SAR).2¢ Estimates for each source were then combined within their
respective job codes along additional modifying factors (i.e., operating
distance from source, proportion of time exposed to the source during
a shift) to obtain a single time-weighted average (TWA) ICNIRP
squared ratio estimate for each exposed ISCO88 job code. Since
INTEROCC focused on brain tumor risk, measurements in the SEM
made at the head level were also upweighted during an expert
confidence-rating assessment. Further details on the RF-JEM creation
are available elsewhere.?®

We linked the RF-JEM to the occupational histories of cases and
controls using three increasingly restrictive methods for exposure
assessment, in order to gain insight into the performance of the JEM.
(1) We applied RF intensity scores to all exposed job titles, considering
participants with a job history without RF-exposed jobs as nonex-
posed (Method 1). (2) In order to have fewer false positives, we cre-
ated a more specific version of the JEM by only assigning exposure
estimates for jobs with RF exposure prevalences above the median
prevalence of exposure among all exposed jobs (5.1% for E fields,
4.8% for H fields, and 1.5% for both E and H fields in IF-RF). Occupa-
tions with an exposure prevalence below the median prevalence were
considered nonexposed (Method 2). (3) Finally, we assigned exposure
estimates from the RF-JEM exclusively to those jobs for which indi-
vidual participants reported RF-EMF source use in detailed occupa-
tional modules ascertained through the study questionnaire (Method
3). We also considered various exposure lags and time windows in the

analysis.?*

2.4 | Statistical analysis

Analyses were performed across the full RF-EMF frequency spectrum,
therefore including both IF-RF and RF-EMF frequencies and
summing them at the job level. In order to calculate lifetime- or time
window-specific cumulative IF-RF/RF-EMF (100 kHz-300 GHz) elec-
tric (E) and magnetic (H) field exposure estimates using JEM informa-
tion, the number of years a participant worked in a specific ISCO88
code was multiplied by the relevant intensity level estimate from the
JEM. This estimate was then summed across all occupations held by
the participant up to the diagnosis/reference date minus a lag period.
We considered multiple lag periods (1, 5, and 10 years) as well as two
specific exposure time windows (1-4 and 5-9 years) before the
diagnosis/reference date. TWA exposure estimates were also calcu-
lated by dividing the cumulative exposure estimate by the number of
years worked in a given job, for each lag period and specific exposure
time window.

Participants who reported jobs with unknown start or end dates
(in years) or those containing incoherent chronological information
were excluded from the analysis. If a participant had overlapping jobs,
the exposure estimates were averaged for those overlapping years.
Participants who presented uncertain information regarding the use
or exposure to any source were similarly excluded. The exclusion
criteria were applied to maintain comparability across the different
RF-JEM application approaches. Participants who exclusively reported
nonstandard occupations (housewife/husband, pensioners, training, or
imprisonment) in their occupational history were excluded. If these
nonstandard occupations were reported alongside other jobs, they
were retained in the analysis and considered as nonexposed periods.
All participants with any unknown occupation were excluded.

Associations between exposure to IF-RF/RF-EMF (with E-fields
and H-fields considered separately), and the risk of glioma or meningi-
oma were investigated using stratified conditional logistic regression
models. These models, which estimated ORs and 95% confidence
intervals (Cls), were stratified according to the original matching fac-
tors (age in 5-year intervals, sex, and country/region) and adjusted for
education. All eligible controls were used in the analysis to maximize
the available sample size. The analyses were conducted with specific
exposure lags and time windows of exposure selected a priori as in
previous work, to explore if more recent or distant exposures to E or
H fields of IF-RF/RF-EMF could be associated with varying brain
tumor risk including possibly related to the promotion or progression
of tumors in the most recent exposure time periods.2* For cases, the
date of diagnosis was the reference date, whereas for controls, it was
the interview date less the median time span between diagnosis and
interview dates among cases.

Exposure to occupational IF-RF/RF-EMF was examined using cat-
egorical indicators of E and H fields. Given the skewed nature of the
exposure data, cut-points were used to define distinct categories
across the spectrum of exposure (50th, 75th, and 90th percentiles).37
These cut-points were calculated based on the exposure distribution
among controls. Participants who were never exposed to occupational

IF-RF/RF-EMF served as the reference group for the primary analysis.
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We aggregated both IF-RF and RF exposures together for each
ISCO88 code as individuals in these occupations could potentially be
exposed to both types of frequencies and because ICNIRP squared
ratios are used for both frequencies (>100 kHz).

Sensitivity analyses were performed to assess potential bias. We
conducted a targeted assessment to address potential biases in glioma
cases regarding the final years worked. Specifically, we limited our
analysis to cases and controls who were actively employed through-
out the entire most recent 1- to 4-year time period before the diagno-
sis/reference date to mitigate the potential impact of reduced work
years in glioma cases due to the onset of symptoms of disease. We
examined exposure associations separately for low-grade (I-1l) and
high-grade (lllI-1V) glioma cases. Additionally, we assessed exposure
using additional year lags (15, 20, and 25 years) and specific time win-
dows of exposure (10-14, 15-19, and 20-24 years) to evaluate lon-
ger latency effects. As in previous analyses with the INTEROCC
dataset using the SEM,?! using the low-exposed group as the refer-
ence category instead of the nonexposed group. Sensitivity analyses
also excluded participants with proxy responses, those over 60 years
of age at time of interview, individuals with the highest exposure
levels (>99th percentile) and those with specific pre-existing medical
conditions such as neurofibromatosis or tuberous sclerosis. Finally,
analyses were also carried out by sex.?! Statistical analysis was per-
formed with R software version 4.2.2.38 Conditional logistic regres-
sion analysis were performed using the “survival” package.*?

3 | RESULTS

In total, 260 controls (4.6%), 137 glioma cases (6.7%), and 115 menin-
gioma cases (6.0%) were excluded due to incomplete or unknown RF-
EMF source information and lack of occupational history information.
Participants excluded due to missing education level represented
11 controls (0.2%), 14 glioma cases (0.7%), and 7 meningioma cases
(0.4%). Chronological issues in occupational history led to the exclu-
sion of 29 controls (0.5%), 47 glioma cases (2.3%), and 15 meningioma
cases (0.8%). Finally, 32 controls (0.6%), 12 glioma cases (0.6%), and
20 meningioma cases (1.0%) were excluded for having worked only in
nonstandard occupations and for having any unknown occupation
in their job history (42 controls, 0.7%; 25 glioma cases, 1.2%; and
9 meningioma cases, 0.5%). This resulted in a total of 1819 glioma
cases, 1758 meningioma cases, and 5227 controls included for the
analysis.

Sociodemographic characteristics of included participants are
given in Table 1. Among glioma cases, the highest percentages were
observed in the 50-54 (17.8%) and 55-59 year (15.7%) age groups.
Males constituted 60.7% of glioma cases, but only 44.2% of controls.
The largest numbers of glioma cases came from the United Kingdom
(29.5% of the total), followed by Israel (20.7%), and Germany (19.0%).
Regarding education, 52.4% of glioma cases had high school or lower
education, compared to 53.9% of controls. For meningioma cases,
73.2% were female. Their age distribution was similar to glioma show-
ing the highest frequencies in the 50-54 (20.1%) and 55-59 (17.2%)

JOURNAL of CANCER

year age groups. Israel contributed the highest percentage of meningi-
oma cases (36.8%). In terms of education, 59.2% had at most a high
school education. Both glioma and meningioma cases had comparable
mean numbers of years worked (up to 1 year before the diagnosis
date), with averages of 27.6 + 12.1 years for glioma cases, 27.4 + 12.2
for meningioma cases, and 27.6 + 11.6 for controls.

A summary of the distribution of cumulative and TWA exposures
to IF-RF/RF-EMF for glioma cases and controls with different lag-
times and for specific time windows is presented in Table 2A (E fields)
and Table 2B (H fields). Equivalent tables for meningioma are given in
Tables S1a and S1b.

The exposed jobs most frequently reported by study subjects
included Secretaries (ISCO 4115), Shop salespersons and demonstrators
(ISCO 5220), and Other office clerks (ISCO 4190) which made up 5.2%,
4.9%, and 3.6% of total captured occupations, respectively. However,
only ~1% of participants reported using any RF-EMF source in these
occupations.

While the majority of participants were considered “ever
exposed” applying a 1-, 5-, or 10-year lag preceding the diagnosis/
reference date in Method 1, there were fewer exposed participants
when excluding jobs having a low probability of exposure (Method 2),
and an even lower proportion of exposed participants when consider-
ing participant-reported data on use of any IF-RF/RF-EMF occupa-
tional source in their jobs (Method 3). Only a small percentage of
participants reported using a source among the most prevalent occu-
pations (see above). The proportion of exposed participants was also
generally lower in the 1- to 4- and 5- to 9-year exposure time win-
dows before diagnosis/reference date compared to the 1-, 5-, and
10-year lag exposures.

For E fields, glioma cases tended to demonstrate somewhat
higher mean cumulative exposure levels than controls for most lags
and time windows and exposure assessment methods. Findings were
similar for H fields. For meningioma, cases also tended to display
higher mean cumulative exposure levels than controls across type of
field, lag, and time window. Strong positive correlations (Spearman
coefficients ranging from 0.84 to 0.98) between E and H field expo-
sures were observed for each lag and specific time window of
exposure.

Figure 1A,B provides results of the stratified conditional logistic
regression analysis of the association between categories of cumula-
tive exposure to IF-RF/RF-EMF for E and H fields and the risk of gli-
oma and meningioma, respectively. Additional figures for TWA
analyses and detailed results are shown in Figure S1a,b, Tables S2a,
S2b, S3a, and S3b, respectively for E and H fields for glioma and
meningioma. Results of analysis for TWA exposures to IF-RF/RF-EMF
are presented in Tables S4a and S4b for glioma and Tables S5a and
S5b for meningioma.

Results for the main categorical analysis of glioma using cumula-
tive estimates of exposure indicated mostly no associations for either
E or H fields with 1-, 5-, or 10-year lags according to the different
exposure assessment approaches. However, some significantly
decreased ORs were observed; particularly for E-fields with exposure

assessment Method 1, irrespective of lag time. The only departures
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TABLE 1

Glioma (n = 1819)

Variables n %

Age groups (years)

<35 200 11.0
35-39 169 9.3
40-44 204 11.2
45-49 224 12.3
50-54 324 17.8
55-59 286 15.7
60-64 180 9.9
65-69 127 7.0
70+ 105 5.8
Sex
Female 715 39.3
Male 1104 60.7
Country
Australia 257 141
Canada 154 85
France 89 4.9
Germany 346 19.0
Israel 377 20.7
New Zealand 60 3.3
United Kingdom 536 29.5
Education
High school or less 954 52.4
Medium-level technical school 351 19.3
University 514 28.3

from the general pattern of no or inverse associations were found for
the 1- to 4- and 5- to 9-year exposure windows, primarily in the high-
est exposure groups and for E fields, for both cumulative and average
analyses in exposure assessment Methods 1 and 2. For instance, in
Method 1, positive associations with gliomas were observed in the
highest exposure group of the 1- to 4-year window for both cumula-
tive (OR 1.36; 95% Cl 1.08, 1.72) and average analyses (OR 1.27; 95%
Cl 1.01, 1.59). A positive association was noted in Method 2 for the
lowest exposure group with E fields in the 5- to 9-year window
(OR 1.22; 95% Cl 1.02, 1.47).

Analysis of meningioma generally showed most ORs being close
to or <1.0 with no clear trend apparent. Positive ORs were found in
the 5- to 9-year window for the highest exposure group with E fields
(OR 2.30; 95% Cl 1.11, 4.78) and in the 1- to 4-year window for the
third exposure group with H fields (OR 2.24; 95% CI 1.21, 4.15), both
in Method 3. These results were also based on small numbers of
exposed participants, resulting in wide Cls. There was no evidence for
a significant trend with all p values for trend being 20.05.

Findings from sensitivity analysis for both types of brain tumors

did not yield any notable differences from the main findings. There

Sociodemographic characteristics of included participants by age, sex, country, and education: INTEROCC study (2000-2004).

Meningioma (n = 1758) Controls (n = 5227)

n % % %
76 4.3 401 77
96 55 443 85

163 9.3 604 11.6
261 14.8 713 13.6
354 20.1 930 17.8
303 17.2 972 18.6
174 9.9 488 9.3
156 8.9 416 8.0
175 10.0 260 5.0
1287 73.2 2917 55.8
471 26.8 2310 44.2
239 13.6 633 121
90 51 613 11.7
138 7.8 456 8.7
364 20.7 1478 28.3
647 36.8 898 17.2
48 2.7 136 2.6
232 13.2 1013 194
1040 2 2818 53.9
344 19.6 978 18.7
374 213 1431 274

were no clear associations observed for glioma in the analysis which
focused on participants who worked the full 4 years in the 1- to
4-year exposure time window. Findings when using the category of
<50th percentile of cumulative exposure as the reference group are
presented in Tables Séa, Séb, S7a, and S7b.

4 | DISCUSSION

Associations between occupational exposure to IF-RF/RF-EMF and
the two most frequent types of brain tumors in adults, glioma
and meningioma, were examined applying the INTEROCC RF-JEM in
the INTEROCC study population. Findings using either cumulative or
TWA estimates of exposure showed largely null or inverse findings for
various lags, specific time windows of exposure, and methods of link-
ing the JEM for both E and H fields. However, some statistically
significant positive associations were observed including in the high-
est exposure categories for glioma for cumulative and TWA exposure
in the 1- to 4-year time window for electric fields (E) in the first JEM

application method, as well as for meningioma for cumulative
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FIGURE 1 (A) Associations between categories of cumulative exposure to radiofrequency electromagnetic fields (RF-EMF) based on the
50th, 75th, and 90th percentiles and the risk of gliomas per exposure lag and time window of exposure for Electric (E) and Magnetic (H) fields
(Reference group not shown). (B) Associations between categories of cumulative exposure to RF-EMF based on the 50th, 75th, and 90th
percentiles and the risk of meningiomas per exposure lag and time window of exposure for Electric (E) and Magnetic (H) fields (reference group
not shown).

exposure in the 5- to 9-year time window for electric fields (E) in the The present findings using the RF-JEM are comparable to a previ-
ous analysis of INTEROCC study data with exposure ascertainment
The previous SEM-based method

assigned exposure status and level based on the respondent's

third JEM application method. Some inverse associations were found
in the 1-, 5-, and 10-year lag exposures for glioma among Methods based on a SEM-based approach.?!

1 and 3 for E and H fields.
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reported use of specific occupational RF-EMF sources. This approach
utilized detailed algorithms, taking into account the mean exposure
levels of each reported source from the SEM, along with factors
including distance to the source, automation, and other modifiers spe-
cific to the occupational section. Furthermore, the algorithm consid-
ered the frequency of working with or near the source (in hours per
day/week) and the duration of exposure (in years), leading to ~10%
of participants being classified as exposed to either E- or H-fields.
Similarly, in our JEM-based approach that also takes into account this
same participant-reported source data regarding use of any occupa-
tional RF-EMF source (Method 3), we consistently found no clear
associations. Several factors can explain this finding. First, even
though Method 3 and the SEM analysis used different exposure esti-
mates, they are strongly correlated. This is because the JEM estimates
combine all RF-EMF source estimates from the SEM for a given job
code, and are attributed to nearly the same participant group who
reported using a RF-EMF source. Despite this apparent redundancy,
Method 3 was applied in the context of the unique source-based infor-
mation contained in the INTEROCC study to assess the combination of
job- and source-based information and to compare results with previous
SEM analyses. Second, self-reported information on historical lifelong
exposure sources may be affected by information bias, and the extent
of misreporting may differ depending on the severity of the disease. In
these circumstances, exposure-disease associations may be under-
estimated, or inflated*® Since both methods rely on participant-
reported data, they are likely to be affected by similar reporting errors.
However, it should be noted that the questionnaires in the INTEROCC
study were designed to maximize the validity of responses. These ques-
tionnaires began with general screening questions about occupational
sectors and progressively narrowed down to more detailed queries
about specific tasks. This approach attempted to more accurately iden-
tify the RF-EMF sources used at work, rather than directly asking partic-
ipants for source-related information. The potential for recall bias,
however, makes it difficult to interpret these findings with a high degree
of confidence. And finally, there may not be an underlying association
between occupational RF exposure and glioma or meningioma risk. Fur-
ther, reduced ORs, which were also found and discussed in previous
INTERPHONE/INTEROCC studies, could be due to participation and
selection biases.*? Still, the current interpretation of these results is
somehow limited by the demographic composition of the INTEROCC
study, which underrepresents participants over 60 years of age. This
age group is typically at a higher risk for brain tumors, potentially
obscuring any potential associations, and impeding the study of effects
of long-latencies. While the JEM and SEM methods may appear redun-
dant, a JEM approach without using self-reported source data
(Methods 1 and 2) is necessary for application in other epidemiologic
studies where source-based information is not typically available.
Method 1 (linking RF intensity estimates to all exposed jobs) and
the more specific Method 2 (excluding jobs with a low prevalence of
exposure) of linking the JEM to INTEROCC participants occupational
history did not rely directly on individualized source-based informa-
tion in the attribution of the JEM estimates. The JEM construction

method relied on, for each job title reported by one of the nearly

10,000 case and control participants from the INTEROCC study,?®
attributing the mean SEM exposure values and probability of expo-
sure among all subjects in that job. The SEM was based on a compre-
hensive collection of measurement data from the literature. While
carrying inherent limitations typical of JEMs and a certain degree of
uncertainty in the estimates attributed to each occupation,*? the data
underlying the RF-JEM is also subject to the potential recall errors
mentioned above. There is also some degree of nondifferential mis-
classification from using the group-based exposure assignment
approach, which will typically not bias the ORs, but will reduce preci-
sion. This is known as Berkson-type error, when group average values
are used instead of individual values, thereby reducing the statistical
power of a study.*® In the construction of the RF-JEM, levels of expo-
sure were attributed to occupations based only on the exposure of
participants who reported using a specific RF-EMF source in the given
occupation, resulting in occupations with exposure level information
based on small numbers of exposed participants, and with low preva-
lences of exposure. Findings from Methods 1 and 2 were however
generally consistent.

A few positive associations were observed in the highest expo-
sure category within the 1- to 4-year time window for glioma in
Method 1, and for meningioma in Method 3 in the 1- to 4- and 5- to
9-year time window for E and H fields, respectively, although these
findings may have been affected by selection bias. The previous SEM-
based analysis,?* described how control participation could be related
with socioeconomic status and mobile phone usage, both of which
might correlate with occupation and exposure to certain RF-EMF
sources. We also cannot exclude that these positive findings may arise
from chance, given the multiple comparisons conducted in this study.
Considering the expected improvement of the exposure assessment
from Method 1 to 3 here, and the lack of replication of findings
regarding glioma in Method 3, this may also further support interpre-
tation of this finding as a chance finding.

Findings from Method 1 should also be interpreted in the context
of the very low prevalence of exposure overall across all jobs (median
prevalence of 5.1% for E fields, 4.8% for H fields) and the important
variability of exposure within job-codes. In this scenario, many nonex-
posed participants would be attributed exposure levels (i.e., medical
doctors, prevalence of exposure ~0.7%). Method 2 aimed to mitigate
this effect by using the median exposure prevalence across all jobs as
a method to reduce potential misclassification bias while preserving
statistical power. In studies where the prevalence of exposure is low,
it is crucial to maximize specificity to minimize the attenuation of
effect estimates due to exposure misclassification.**

Other limitations of the current RF-JEM also need to be consid-
ered. The exposure estimates used to create the JEM were drawn
from the previous OEMD/SEM databases which relied mostly on
source-based measurement information collected from the available
literature from 1974 to 2013, with very few data on personal
measurements of RF source exposure.? Personal measurements are
generally regarded as a more reliable method to assess exposure to
RF-EMF, and source-based measurements may suffer several limita-

tions.*>*% Exposure-based information in the JEM was derived from a
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very low number of workers in most occupations, with fewer than five
exposed subjects in 70.4% and 73.0% of 1SCO88 codes for E and H
fields respectively.?® Differences between sexes were also observed
regarding occupations and the use of RF-EMF sources in the INTER-
OCC dataset. For example, the proportion of male workers was
greater among industrial and technical occupations. Additionally,
among occupations with high RF-EMF exposure, females workers
tended to report a lesser use of specific occupational RF-EMF sources
compared to males (Table S8). Overall, however, findings remained
consistent when examining only male participants (results not shown).
Finally, findings from our recent paper®” showed that occupational
exposure to RF-EMF among measured jobs could be summarized on
the scale of seconds of exposure across a work shift instead of hours,
which would also question the relevance of using an 8 h TWA—as is
done in the JEM—instead of other metrics such as peak exposure or
frequency. These current limitations make the interpretation of our
results challenging.

Strengths and limitations of using ICNIRP-based metrics to esti-
mate cumulative exposure to RF-EMF have been previously
discussed.?2*8-50 |CNIRP ratios are employed to evaluate compliance
with regulatory standards based on RF-EMF thermal effects. How-
ever, ICNIRP squared ratios may correlate well with SAR levels, which
are also proportional to internal electric fields.2® Moreover, in work
environments featuring a variety of EMF exposure conditions, the
cumulative ICNIRP metric tends to overestimate exposure levels
because it is calibrated to worst-case scenarios rather than average
exposures. In our own prior study aimed at measuring personal full-
shift worker exposure across a broad range of occupations, we found
that the levels of exposure generally encountered were low (>99% of
full-shift 1 s measurements were <1% ICNIRP 1998 occupational
standards) and of short duration.*” This type of personal measure-
ment data could be used in future research to improve the reliability
of the current RF-JEM, as well as to assess its performance providing

greater insight into the interpretation of our findings in this study.

5 | CONCLUSION

The previous SEM-based and the current JEM-based analyses (with
three ways of linking the JEM to participant job histories) produced
similar results that fail to show clear trends of associations between
various RF-EMF exposure measures and either glioma or meningioma
risk. Nevertheless, interpretation of current findings remains challeng-
ing. The method of linking JEM estimates to a job only when RF
source use was self-reported led to significantly lower exposure prev-
alences and similarly did not suggest clear evidence of increased risk
from occupational IF-RF/RF-EMF exposures. Findings suggest that
the RF-JEM could potentially be used in studies without self-reported
information available on working with or near RF sources.

While we generally found no associations or inverse associations
overall, a few positive associations between exposure to IF-RF/RF in
cumulative and TWA exposure analyses were found with glioma
in Method 1 in the highest exposure category in the 1- to 4-year time

JOURNAL of CANCER

window of exposure, and with meningioma in Method 3 in the 5- to
9-year window prior to diagnosis/reference date. However, these sta-
tistically significant results, not consistent across analysis methods,
could be due to chance, and will require verification in other indepen-
dent studies. Integrating additional criteria when using JEM, such as
exposure prevalence similar to Method 2 in this paper, when attribut-
ing exposure levels could be considered in further work. Future
improvements of the RF-JEM, including by collecting and integrating

personally measured exposure data could be considered.
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