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Abstract

Purpose Studies have reported an increased risk of child-

hood leukemia associated with exposure to magnetic fields.

We conducted a large records-based case–control study of

childhood leukemia risk and exposure to magnetic fields

from power lines in California.

Methods The study included 5,788 childhood leukemia

cases (born in and diagnosed in California 1986–2008)

matched to population-based controls on age and sex. We

calculated magnetic fields at birth addresses using geo-

graphic information systems, aerial imagery, historical

information on load and phasing, and site visits.

Results Based on unconditional logistic regression con-

trolling for age, sex, race/ethnicity, and socioeconomic

status using subjects geocoded to a basic standard of

accuracy, we report a slight risk deficit in two intermediate

exposure groups and a small excess risk in the highest

exposure group (odds ratio of 1.50 (95% confidence

interval [0.70, 3.23])). Subgroup and sensitivity analyses as

well as matched analyses gave similar results. All estimates

had wide confidence intervals.

Conclusion Our large, statewide, record-based case–con-

trol study of childhood leukemia in California does not in

itself provide clear evidence of risk associated with greater

exposure to magnetic fields from power lines, but could be

viewed as consistent with previous findings of increased

risk.

Keywords Childhood leukemia � Case–control study �
EMF � Magnetic fields � GIS

Introduction

Over 35 epidemiologic studies have investigated the

association of childhood leukemia with residential low-

frequency magnetic fields or physical surrogates of mag-

netic fields [1]. Three pooled analyses have found an

increased risk of childhood leukemia for relatively high

estimated residential magnetic field exposure [2–4]. The

consistent association found between childhood leukemia

and average magnetic field exposure above 0.3–0.4 lT
could be due to chance, selection bias, misclassification,

other factors which confound the association, or true causal

relationship. As explanation for both individual results and

pooled efforts is lacking, selection bias seems as the most

likely explanation, but uncertainty remains and other

explanations outlined above are possible. This study aims

to address this uncertainty by minimizing bias, misclassi-

fication, and chance.

All studies necessarily use a surrogate measure for the

retrospective magnetic field exposure that occurred years to

decades in the past. Such surrogates include the configu-

ration of power line wiring, from both distribution and high

voltage overhead transmission lines [5–7]; present day

measurement of magnetic fields within residences [8, 9] or
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present day personal measurements [10, 11]; distance to

transmission lines [12–14]; or historical calculated fields

[15–20]. Each approach has distinct advantages and

limitations.

The advantages of using calculated fields include effi-

cient inclusion of large numbers of subjects, elimination of

the need for subject participation and thus minimization of

selection and participation bias, the ability to conduct

procedures blinded to case/control status and thus mini-

mize information bias, and the ability to model the his-

torical exposures of most relevance.

The California Power Line Study (CAPS) is a popula-

tion-based case–control study focusing on childhood leu-

kemia. We previously reported on childhood leukemia risk

in relation to the distance from birth address to nearby

power transmission lines [14]. The current paper presents

analysis of childhood leukemia risk in relation to the res-

idential exposure to extremely low-frequency magnetic

fields from nearby transmission lines and is the first study

of calculated fields and childhood leukemia in the US.

Methods

The study design, including methods of case ascertainment

and control selection [21], methods for calculated fields

[22], and estimation of distance from birth residence to

transmission lines and associated risks [14] have been

previously described. We summarize them briefly here.

Case ascertainment and control selection

The statewide population-based California Cancer Registry

[23] was used to identify all childhood leukemia cases

diagnosed between 1988 and 2008 among children younger

than 16 years of age and residing in California at the time

of diagnosis. Cancer incidence reporting is mandatory in

California, and the CCR meets or exceeds all standards of

the Surveillance, Epidemiology, and End Results Program

and North American Association of Central Cancer

Registries, with over 99% coverage of incident cancers.

A total of 6,645 childhood leukemia cases meeting

inclusion criteria were identified from the CCR. Cases were

linked to the California Birth Registry (CBR; California

Department of Public Health, Vital Statistics Branch).

Linkage was successful for 87.1% of leukemia cases

(n = 5,788). A primary control for each case was randomly

selected from the CBR and matched to the corresponding

case (1:1) on date of birth (±6 months) and sex. Controls

were eligible only if they had not been diagnosed with any

type of cancer in California prior to the time of diagnosis of

the corresponding case.

Variables obtained from the CBR, for both cases and

controls, included mother’s residential address at time of

birth, date of birth, sex, race/ethnicity of parents, birth

weight, maternal and paternal ages, maternal and paternal

education, and source of payment for delivery. There was

substantial missingness on some variables due largely to

differences in the information collected on birth certificates

from year to year (e.g., maternal education) [24]. No sub-

stantial differences in patterns of missingness were detec-

ted between cases and controls.

Residential address information

All birth addresses were geocoded using the University of

Southern California Geographic Information System (GIS)

Laboratory’s open-source geocoder [25]. Depending on the

completeness of the address, geocode matches were tax-

assessor parcel centroid, street segment centroid, street

centroid, US Postal Service ZIP Code Tabulation Area

(ZCTA) centroid, town/city centroid, county centroid, or

state centroid (for those with unknown addresses).

Calculated fields

A three-tiered approach was used to ascertain distance

from home address to nearby overhead transmission lines

and identify homes for calculated fields work [21]. (1) For

all residences in geographic areas covered by the GIS

databases of the four largest electric power companies in

California (covering over 85% of California residences),

we used these databases to determine distance to trans-

mission lines over 100 kV within 2000 m of the residence.

Information on lines with lower voltages (above 60 kV)

was also available for two companies. (2) For residences

with transmission lines within 200 m and for residences in

the service area of smaller utilities (about 7% of subjects),

we conducted Google Earth aerial imagery evaluation. (3)

For residences which were located at a distance of 80 m

from 100 to 200 kV lines, 150 m from 200 to 345 kV lines,

or 200 m from 500 kV lines, the magnetic field contribu-

tion by the overhead transmission lines to the overall res-

idential environment was assumed to be negligible. For the

rest, we conducted site visits and collected detailed data on

precise distances and the physical configuration and

dimensions of lines near the residence. Phasing, loading,

and directional load flow data for years of birth and diag-

nosis for each subject were obtained. Details on modeling

of load and phasing when utility data were missing are

presented elsewhere [22]. Magnetic fields were calculated

using the EMF Workstation [EPRI, Versions 2010–2013,

Palo Alto, CA] and were estimated at the center, closest,

and farthest point of each residence.
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Statistical analysis

The statistical analysis followed an a priori developed

analysis plan, which specified both main and secondary

analysis. The main analysis included all cases of leukemia

and primary controls with geocode accuracy of street

segment or parcel level, which was achieved for 88.5% of

the geocoded addresses. The exposure variable was the

calculated fields value for the center of the residence,

categorized as\0.1 lT (reference group), 0.1–0.2, 0.2–0.4,

or C0.4 lT; these cutpoints have been used in previous

pooled analyses and provided sufficient numbers (at least

five cases and five controls) in the highest exposure cate-

gory for our analyses. Because the geocode accuracy

restriction produced unmatched subjects, to maximize the

use of available data, we used unconditional logistic

regression controlling for the matching variables (sex, date

of birth) to estimate odds ratios (ORs). We also controlled

for race/ethnicity (White, Black, Asian, Hispanic, Other)

and socioeconomic status (SES) using a composite indi-

cator [14]. For comparison, we repeated the analysis sev-

eral ways: unconditional logistic regression (1) controlling

for sex and age at diagnosis only and (2) controlling for an

extensive set of potential confounders (sex, date of birth,

race/ethnicity, gestational age, birth weight, paternal age,

maternal age, maternal years of education, paternal years of

education, birth order, payment source for delivery, pay-

ment source for prenatal care, and census-based socioe-

conomic status indicator); conditional logistic regression

utilizing the case–control matching on sex and age (3)

without control for race/ethnicity and SES; (4) with control

for race/ethnicity and SES; and (5) controlling for the

extensive confounder set. Race/ethnicity and/or socioeco-

nomic status were missing for 4.9% of subjects and were

multiply imputed for all analyses. Missing confounders in

the extensive set were also multiply imputed. Multiple

imputation was conducted using chained equations and 10

imputations [26, 27].

As a priori specified secondary analyses, we conducted

subgroup analyses: restricted to acute lymphocytic leuke-

mia (ALL) cases and controls; stratified by age at diag-

nosis; and excluding subjects with Down’s syndrome.

We conducted sensitivity analyses that examined vari-

ous uncertainties: (1) using all subjects regardless of geo-

code accuracy (i.e., including a 10% matched at zip code

level and few more at other geography matches); (2)

restricting to subjects from the major four utilities; (3)

excluding subjects born in 1996, a year during which birth

certificates were being transitioned to electronic format and

the availability of residential address data was limited to

zip code for some; (4) restricting to subjects with site visits;

and (5) restricting to site-visit subjects with lower uncer-

tainty in calculated field estimates, defined as having at

most one major source of uncertainty out of three possible

sources [22]. Based on recent publications, we added

analysis (6) by the decade of birth year (e.g., [28] and [7])

and an analysis restricted to single family residences (site

visits only).

We also report analyses using a natural cubic spline to

model calculated fields. Spline modeling was conducted

using R software [29]; other analyses were conducted using

Stata 13.

Results

The study included 5,788 childhood leukemia cases and an

equal number of controls. There were more males than

females. Race/ethnicity and SES classification were avail-

able for more than 95% of subjects. About 84% of subjects

were geocoded at the street segment or parcel level.

Additional characterization of the study subjects can be

found in previous papers [21, 24, 30, 31].

Table 1 presents results of both unmatched and matched

analyses with minimal as well as more complete control for

potential confounders. Unmatched analyses are restricted

to subjects with geocode matching to the street segment or

parcel level. Matched analyses are not restricted by geo-

code accuracy to avoid loss of pairs for whom matching

accuracy differed. Results of all analyses were remarkably

consistent, with a slight risk deficit in two intermediate

exposure groups and a small risk excess in the highest

exposure group, e.g., OR of 1.50 (95% CI [0.70, 3.23]) for

the main analysis, unconditional logistic regression adjus-

ted for age, sex, race/ethnicity, and SES. All results were

imprecise and not statistically significant. For the remain-

der of the paper, we focus on unconditional logistic

regression controlling for age, sex, race/ethnicity, and SES

with geocoding at street segment or parcel level.

The restricted cubic regression spline showed an

increasing OR with increasing exposure, but with wide

confidence intervals at high exposure levels (Fig. 1).

Table 2 provides subgroup analyses for childhood leu-

kemia. Results were very similar to those using the total

sample, particularly in the highest exposure group, when

restricting to acute lymphocytic leukemia, when stratified

by age at diagnosis, or when excluding subjects with

Down’s syndrome.

In sensitivity analyses we examined the influence of

various sources of uncertainty, such as geocoding accuracy,

precise location of residence, and uncertainty in the cal-

culated magnetic fields, on the results (Table 3). Including

subjects with low geocode accuracy (i.e., those matched to

U.S. Postal Service ZIP Code Tabulation Area, town/city,

county or state) or focusing only on major four utility

catchment areas (for whom more detailed information was
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available) did not appreciably change results. When

restricted to site-visited residences for which more detailed

information was collected, the odds ratio slightly increased

but remained imprecise. However, the odds ratio did not

further increase when the analysis was further restricted to

subjects with low uncertainty scores (those expected to

have high quality of calculated fields) or to single family

residences (for whom calculated fields are thought to pro-

vide better estimates of exposure). Excluding subjects born

in 1996, the transitional year for converting to electronic

birth record information, did not appreciably change the

results. We observed a slightly higher risks for single

family homes in the highest exposure group. Analysis by

decades of exposure did not reveal substantial changes in

risk estimates.

Discussion

We have conducted a large, statewide, record-based case–

control study of childhood leukemia in California. Con-

sistent with many other studies, we found small, non-sig-

nificant increased risks in the highest category of magnetic

Table 1 Odds ratios for childhood leukemia by category of calculated magnetic field at birth residence

Analysis \0.1 lT
(ref)

C0.1 to\0.2 lT C0.2 to\0.4 lT C0.4 lT

Ca/Co Ca/Co OR (95% CI) p Ca/Co OR (95% CI) p Ca/Co OR (95% CI) p

Unconditional logistic

regression adjusted for age

and sex

4824/4782 24/27 0.88 (0.51, 1.53) 0.66 14/15 0.93 (0.45, 1.93) 0.85 17/11 1.52 (0.71, 3.25) 0.28

Unconditional logistic

regression adjusted for age,

sex, race/ethnicity, and SES

4824/4782 24/27 0.84 (0.48, 1.46) 0.53 14/15 0.97 (0.47, 2.02) 0.93 17/11 1.50 (0.70, 3.23) 0.29

Unconditional logistic

regression adjusted for age,

sex, race/ethnicity, SES, and

additional confounders

4824/4782 24/27 0.83 (0.47, 1.44) 0.50 14/15 0.95 (0.45, 2.00) 0.90 17/11 1.45 (0.67, 3.11) 0.35

Conditional logistic regression

(matched on age and sex)

5733/5735 24/27 0.89 (0.51, 1.54) 0.68 14/15 0.93 (0.45, 1.93) 0.85 17/11 1.55 (0.72, 3.30) 0.26

Conditional logistic regression

(matched on age and sex),

adjusted for race/ethnicity,

and SES

5733/5735 24/27 0.83 (0.48, 1.45) 0.52 14/15 0.96 (0.46, 2.01) 0.92 17/11 1.48 (0.69, 3.19) 0.31

Conditional logistic regression

(matched on age and sex),

adjusted for race/ethnicity,

SES, and additional

confounders

5733/5735 24/27 0.84 (0.48, 1.46) 0.53 14/15 0.97 (0.46, 2.02) 0.93 17/11 1.48 (0.69, 3.19) 0.31

Unconditional (unmatched) analyses are restricted to subjects with geocode matching characteristic of street segment or parcel. Conditional

(matched) analyses are not restricted by geocode accuracy. Race/ethnicity and/or SES were missing for 4.9% of subjects and were multiply

imputed. Analyses with additional confounders were conducted using multiple imputation and included gestational age, birth weight, paternal

age, maternal age, maternal years of education, paternal years of education, birth order, payment source for delivery, payment source for prenatal

care, and census-based socioeconomic status indicator

Ca cases, Co controls, CI confidence interval, OR odds ratio, SES socioeconomic status

Fig. 1 Regression spline analysis. From unconditional logistic

regression controlling for age, sex, race/ethnicity, and socioeconomic

status and using a restricted cubic spline with three knots for

calculated fields. Pointwise odds ratios and 95% confidence intervals.

Reference line at 1.0
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fields exposure. These findings are also consistent with the

findings from the CAPS distance study, where slightly

elevated risk estimates were found at residential distances

of within 50 m of a power line [14]. While we saw an

increase in risk in the highest exposure group, all confi-

dence intervals included the null value and we did not

observe stronger associations in subgroups with more

reliable exposure assessment. For example, risk estimates

were similar in magnitude with improved geocoding

accuracy. On the other hand, we observed some increase in

risk for site-visited subjects, for whom magnetic fields

were calculated. With the better quality exposure assess-

ment, we anticipate that higher associations might be

observed if a relationship between magnetic fields and

childhood leukemia exists. However, within the site-visited

subgroup, risk estimates were not higher for those with low

uncertainty score for their magnetic fields calculation. Also

we did not find a pronounced increase in risk among those

diagnosed prior to age 4 years, for whom birth addresses

might be more indicative of a lifetime exposure. Consistent

with a Swedish study, we observed a slightly higher risks

for single family homes in the highest exposure group.

Analysis by decades of exposure did not confirm higher

risks in earlier decades as seen in the UK and Danish

studies, but our observations do not go back far enough and

do not include decades for which these studies observed

higher risks.

Moreover, we did not find a stronger association for

acute lymphocytic leukemia, as might be expected with a

more specific disease definition, should an association

exist.

We used population-based registries with complete

registration of births and cancers, which eliminated par-

ticipation bias and differential information bias (recall

bias). Misclassification of outcome status is also unlikely in

our study due to the completeness and high accuracy of the

CCR and the high proportion of cases with successful

linkage to the CBR. In addition, all aspects of exposure

assessment were blind to case/control status.

A potential disadvantage of basing exposure on high

voltage lines is that other sources of residential high

magnetic fields are ignored and hence some individuals

may be misclassified as not highly exposed (reducing

sensitivity). However, when exposure prevalence is low, as

is the case for high magnetic fields, the odds ratio estimate

is more influenced by specificity than by sensitivity. Our

detailed three-stage exposure assessment methodology

incorporated several improvements in the assessment of

exposure, including more precise measurements of distance

and consideration of complex line configurations. This

allowed us to achieve high specificity in exposure assess-

ment, which is essential for examining the association

between magnetic fields and childhood leukemia risk [22].T
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Our study had a much larger number of cases and

controls in the highest exposure category than in other

studies of similar design. This could be due to more resi-

dential construction near existing lines or, possibly, higher

loads on California lines due to higher energy consump-

tion. Larger numbers in the highly exposed groups allowed

us to examine risks in various strata and several method-

ologic issues raised by previous studies. Despite larger

numbers overall, small numbers in some of the subgroup

and sensitivity analyses made these results imprecise and

difficult to interpret with confidence.

Larger number of highly exposed, elimination of par-

ticipation and information bias, use of comprehensive

cancer and birth registries, and several improvements in

exposure assessment are strengths of CAPS that overcome

important limitations of many previous studies.

There were some differences in residential mobility

between cases and controls in the study. Cases had to be

born in California and diagnosed in California, whereas

controls must have been born in California but were not

required to be residing in the state at the time of diagnosis

of the corresponding case. Although some controls who

had moved out of state could have been diagnosed with

childhood leukemia, this is highly unlikely because the

outcome is rare. Mobility can manifest as a selection bias,

confounding, increased measurement error, or could also

be a potential risk factor [32]. Mobility remains a potential

source of questions and an important area for future

research. We plan to examine the potential influence of

mobility on our results in the future work through case only

analysis.

A possible limitation of the study is missing data on

potential confounders. However, since information was

missing mainly due to differences in the information col-

lected on birth certificates from year to year rather than

non-response, the potential for biases is small. In fact, our

cases and controls had similar levels of missing values on

all variables considered, and multiple imputation of miss-

ing data did not change the results. Excluding subjects born

in 1996 and subjects with Downs syndrome did not change

the results. Unmeasured confounding was also possible;

more comprehensive study of potential confounders such

as air pollution and pesticide exposure might prove

informative.

In conclusion, our large, statewide, record-based case–

control study of childhood leukemia cancer in California

does not provide clear evidence of risk associated with

higher exposure to magnetic fields, but small risks identi-

fied in previous studies cannot be excluded.
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