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ABSTRACT

Background Previous studies found associations
between childhood leukemia and surrogate indica-
tors of exposure to magnetic fields (the power-line
classification scheme known as “wire coding”), but
not between childhood leukemia and measurements
of 60-Hz residential magnetic fields.

Methods We enrolled 638 children with acute lym-
phoblastic leukemia (ALL) who were under 15 years
of age and were registered with the Children’s Cancer
Group and 620 controls in a study of residential expo-
sure to magnetic fields generated by nearby power
lines. In the subjects’ current and former homes, data
collectors blinded to the subjects’ health status meas-
ured magnetic fields for 24 hours in each child’s bed-
room and for 30 seconds in three or four other rooms
and outside the front door. A computer algorithm as-
signed wire-code categories, based on the distance
and configuration of nearby power lines, to the sub-
jects’ main residences (for 416 case patients and 416
controls) and to those where the family had lived dur-
ing the mother’s pregnancy with the subject (for 230
case patients and 230 controls).

Results The risk of childhood ALL was not linked
to summary time-weighted average residential mag-
netic-field levels, categorized according to a priori
criteria. The odds ratio for ALL was 1.24 (95 percent
confidence interval, 0.86 to 1.79) at exposures of 0.200
uT or greater as compared with less than 0.065 uT.
The risk of ALL was not increased among children
whose main residences were in the highest wire-code
category (odds ratio as compared with the lowest
category, 0.88; 95 percent confidence interval, 0.48 to
1.63). Furthermore, the risk was not significantly asso-
ciated with either residential magnetic-field levels or
the wire codes of the homes mothers resided in
when pregnant with the subjects.

Conclusions Our results provide little evidence that
living in homes characterized by high measured time-
weighted average magnetic-field levels or by the high-
est wire-code category increases the risk of ALL in
children. (N Engl J Med 1997;337:1-7.)
©1997, Massachusetts Medical Society.

Downloaded from www.nejm.org on December 1, 2008

ESULTS of investigations of a possible
link between childhood leukemia and res-
idential exposures to magnetic fields at a
frequency of 50 to 60 Hz from nearby
power lines have been inconsistent.!® In a recent
comprehensive report,'® consistent two- to threefold
excesses of leukemia among U.S. children were asso-
ciated with surrogate indicators of residential mag-
netic-field exposure*5 such as the Wertheimer—
Leeper power-line classification scheme,31! hereafter
designated “wire coding.” These surrogate indicators
use visual assessments of power lines near homes to
estimate magnetic-field measurements within the
homes. Wire coding includes characteristics of power
lines such as distance from the home and physical
configuration. An excess incidence of leukemia in
Swedish children was linked to estimated electrical
current flow, derived from historical records of power
companies and the configuration of high-voltage
power lines close to homes where the children lived
at the time of diagnosis.® However, the risk of child-
hood leukemia has not been correlated with residen-
tial measurements of magnetic fields made shortly af-
ter the time of diagnosis.3-¢
The shortcomings of earlier epidemiologic studies
have been extensively reviewed.!01215 Inconsistent
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findings, discrepancies between results based on proxy
estimates and those based on direct magnetic-field
measurements, and the absence of supportive labo-
ratory evidence or a plausible biologic mechanism
of disease causation!®1¢ have resulted in uncertain-
ties about the relation, if any, between childhood
leukemia and exposure to magnetic fields. Wide-
spread concern and the limitations of previous studies
led us to evaluate residential exposure to magnetic
fields in a comprehensive case—control study of acute
lymphoblastic leukemia (ALL) in childhood, con-
ducted by the Children’s Cancer Group.

METHODS
Subjects

The methods of this study are described in detail elsewhere.l”
Briefly, a group of the 1914 children with ALL and the 1987
controls participating in a nationwide telephone-interview study
conducted by the Children’s Cancer Group was eligible for the
assessment of residential exposure to magnetic fields. Eligible case
children received a diagnosis of ALL before the age of 15 years,
between 1989 and 1994, and were registered with the Children’s
Cancer Group. Eligible controls were selected by random-digit
telephone dialing!® and were individually matched to the children
with ALL according to the first eight digits of the telephone num-
ber, age, and race. Eligibility for the assessment of magnetic-field
exposure was restricted to the 851 case patients and the 825 con-
trols who participated in the initial telephone interview (repre-
senting 96 percent and 75 percent, respectively, of those who
were eligible) and who resided in one of nine states (Illinois, In-
diana, Iowa, Michigan, Minnesota, New Jersey, Ohio, Pennsylva-
nia, and Wisconsin) on the reference date, defined as the date of
diagnosis of ALL for each case patient. The same date was as-
signed to the case patient’s matched control for the purpose of
determining which children’s residences would have magnetic-
field assessments. Mothers of 98 percent of the children with ALL
(832 case patients) and 97 percent of the controls (n=801) who
responded to the telephone interview also provided lifetime resi-
dential histories for the subjects. Because we did not evaluate 65
of these case patients and 76 of the controls further, once the
sample-size goals had been achieved, 767 case patients and 725
controls were eligible for measurements of residential magnetic
fields.l”

For each child under the age of five years, we attempted to
measure magnetic fields in all the homes the subject had lived in
for at least six months and required that at least 70 percent of the
child’s life have been spent in the measured homes. For each child
over the age of five, we measured one or two homes, provided
that the child had lived in them for at least 70 percent of the five
years immediately preceding the reference date. We chose the five-
year reference period closest to the date of diagnosis because of
hypothesized cancer-promoter effects, since no evidence exists
that the low strength of residential magnetic fields can induce
genotoxic effects.10:16

Overall, 78 percent of the eligible patients participated (83 per-
cent participation among the 767 case patients eligible for resi-
dential measurements times 98 percent participation in the life-
time residential history times 96 percent participation in the
initial telephone interview), as did 63 percent of the controls (86
percent participation among the 725 eligible controls times 97
percent and 75 percent, respectively), resulting in a final study
population of 638 case patients and 620 controls. Reasons for
nonparticipation included refusal by the child’s parents, inability
to locate the child or too many changes of residence, lack of ap-
proval by the hospital institutional review board for the magnetic-
field measurements, and refusal by the child’s physician (this was
a factor only for the children with cancer). Some subjects could
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not be included because the current occupants of subjects’ former
homes denied permission for the magnetic-field measurements.

We ascertained the residential wire-code category for a sub-
group of the pairs of children with ALL and their controls who
were eligible for magnetic-field measurements. We restricted as-
sessment of wire codes to pairs in which both the case patient and
the matched control had “residential stability” — that is, both
paired members had lived in one home for at least 70 percent of
the reference period (this residence is hereafter designated the
“main residence”). Among the 428 such residentially stable pairs
identified, 12 pairs were excluded because the technician could
not locate the home or accurately diagram nearby power lines at
one of the residences. Technicians assessed most homes eligible
for wire-code classification even if they could not obtain permis-
sion to measure magnetic fields, since access to the residence or
the surrounding property was not necessary for wire coding. To
evaluate the risk of ALL associated with the subject’s residential
wire code during the mother’s pregnancy with the subject, tech-
nicians evaluated residences in which the subject’s family had re-
sided for at least five months during the index pregnancy (“resi-
dence during pregnancy”) for all subjects under the age of three
years (151 matched case—control pairs) and for those whose
homes were assessed as part of the wire coding of the main resi-
dence, for a total of 230 case—control pairs.

Measurement Protocol
Magnetic-Field Measurements

Technicians blinded to the subjects’ case or control status used
an Emdex-C meter (Electric Field Measurements, West Stock-
bridge, Mass. ), which measures extremely-low-frequency magnet-
ic fields (40 to 300 Hz, a range that includes 50-Hz and 60-Hz
levels, frequencies evaluated in prior epidemiologic studies) with
a three-axis induction-coil sensor.)” Derived from two personal-
exposure studies,!*20 the standardized measurement protocol in-
cluded a 24-hour measurement in the child’s bedroom (with the
meter placed under or adjacent to the bed); 30-second measure-
ments in the center of the child’s bedroom, the family room, the
kitchen, and the room in which the mother slept during the index
pregnancy; and a 30-second outdoor measurement made within
0.9 m (3 ft) of the front door.'”

Wire Coding

Technicians (who were unaware of whether a case patient or a
control currently or formerly lived in each residence evaluated)
drew diagrams and recorded systematically the distance from the
home of any overhead power lines within 46 m (150 ft) of the res-
idence, including transmission lines, thick and thin three-phase
primary-distribution lines (which carry electric power from substa-
tions to surrounding neighborhoods), any open (with separated
wires) or spun (with wires bound together) secondary distribution
lines, and first-span secondary distribution lines.!” On the basis
of the diagrams, a computer algorithm assigned a wire code to
cach residence according to the five-category Wertheimer—Leeper
classification’*!! and the modified three-category Kaune—Savitz
scheme.?! As in earlier studies,®* we found that measured magnet-
ic-field levels (i.e., the arithmetic means of 24-hour measurements
from 858 residences) rose with increasing Wertheimer—Leeper’-311
and Kaune-Savitz2! wire-code categories (unpublished data).

Statistical Analysis
Magnetic-Field Measurements

For each eligible residence, a summary magnetic-field level was
calculated from a weighted average of the room measurements. The
weights were derived from the personal-exposure study and based
on the estimated time spent by children according to age.1719.20 If
measurements were not obtained in all rooms, then the weighted
average was based on a standardized hierarchy of measurements.”
The primary measure of exposure for each subject was an average
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of the summary level for all the eligible measured homes, weighted
according to the duration of residence. We used odds ratios and 95
percent confidence intervals to estimate the risk of ALL.22 Before
undertaking any case—control comparisons, we identified four ex-
posure categories for residential magnetic-field levels (<0.065 uT
[the reference group], 0.065 to 0.099 wT, 0.100 to 0.199 uT, and
=0.200 uT), based on the distribution of measurements in the
control homes. These categories were similar to those used in ear-
lier investigations.35¢ We calculated results using unmatched analy-
sis as well as analysis of matched case—control pairs.2

We used stratified and logistic-regression analyses to explore
the effects of age at the reference date, sex, race (though the very
small number of nonwhites limited this evaluation), socioeco-
nomic status (indicated by family income, the mother’s and fa-
ther’s educational level and occupation, home ownership, and
family size), temporal factors (year, season, and time of day when
the measurements were made), demographic characteristics (de-
gree of urbanization and type of residence), and dose—response
relations using continuous measurements.22 We also evaluated
birth order, birth weight, the mother’s age at the child’s delivery,
and medical x-ray studies during pregnancy as potential confound-
ing factors. We excluded nine case patients and one control who
had Down’s syndrome, since this disorder has been linked to 10-
to-40-fold increases in the risk of acute leukemia.2? We included
629 case patients and 619 controls in the final unmatched anal-
ysis, and 463 case—control pairs in the matched analysis.

Wire Coding

Because the relation between power-line configurations and
magnetic-field strength may vary geographically,52¢ we retained the
matched design of the initial nationwide phase of the study for the
wire coding of the main residence. The Wertheimer—Leeper wire-
code categories used in the analysis include underground (buried)
power lines plus very-low-current configuration (the reference
group), ordinary low-current configuration, ordinary high-cur-
rent configuration, and very-high-current configuration.:311 The
modified Kaune-Savitz wire-code categories were as follows: low
(the reference group), medium, and high.2! We used matched-pairs
analysis to evaluate the risk of ALL in relation to the wire-code
category of the main residence (including 408 case—control pairs,
after the exclusion of subjects with Down’s syndrome) and the
residence during pregnancy (a total of 225 pairs, including 149
pairs of subjects under the age of three, after the exclusion of sub-
jects with Down’s syndrome); conditional logistic regression was
used to control for socioeconomic and demographic factors and
other potential confounders.22

RESULTS
Characteristics of the Subjects

The controls were similar to the case patients (Ta-
ble 1), except for their higher total family income
(P<0.001). ALL was not associated with the moth-
er’s age at delivery of the subject, the number of
children in the family, the birth order of the subject
(data not shown), the type of residence, the degree
of urbanization, home ownership, or the interval be-
tween the reference date and the date of the meas-
urements (data not shown). All estimates of risk
have been adjusted for the age of the subject at the
reference date, the subject’s sex, the mother’s educa-
tional level, and family income.

Summary Measures of Residential Magnetic-Field
Exposures

Risk estimates based on the summary residential
magnetic-field exposures for a priori measurement
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categories did not differ significantly from unity ei-
ther for all the subjects (629 case patients and 619
controls) or for the 463 matched pairs (Table 2),
nor did risk increase significantly with increasing
summary magnetic-field levels (P for trend=0.22
for the unmatched analyses and 0.12 for the matched
analyses). Risk was higher with estimated summary
exposures of 0.300 uT or more (odds ratio, 1.72;
95 percent confidence interval, 1.03 to 2.86; 45
case patients and 28 controls); however, risk did
not increase significantly with increasing exposure
when exposure was evaluated as a continuous vari-
able (P for trend=0.15 for the unmatched analysis
and 0.09 for the matched analysis).

When the analysis was restricted to subjects who
lived in a single home during the study period or to
those who lived for the entire reference period in
homes for which we obtained 24-hour bedroom
measurements, the risks differed little from those
shown in Table 2 (data not shown). The results were
also virtually unchanged if a partial time-weighted
average bedroom measurement for less than 24 hours
(i.e.,4 p.m. to 6 a.m. or 10 p.m. to 6 a.m.) was sub-
stituted for the full 24-hour average to reflect more
accurately the specific period of time subjects spent
in their bedrooms. Also, risk estimates were similar
after adjustment for differences between case pa-
tients and controls in the calendar year, season, or
time of day of the measurements. We found no con-
sistent pattern in the relation of summary residential
magnetic-field levels to the risk of ALL according to
family income, parental educational level or occupa-
tion, birth order, or other socioeconomic or residen-
tial characteristics.

Main-Residence Wire-Code Patterns

For the main residence, we found no association
between the risk of ALL and residence in a home clas-
sified in the highest wire-code category according to
either wire-code classification (Table 3). There were
no positive or statistically significant dose—response
trends, and results were not materially changed when
adjusted for potentially confounding variables.

Magnetic-Field Levels and Wire Codes of Residences
during Pregnancy

As regards the homes resided in during pregnancy
by the mothers of 257 case patients and 239 controls,
the odds ratio for ALL was 0.75 (95 percent confi-
dence interval, 0.45 to 1.24) for a magnetic-field level
of 0.065 to 0.099 uT, as compared with the reference
category (<0.065 uT); 1.32 (95 percent confidence
interval, 0.81 to 2.15) for a level of 0.100 to 0.199
wT; and 1.24 (95 percent confidence interval, 0.69 to
2.23) for a level of 0.200 uT or higher (P for
trend=0.25). Among the 225 matched pairs whose
mothers’ residences during pregnancy were wire-cod-
ed, the odds ratios for ALL were 1.20 (95 percent
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