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A case-control study of radio frequency electromagnetic fields (RF-EMFs) and childhood leukemia was con-
ducted in West Germany. The study region included municipalities near high-power radio and TV broadcast
towers, including 16 amplitude-modulated and 8 frequency-modulated transmitters. Cases were aged 0—14 years,
were diagnosed with leukemia between 1984 and 2003, and were registered at the German Childhood Cancer
Registry. Three age-, gender-, and transmitter-area-matched controls per case were drawn randomly from pop-
ulation registries. The analysis included 1,959 cases and 5,848 controls. Individual exposure to RF-EMFs 1 year
before diagnosis was estimated with a field strength prediction program. Considering total RF-EMFs, the odds ratio
derived from conditional logistic regression analysis for all types of leukemia was 0.86 (95% confidence interval:
0.67, 1.11) when upper (>95%/0.701 V/m) and lower (<90%/0.504 V/m) quantiles of the RF-EMF distribution were
compared. An analysis of amplitude-modulated and frequency-modulated transmitters separately did not show
increased risks of leukemia. The odds ratio for all types of leukemia was 1.04 (95% confidence interval: 0.65, 1.67)
among children living within 2 km of the nearest broadcast transmitter compared with those living at a distance of

10—<15 km. The data did not show any elevated risks of childhood leukemia associated with RF-EMFs.

child; electromagnetic fields; leukemia; radiation, radio; television

Abbreviations: AM, amplitude modulated; ClI, confidence interval; FM, frequency modulated; ICCC, International Classification of
Childhood Cancer; RF-EMF, radio frequency electromagnetic field.

For many decades, radio and TV broadcast stations have
been emitting radio frequency electromagnetic fields (RF-
EMFs) in the frequency range of 10 kHz—870 MHz. Amplitude-
modulated (AM) transmitters are usually not located in
populated areas but have large coverage areas and operate
at relatively high power levels (1). In the vicinity of AM
transmitters (100-m radius), high field strengths of more
than 10 V/m can occur. Exposure decreases with increasing
distance from the transmitter. Frequency-modulated (FM)
radio and TV transmitters are usually located in urban
areas. Maximum field strength is often observed at a dis-
tance of several hundred meters to several kilometers from
the transmitter. In the vicinity of an FM/TV transmitter, the
vertical radiation patterns give rise to high variability in the
fields measured near ground level. Hence, there is a weak

correlation between exposure and distance from the
transmitter.

Some ecologic studies reported small to moderately in-
creased incidence rates of childhood leukemia in association
with proximity to broadcast towers (2—6). Other studies,
however, reported no association (7, 8). Conflicting results
are due to the limitations of geographic correlation studies.
A case-control study on this topic was conducted in South
Korea by using hospital-based controls. It included only AM
transmitters and cases diagnosed between 1993 and 1999.
An increased leukemia risk for children living within 2 km
of an AM transmitter was observed, but no association with
total RF-EMF exposure was found (9, 10).

Between 2005 and 2007, we conducted a case-control
study in West Germany by using population-based controls.
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Figure 1. Location of the 24 broadcast transmitters with >200 kW effective monopole radiated power (amplitude modulated (AM)) and >200/
>500 kW effective radiated power (frequency modulated (FM)/TV), Germany, 1984-2003 (®, AM transmitters; m, FM/TV transmitters).

The study involved cases diagnosed between 1984 and 2003
and included both AM and FM/TV transmitters. In this paper,
we report the results.

MATERIALS AND METHODS
Transmitter selection and definition of the study region

Because it is possible to receive public TV and radio
programs everywhere in Germany, RF-EMF exposure at

some similar background level is ubiquitous, with little var-
iation in exposure except in the vicinity of broadcast trans-
mitters. Therefore, an efficient study design was developed
by defining the study area as municipalities in the vicinity
of Germany’s strongest transmitters. Transmitters located in
East Germany were not included because random sampling
of historical controls was not possible for the former German
Democratic Republic. High-output-power AM transmitters
were identified in West Germany according to an effective
monopole radiated power of at least 200 kW. In addition,
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FM/TV transmitters with an aggregated effective radiated
power of at least 200 kW (FM) or 500 kW (TV) were iden-
tified. Five transmitters in sparsely populated regions pro-
viding only 27 additional cases over the entire study period
were not considered because of time restrictions and finan-
cial aspects related to recruitment of controls. A total of
16 AM transmitters and 8 FM/TV transmitters were finally
selected.

RF-EMF model calculations and measurements were
conducted during a pilot study. A critical value for AM
transmitters is a field strength of 1 V/m because it exceeds
field strengths usually detected in the environment, such as
in the proximity of mobile phone base stations (11, 12). To
define the transmitter area, the radius centered upon each
AM transmitter was determined by an approximate 1-V/m
radius calculated by its effective monopole radiated power
and the assumption of propagation over flat and ideal
ground. To include low exposed areas, this radius was dou-
bled. For FM transmitters, different technology had to be
considered. Here, an approximate 0.03-V/m (90 dB(uV/m))
radius was calculated (13). All municipalities within or at
least partially within the respective circles were defined as
the study region, resulting in 805 municipalities (Figure 1).

Study population

All cases were selected from the virtually complete Ger-
man Childhood Cancer Registry (14). Our study included
incident cases with leukemia diagnosed between January 1,
1984, and December 31, 2003. According to the International
Classification of Childhood Cancer (ICCC), the following
diagnoses were considered: lymphoid leukemia (ICCC Ia),
acute myeloid leukemia (ICCC Ib), chronic myeloprolifera-
tive diseases (ICCC Ic), myelodysplastic syndrome and other
myeloproliferative diseases (ICCC Id), and unspecified and
other specified leukemias (ICCC Ie) (15). Eligible cases were
less than age 15 years and lived in the study region at the time
of diagnosis.

For each case, 3 individually matched controls were drawn
randomly from the population living in the same transmitter
area at the time of diagnosis of the case, of the same sex, and
born as close in time as possible to the respective case but
with a difference of 1 year at most. Communities were
selected randomly by population size (considering sex, age,
year of diagnosis, study region) and were asked to provide
addresses and names of children fulfilling the matching cri-
teria. A total of 82% of controls lived in areas with access to
historical population records and could be selected even if
they had moved out of the study area after the case was
diagnosed. Controls who lived in study areas in which no
historical population registries were available (18%) were
selected from among those who were residentially stable.

It was not possible to obtain participants’ full residential
history. However, the date that they moved to the address
where they were diagnosed (corresponding date for con-
trols) was collected. Hence, it was possible to subdivide
the study population into those who moved between birth
and diagnosis and those who did not.

A total of 2,086 eligible cases were identified. Cases for
whom address information was incomplete were excluded
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Figure 2. Distribution of total radio frequency electromagnetic fields
(RF-EMFs) in the study population, Germany, 1984-2003. Dashed
lines: 90% quantile and 95% quantile.

(45 cases, no name and address; 82 cases, insufficient in-
formation on the address). A total of 1,959 cases and 5,848
controls were included in the analysis. Almost all cases had
3 controls (98.7%), 1.1% had 2 controls, and 0.2% had 1
control. Each address of cases and controls as well as all
transmitter coordinates were converted to Cartesian coordi-
nates, which alleviated calculation of distances. Quality as-
sessment showed that 99.5% of the coordinates were exact
on the house level, the others on the street level (midpoint).

Retrospective exposure estimation

All relevant transmitter operators supplied data describ-
ing the operating characteristics of their transmitters be-
tween 1983 and 2002. Individual RF-EMF exposure was
calculated with a field strength prediction program. This
prediction software has been developed to assure adequate
coverage for all radio/TV consumers in Germany. An in-
corporated geographic information system based on Carte-
sian coordinates allowed exposure estimation for the given
places of residence of cases and controls, which was calcu-
lated under blinded conditions.

The nationwide coverage of AM radio and FM radio and
TV is the reason for a mixed exposure situation. However, it
was possible to compute AM and FM/TV separately. For
AM transmitters, MININEC modeling was used in combi-
nation with propagation over spherical earth of finite ground
conductivity. Field strengths were calculated for 1.5 m
above ground (16, 17). For FM/TV transmitters, a Meeks
algorithm was applied to compute the average of the field
strength 10 m above ground over pixels of 100 X 100 m?
(18, 19) and was scaled down to 1.5 m by applying an
empirical correction of —10 dB.

RF-EMFs are emitted by not only those high-power trans-
mitters that were used to define the study region (referred to
as ‘““main transmitters’’). Broadcast towers with power com-
parable to or lower than that of the main transmitters within
the study region had to be considered as well as transmitters
outside the study region that emitted relevant radiation into
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Table 1. Characteristics of Leukemia Cases and Matched Population Controls Aged <15 Years in Broadcast

Transmitter Areas in Germany, 1984-2003

Leukemia Cases®

s Aicases  LERd o WeeR omers
(n =1,959) (n = 1,586) (n = 336) (n=37)
No. % No. % No. % No. % No. %

Age at diagnosis, years

0 322 5.5 108 55 47 3.0 56 16.7 5 135

1-4 2,745 47.0 920 47.0 795 50.1 117 348 8 216

5-9 1,593 27.2 535 27.3 459  28.9 69 205 7 18.9

10-14 1,188° 20.3 396 20.2 285 18.0 94 28.0 17 46.0
Sex

Male 3,308 56.6 1,109 56.6 898 56.6 192 571 19 514

Female 2,540 43.4 850 434 688 434 144 429 18 486
Time period of diagnosis

1984-1992 2,407 41.2 808 41.2 659 416 129 384 20 541

1993-2003 3,441 58.8 1,151 58.8 927 584 207 61.6 17 459
Transmitter area

AM 3,878 66.3 1,326 677 1,057 66.6 249 741 20 541

FM/TV 1,970 33.7 633 323 529 334 87 259 17 459
Population density®

Low 1,946 33.3 658 33.6 520 328 123 36.6 15  40.6

Medium 1,939 33.1 695 35.5 568 358 119 354 8 216

High 1,963 33.6 606  30.9 498 314 94 28.0 14 378

Abbreviations: AM, amplitude modulated; FM, frequency modulated.
& Matched to cases according to age, sex, transmitter region, and time of diagnosis.
P All cases: International Classification of Childhood Cancer (ICCC) I; lymphoid leukemia: ICCC la; myeloid

leukemia: ICCC Ib, ICCC Id; others: ICCC Ic, ICCC le.
¢ Included 2 controls aged 15 years.

4 Low: 0—1,293/km?; medium: 1,294-3,600/km?; high. 3,601-9,911/km?.

the study region. Hence, in addition to the 24 main trans-
mitters, exposure data from an additional 312 transmitters
were included in the exposure estimation.

For the whole exposure period, calculated exposure data
were available for each month, with the cumulated local
average field strength (V/m) referring to AM transmitters,
the cumulated local average field strength (V/m) referring to
FM/TV transmitters, and the exposure for both transmitter
types (total RF-EMFs). For cumulation, field strength values
were converted to power flux density throughout.

The quality of the RF-EMF predictions was evaluated in
a validation study (Sven Schmiedel, Danish Cancer Society,
unpublished data), in which the prediction algorithm was
tested against 477 RF-EMF measurements conducted in
the study region. The measurements were performed during
a measurement survey independently of the case-control
study (20). Estimated RF-EMFs and measured RF-EMFs
were highly correlated, with a Spearman rank correlation
coefficient (r) of 0.80 (95% confidence interval (CI): 0.76,
0.83), which was clearly better than the correlation between
measured RF-EMFs and distance to the transmitter (r = 0.54,
95% CI: 0.47, 0.60). Dichotomized at the 90% quantile,

estimated and measured RF-EMFs revealed a satisfactory
agreement (Cohen’s kappa coefficient = 0.74, 95% CI: 0.64,
0.84).

Statistical analysis

Lymphoid leukemia represents approximately 80% of all
cases of leukemia in children (14) and was considered sep-
arately. Myelodysplastic syndromes and acute myeloid leu-
kemia were combined into 1 group (referred to as “myeloid
leukemia’) (21).

Conditional logistic regression was used to estimate odds
ratios and their 95% confidence intervals for average expo-
sure in the month 1 year before diagnosis. Case-control
status was the dependent variable.

The distribution of exposure from total RF-EMFs was
skewed to the left (Figure 2), with a majority of study partic-
ipants being exposed to background fields. For that reason, the
“high-exposure” category was defined by the >90% quantile
(0.504-7.742 V/m for total RF-EMFs). This group was fur-
ther subdivided into the 90%—-<95% and 95%—<100%
quantiles. To investigate a possible dose-response-relation,
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Figure 3. Scatter plot of total radio frequency electromagnetic
fields in relation to distance of study subjects’ place of residence
to the nearest main transmitter, Germany, 1984—2003. For example,
120 dB(pV/m) 2 1 V/m.

RF-EMF was introduced as a continuous variable in a frac-
tional polynomial model (22, 23). Furthermore, data for AM
and FM/TV transmitters were analyzed separately.
Sensitivity analyses were conducted by looking at rele-
vant subgroups. From 1983 until the early 1990s, RF-EMFs
were almost exclusively due to broadcast transmitter emis-
sion. Afterward, an additional contribution came from the
development of cellular telephone networks and cordless
phones. Therefore, 2 exposure periods were formed
(1983-1991, 1992-2002) and were analyzed separately.
Since there are possibly distinctive etiologies for infant leu-

kemia and childhood leukemia (24), and to account for a la-
tency period of at least 1 year, the age group 1-4 years (peak
of incidence of childhood leukemia) was analyzed sepa-
rately. Furthermore, the analysis was restricted to cases
and controls who did not move from their residences be-
tween birth and diagnosis.

Distance between the family’s place of residence at the
time of diagnosis (corresponding date for controls) and the
nearest main transmitter was assessed. The distance was
included as a categorized variable in the regression model
(0-<2 km, 2-<6 km, 6-<10 km, 10-<15 km, >15 km).
Because not all transmitter regions included areas >15 km
away, a distance of 10—<15 km was used as the reference
category.

Population density was considered as a possible con-
founder and was included in the regression model catego-
rized in tertiles according to the distribution of controls.
However, after adjustment for population density, the effect
estimate was altered only marginally (<1%). Thus, this fac-
tor was not included in the final regression models.

SAS for Windows, version 9.1 software (SAS Institute,
Inc., Cary, North Carolina) was used for all analyses.

RESULTS

Table 1 shows the main characteristics of the leukemia
cases (n = 1,959) and their matched controls (n = 5,848).
The most frequent diagnosis was lymphoid leukemia, with
1,586 cases (81.0%). There were 1,028 patients (52.5%) with
leukemia diagnosed between 0 and 4 years of age. A total
of 808 cases (41.2%) were diagnosed between 1984 and
1992. Figure 3 shows the distribution between RF-EMFs

Table 2. Estimated Risk of Childhood Leukemia Associated With Exposure to RF-EMFs Emitted From Radio and TV Broadcast Transmitters,

Germany, 1984—2003

All Cases Lymphoid Leukemia Myeloid Leukemia
Conirols Cass OR  9%Cl il Cases OR  9%Cl Ol Cowes OR  95%CI

AM and FM/TV?

0-<90% 5,263 1,772 1.00 Reference 4,269 1,437 1.00 Reference 891 301 1.00 Reference

90-<95% 292 101  1.02 0.80, 1.31 224 79 1.05 0.79,1.38 64 21 0.95 0.55, 1.65

95-<100% 293 86 0.86 0.67,1.11 238 70 0.86 0.65,1.15 51 14 080 0.42,1.50
AMP

0-<90% 5,263 1,770 1.00 Reference 4,268 1,435 1.00 Reference 892 301 1.00 Reference

90-<95% 292 100 1.01 0.79,1.30 224 79 1.05 0.79,1.38 64 20 091 0.52,1.59

95-<100% 293 89 0.89 0.69,1.15 239 72 0.89 0.67,1.18 50 15 0.87 0.47,1.63
FM/TV®

0-<90% 5,263 1,770 1.00 Reference 4,270 1,429 1.00 Reference 896 308 1.00 Reference

90-<95% 292 98 0.99 0.78,1.27 230 80 1.05 0.79,1.38 53 14  0.74 0.39,1.37

95-<100% 293 91 092 0.71,1.19 231 77 1.01 0.76,1.33 57 14 067 0.35,1.27

Abbreviations: AM, amplitude modulated; Cl, confidence interval; FM, frequency modulated; OR, odds ratio; RF-EMFs, radio frequency elec-

tromagnetic fields.

@ Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, AM, FM/TV: 0.004—<0.504, 0.504—<0.701, 0.701-7.742.
® Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, AM: 0—<0.488, 0.488—<0.683, 0.683—7.741.
¢ Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, FM/TV: <0.001-<0.164, 0.164—<0.198, 0.198-0.815.
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Table 3. Estimated Risk of Childhood Leukemia Associated With Exposure to RF-EMFs Emitted From Radio and TV Broadcast Transmitters, by
Time Period and Restricted to Children Who Did Not Move From Their Residence and to Children Aged 1—4 Years, Germany, 1984-2003

All Cases Lymphoid Leukemia Myeloid Leukemia
Conirols Cases OR  95%Cl ol Cmes OR  95%CI  Gohill Cases OR  95%CI
Exposure time period:
1983-19912
0-<90% 2,166 729 1.00 Reference 1,765 598 1.00 Reference 347 114 1.00 Reference
90-<95% 120 49 1.23 0.85,1.76 92 35 1.13 0.74,1.72 26 13 156 0.74,3.29
95-<100% 121 30 0.72 0.47,1.10 105 26 0.71 045,1.11 12 2 055 0.12,2.53
Exposure time period:
1992-2002°
0-<90% 3,096 1,031 1.00 Reference 2,507 830 1.00 Reference 539 184 1.00 Reference
90-<95% 172 64 1.13 0.82,1.54 131 52 1.22 0.86,1.74 40 12 085 0.42,1.73
95-<100% 173 56 0.98 0.71,1.36 131 45 1.07 0.74,1.53 42 11 0.74 0.36,1.52
Children who did
not move®
0-<90% 2,531 1,034 1.00 Reference 2,001 838 1.00 Reference 483 181 1.00 Reference
90-<95% 141 45 094 0.62,1.43 109 30 0.83 0.51,1.35 31 12 142 0.57,3.50
95-<100% 141 38 0.82 0.53,1.24 116 35 0.93 0.59,1.45 24 1 0.15 0.02,1.18
Children aged
1-4 years®
0-<90% 2,470 833 1.00 Reference 2,137 721 1.00 Reference 311 104 1.00 Reference
90-<95% 137 53 1.13 0.79, 1.59 116 44 110 0.75,1.60 21 9 131 0.53,323
95-<100% 138 34 0.72 0.48,1.07 117 30 0.75 049,1.14 19 4 0.63 0.21,1.94

Abbreviations: Cl, confidence interval; OR, odds ratio; RF-EMFs, radio frequency electromagnetic fields.
& Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, 1983-1992: 0.004—<0.546, 0.546—<0.779, 0.779—

7.022.

® Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, 1993-2002: 0.005—-<0.468, 0.468-<0.653, 0.653—

7.742.

¢ Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, subjects who did not move between birth and diagnosis:

0.004-<0.553, 0.553—-<0.788, 0.788—7.742.

9 Quantiles of median exposure (V/m) to RF-EMFs 1 year before diagnosis of the case, children aged 14 years: 0.004-<0.520, 0.520-<0.751,

0.751-7.742.

(dB(nV/m)) from all transmitters 1 year before diagnosis
and the distance of the places of residence of the study
subjects to the nearest main transmitter. By comparing res-
idences at a 2-km distance with residences at a 30-km dis-
tance from a transmitter, it is shown that distance of an
individual place of residence to the transmitter is an impor-
tant determinant of exposure to RF-EMFs. On the other
hand, at intermediate distances such as 20 km, considerable
variation in exposure, from 85 dB(uV/m) to >120 dB(uV/m),
was observed. Hence, other transmitter-related factors also
influence the individual exposure situation to a great extent,
mainly the output power of the main transmitter, the antenna
characteristics, and emissions from further low-power trans-
mitters in the study region.

For total RF-EMF exposure, the 95-<100% quantiles
were compared with the lower quantile (<90%) (Table 2).
The corresponding odds ratio for all leukemias was 0.86
(95% CI: 0.67, 1.11). Additionally, no statistically signifi-
cant associations were observed by transmitter type (AM
and FM/TV) or by subtype of leukemia. A possible dose-
response relation was investigated by using field strengths

(dB(uV/m)) as a continuous variable. The odds ratio for all
types of leukemia in increments of 1 dB(uV/m) was 0.99
(95% CI: 0.98, 1.00). The dose-response-relation was also
investigated by using fractional polynomials, but there was
no significant increase in the model fit, suggesting that the
log-linear model was adequate.

An analysis by time period showed no difference between
the 2 exposure time periods considered, with no signifi-
cantly increased risk for all types of leukemia or subgroups
of leukemia (Table 3). A total of 57% of the cases and 48%
of the controls were residentially stable. A subgroup analy-
sis restricted to these children yielded results comparable to
those for the whole data set (Table 3). For children between
1 and 4 years of age, the odds ratio for all types of leukemia
was 0.72 (95% CI: 0.48, 1.07).

Results of the analysis of distance of place of residence to
the nearest main transmitter at the time of diagnosis are
shown in Table 4. A statistically nonsignificantly increased
risk of all types of leukemia was apparent for children
whose residence was located within a 2-km distance of
the nearest AM transmitter compared with those children
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Table 4. Estimated Risk of Childhood Leukemia by Proximity to Radio and TV Broadcast Transmitters, Germany, 1984-2003

All Cases Lymphoid Leukemia Myeloid Leukemia

I s e onswa oo Mool on wwo (oo, Sad or s

AM or FM/TV
transmitter

0—<2 67 25 1.04 0.65, 1.67 51 24 1.31 0.80, 2.15 14 1 0.19 0.02, 1.47

2-<6 587 172 0.81 0.66, 0.99 473 141 0.82 0.66, 1.03 101 27 0.75 0.45,1.24

6-<10 1,096 314 0.79 0.67,0.93 881 241 0.76 0.63, 0.91 188 66 1.00 0.68,1.47

10-<15 1,549 551 1.00 Reference 1,254 446  1.00 Reference 268 93 1.00 Reference

>15 2,457 866 1.00 0.88,1.14 1,995 708 1.01 0.87,1.16 420 144 099 0.72,1.37
AM transmitter®

0-<2 33 14 115 0.60,2.22 23 13 156 0.77,3.16 10 1 0.24 0.03,1.96

2-<6 322 102 0.80 0.62,1.05 253 81 0.82 0.61, 1.11 63 20 077 0.42,1.43

6-<10 766 237 0.84 0.69,1.02 604 178 0.81 0.65, 1.01 149 53 094 0.62,1.44

10-<15 1,140 420 1.00 Reference 911 332 1.00 Reference 213 82 1.00 Reference

>15 1,525 522 0.94 0.80,1.10 1,226 427 096 0.80, 1.14 277 88 0.87 0.60,1.27
FM/TV transmitter

0-<2 34 11 1.03 0.50,2.13 28 11 1.19 0.56,2.50 4 0 0.00 0.00,9.57°

2-<6 265 70 080 0.57,1.12 220 60 0.80 0.55,1.14 38 7 0.82 0.27,247

6-<10 330 77 0.69 0.50,0.96 277 63 0.67 0.47,0.95 39 13 1.48 0.55,4.00

10—<15 409 131 1.00 Reference 343 114  1.00 Reference 55 11 1.00 Reference

>15 932 344 113 0.89,1.45 769 281 1.08 0.83,1.41 143 56 1.88 0.86,4.11

Abbreviations: AM, amplitude modulated; Cl, confidence interval; FM, frequency modulated; OR, odds ratio.
@ Distance to the nearest main transmitter at the time of diagnosis of the case.
® Not considered were 31 cases and 92 controls because of the temporary shutdown of 2 transmitters.

¢ Exact confidence interval.

living at a distance of 10-<15 km, a risk that became
slightly stronger when we repeated this analysis for
lymphoid leukemia only. For FM/TV transmitters or both
transmitter types combined, there was a statistically nonsig-
nificantly increased risk of lymphoid leukemia. However,
some odds ratios for lymphoid leukemia and all leukemias
at distances of 2-10 km were statistically significantly
decreased.

The analysis of distance was based on few cases living in
the 2-km circumference of AM transmitters (n = 14); there-
fore, a risk increase in the main analysis (Table 2) may have
been missed by using the 95% quantile (0.683 V/m) as a too-
low cutoff point. For that reason, the analysis comparing
high and low AM-related RF-EMF exposure was repeated
by using the upper 99% quantile as the “high” and the lower
90% quantile as the “low” exposure category (>99% per-
cent quantile: 1.72-7.74 V/m), giving 16 exposed cases. The
corresponding odds ratio for all types of leukemia was 0.80
(95% CI: 0.46, 1.40).

DISCUSSION

This study did not show any significant increase in risk
associated with exposure to RF-EMFs emitted by broadcast
towers and leukemia in children. The results were similar
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for total RF-EMFs from all transmitters and for AM and
FM/TV separately; hence, the modulation mode and fre-
quency range of the RF-EMF signal had no impact on dis-
ease risk. No elevated risks of leukemia were found for the
time period 1983—-1991, which was characterized by an ex-
posure without major contributions from mobile phone
communication technology.

Lifetime RF-EMF exposure from transmitters could not
be estimated since residential history of the study subjects
was not available. However, a subgroup analysis including
only those subjects who lived at the same address from birth
to diagnosis did not show an increased risk of childhood
leukemia.

The causes of childhood leukemia are poorly understood
(24). There is no plausible biologic mechanism for an asso-
ciation between RF-EMFs and childhood leukemia, and it is
not known whether a susceptible time window for children
is of relevance. In this study, average RF-EMF exposure 1
year before diagnosis was assessed for cases and controls.
Broadcast towers provide steadily uninterrupted service to
their consumers. For that reason, the average sum exposure
at a given place of residence varies very little with time in
general. This conclusion is reflected in the individual history
of operation provided by the network operators for each
transmitter. In rare instances, AM transmitters have been
switched off, rebuilt, or displaced. These events noticeably

TTOZ ‘LT QWOAON U0 JTVNOILSTO VIMINOIONI 1A ‘d1Q OUe|IIAl Ip 021Udsiijod e /B10's[euInolplojxoafe//:dny woly papeojumoq


http://aje.oxfordjournals.org/

1176 Merzenich et al.

Table 5. Results Regarding Total RF-EMF Exposure From AM Transmitters and Risk of
Childhood Leukemia Comparing 2 Case-Control Studies Conducted in Germany (1984-2003)

and Korea (1993—-1999)

Germany 95% CI Korea 95% CI
Total RF-EMF exposure®
Reference category (quartile 1) <0.518 V/m <0.518 V/m
High-exposure category (quartile 4)  >0.917 V/m >0.917 V/m
QOdds ratio and 95% ClI (all cases) 0.88 0.63,1.22 0.83 0.63, 1,08
Odds ratio and 95% ClI 0.99 0.70,1.39 0.93 0.67,1.29
(lymphoid leukemia)
Distance to the nearest AM transmitter
Reference category 10—<15 km >20 km
High-exposure category <2 km <2 km
QOdds ratio and 95% ClI (all cases) 1.15 0.60,2.22 2.15 1.00, 4.67
Odds ratio and 95% ClI 1.56 0.77,3.16  1.60 0.69, 3.72

(lymphoid leukemia)

Abbreviations: AM, amplitude modulated; CI, confidence interval; RF-EMF, radio frequency

electromagnetic field.

@ Korea: root-sum mean square of the maximum-adjusted electric field of each transmitter
established before subjects’ year of diagnosis. Germany: root-sum mean square of the adjusted
average electric field of each transmitter 1 year before diagnosis.

altered exposure levels, but virtually no AM transmitter was
affected more than 3 times during the exposure period
(1983-2002). After German reunification in 1989, some
transmitters were adjusted to provide lower output power.
However, analysis of the exposure time period 1992-2002
did not show any pattern in the risk estimates different from
that in the previous 10 years (Table 3).

A strength of the recent study is the availability of in-
dividual RF-EMF exposure data. Exposure estimation was
based on detailed historical operating characteristics of the
included transmitters. The quality of the field-strength pre-
dictions was validated with field measurements, demonstrat-
ing a good agreement. For the exposure estimation, all
relevant broadcasting sources of exposure to RF-EMFs were
considered. High-output-power AM and FM/TV transmit-
ters were included, as well as the contribution of transmit-
ters outside of the study region but emitting relevant
radiation into the study region. Transmitters located in
sparsely populated areas were not considered. This omission
did not introduce any bias because the excluded transmitters
did not differ from the included transmitters regarding their
exposure impact, and only 27 additional cases would have
been obtained.

The study included 1,959 cases and 5,848 individually
population-based, matched controls, which provided suffi-
cient statistical power for detecting a possible relation be-
tween disease and exposure even in subgroup analyses.
Sensitivity and specificity for total RF-EMFs were 76.6%
(95% CI: 62.0, 87.7) and 97.4% (95% CI: 95.5, 98.7), re-
spectively, leading to an exposure misclassification that still
enabled us to detect a true odds ratio of 1.4 with statistical
power greater than 80%. It is very unlikely that exclusion of
a few cases (45 without name and address, 82 with incom-
plete addresses) caused any selection bias.

Study results may possibly have been influenced by con-
founders such as social class or immune-system-related var-
iables. Population density was considered a proxy for such
possible confounders. However, when population density
was considered, the observed associations changed only
marginally. Ionizing radiation is the only established risk
factor for childhood leukemia (24, 25), but a correlation
between sufficient doses of ionizing radiation and RF-EMFs
is highly unlikely. In addition, extremely low-frequency
electromagnetic fields are not a plausible confounder be-
cause elevated fields are very rare in Germany (0.2% of
houses with exposures of >0.4 uT) (26), and there is no
reason to think that fields from power lines or indoor wiring
are correlated with RF-EMFs from transmitters.

This study has some limitations. Children naturally spend
time at places other than their home address, with a possibly
different exposure situation compared with estimated expo-
sure at their place of residence. On the other hand, children
less than age 5 years usually spend most of their time at
home, and residential exposure might be a good predictor of
individual exposure (27). Nevertheless, odds ratios were
similar for children less than 5 years of age and those in
older age groups. Furthermore, it should be considered that
indoor levels of RF-EMFs are often lower by orders of
magnitude because buildings shield the fields. In this study
with a 20-year exposure period, indoor exposure could not
be estimated because detailed knowledge on characteristics
of the residences, such as building materials, was not avail-
able. However, there is no reason to assume differential
misclassification between cases and controls. Furthermore,
the study did not consider other sources of RF-EMFs such as
mobile phones, cordless phones, or their base stations. How-
ever, an increased risk in the time period before the wide-
spread use of these technologies was not found. Finally,
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a study that considers all high-power transmitters in Ger-
many would have been preferable. On the other hand, suf-
ficient statistical power was achieved for the current
transmitter selection, yielding an efficient study setting.

In a recent case-control study from South Korea (9), the
investigators found a significantly higher risk of all types of
leukemia for children residing within 2 km of the nearest
AM transmitter compared with children residing more than
20 km away from it. For total RF-EMF exposure, no in-
creased odds ratio for lymphoid leukemia or all types of
leukemia was observed when the upper quartile was com-
pared with the lowest quartile (10). Table 5 shows the main
results of the Korean and German case-control study for
total RF-EMFs from AM transmitters using the same cutoff
points. The results are consistent; in particular, both studies
do not show an increased childhood leukemia risk at expo-
sures above 0.917 V/m.

In conclusion, our study provides little evidence for an
association between exposure to RF-EMFs and the risk of
childhood leukemia. The population-based case-control ap-
proach with large numbers of subjects, a long study period
(1984-2003), and individual exposure estimation is superior
to that of previous studies. The results weaken the evidence
from earlier reports on increased childhood leukemia inci-
dence rates in the vicinity of broadcast transmitters.
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