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Abstract

The California Power Line Study is a case-control study investigating the relation between 

residences near transmission lines and risk of childhood leukemia. It includes 5788 childhood 

leukemia cases and 5788 matched primary controls born between 1986 and 2007. We describe the 

methodology for estimating magnetic fields at study residences as well as for characterizing 

sources of uncertainty in these estimates. Birth residences of study subjects were geocoded and 

their distances to transmission lines were ascertained. 302 residences were deemed sufficiently 

close to transmission lines to have non-zero magnetic fields attributable to the lines. These 

residences were visited and detailed data, describing the physical configuration and dimensions of 

the lines contributing to the magnetic field at the residence, were collected. Phasing, loading, and 

directional load flow data for years of birth and diagnosis for each subject as well as for the day of 

site visit were obtained from utilities when available; when yearly average load for a particular 

year was not available, extrapolated values based on expert knowledge and prediction models 

were obtained. These data were used to estimate the magnetic fields at the center, closest and 

farthest point of each residence. We found good correlation between calculated fields and spot 

measurements of fields taken on site during visits. Our modeling strategies yielded similar 

calculated field estimates, and they were in high agreement with utility extrapolations. Phasing 

was known for over 90% of the lines. Important sources of uncertainty included a lack of 

information on the precise location of residences located within apartment buildings or other 

complexes. Our findings suggest that we were able to achieve high specificity in exposure 

assessment, which is essential for examining the association between distance to or magnetic 

fields from power lines and childhood leukemia risk.
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1. Introduction

In 2005, Draper et al. reported the risk of childhood leukemia and other cancers in relation 

to distance from home at birth to overhead transmission lines operating at 275 kilovolts (kV) 

and 400 kV in England and Wales. (Draper, Vincent et al. 2005) Using distance of ≥600 m 

from a line as a reference, the odds ratio (OR) for childhood leukemia cases (and a set of 

matched controls) incident from 1962 to 1995 was 1.68 (95% CI; 1.12 to 2.52) for subjects 0 

to <200 m away. However, the OR remained elevated at 1.22 (95% CI; 1.01 to 1.47) for 

subjects 200 to 600 m away, a distance at which magnetic fields attributable to overhead 

transmission lines are negligible. More recently, Bunch et al. updated the Draper et al. study, 

adding cases and controls up to 2008, extending the reference category to ≥ 1,000 m, adding 

lower voltages and analyzing OR by decade. (Bunch, Keegan et al. 2014) They report a 

monotonically decreasing OR from the 1960s through 2000-2008 and suggest that such a 

decline might be due to changing population characteristics among those living near power 

lines. Nevertheless, both earlier findings of Draper et al. and later results of Bunch et al. 

remain unresolved.

Since 1979, several dozen epidemiologic studies have investigated the association of 

childhood leukemia with estimated residential power-frequency magnetic fields and/or 

physical surrogates of magnetic fields. In 2001, the International Agency for Research on 

Cancer (IARC) classified power frequency magnetic fields as a Group 2B carcinogen, or 

‘possibly carcinogenic to humans.’ (IARC 2002) This determination was based on ‘limited’ 

epidemiologic evidence, ‘inadequate’ evidence in animal studies, and the lack of a 

biophysical mechanism that could explain biological effects of magnetic fields at ambient 

exposure levels.

A surrogate for magnetic field exposure introduced by Wertheimer and Leeper (W-L) 

considered the configuration of power line wiring, including both distribution and high 

voltage overhead transmission lines, and their distances to the residences of cases and 

controls.(Wertheimer and Leeper 1979) This method, called the W-L wire code, was further 

refined and used in several subsequent studies in the U.S.(Wertheimer and Leeper 1982; 

Savitz, Wachtel et al. 1988; Severson, Stevens et al. 1988; London, Thomas et al. 1991) 

Using wire code as an exposure measure had the advantage of minimizing selection bias by 

not requiring recruitment and enrollment of cases and controls. Measurement of magnetic 

fields within residences requires subject consent, possibly resulting in differential 

participation of cases and controls, hence a potential source of selection bias, especially if 

refusal rates are also associated with exposure. (Savitz, Wachtel et al. 1988; London, 

Thomas et al. 1991; Hatch, Kleinerman et al. 2000; Mezei, Spinelli et al. 2008) 

Additionally, because power lines tend to maintain the same configuration over many years, 

wire codes were thought to represent a more stable exposure index than measured magnetic 

fields. However, wire code and distance have limitations as an accurate predictor of 

contemporaneously measured residential magnetic fields.(Kavet 1995; Kheifets, Kavet et al. 

1997; Rankin, Bracken et al. 2002; Maslanyj, Simpson et al. 2009)

Several childhood leukemia studies reported in the 1990s adopted an alternative study 

design by restricting the study sample to populations residing within several hundred meters 

Vergara et al. Page 2

Environ Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of overhead transmission lines.(Feychting and Ahlbom 1993; Verkasalo, Pukkala et al. 

1993; Tynes and Haldorsen 1997) Another countrywide study considered exposure in 

relation to proximity to high voltage transmission lines (HVTL), as well as to ‘transmission 

cables and substations’. (Olsen, Nielsen et al. 1993) Two exposure studies in North America 

validated that residents living near (~ 0 to 100-150 meters) overhead HVTL operating at 

voltages greater than 200 kV have distinctly greater time-weighted average exposures to 

power frequency magnetic fields compared to populations who live far from any HVTL.

(Kavet, Silva et al. 1992; Levallois, Gauvin et al. 1995)

Characterizing all HVTLs near a residence with respect to their geometry (i.e., attachment 

height of conductors, phase spacing, tower location), operating characteristics (temporal 

characteristics of line load(s), direction(s) of load flow, and phase relationship), and the 

tower route proximity relative to a residence , would allow one to estimate the magnetic 

field within that residence at the appropriate point in time (e.g., at birth or at diagnosis), 

provided data of sufficiently high quality can be obtained.

Table 1 provides a summary of the epidemiology studies that have targeted populations near 

overhead HVTL, including the California Power Line Study (CAPS) described in this paper.

The CAPS is a case-control study focusing on childhood leukemia, but also including 

central nervous system (CNS) cancer, for comparison.. The study design for assessing 

leukemia and CNS cancer risks in relation to distance has been thoroughly described in a 

previous publication. (Kheifets, Crespi et al. 2013) This paper describes the methodology for 

estimating historic magnetic fields at residences in the immediate vicinity of transmission 

lines. Papers with similar objectives have been published in connection with a follow-up 

analysis of magnetic fields, for the Draper et al. study data set (Swanson 2008) and for a 

French study that also recently reported childhood leukemia risks in relation to distance 

from transmission lines.(Bessou, Deschamps et al. 2013; Sermage-Faure, Demoury et al. 

2013)

2. Methods

To briefly summarize, leukemia and CNS tumor cases diagnosed at age 0-14 years were 

ascertained through the California Cancer Registry, and linked to the California Birth 

Registry, which served as the source of controls. (Oksuzyan, Crespi et al. 2012; Oksuzyan, 

Crespi et al. 2013) For leukemia, 5788 cases and 5788 primary controls were entered into 

the study; for CNS tumors, the study comprised 3,308 cases and 3,308 primary controls. The 

study was approved by University of California, Los Angeles (UCLA) Office for the 

Protection of Research Subjects, University of Southern California (USC) Institutional 

Review Board, and California Committee for the Protection of Human Subjects (CPHS).

Birth and diagnosis addresses were geocoded with the USC Geographic Information System 

(GIS) open-source geocoder. Parcel or street segment level accuracy was obtained for 88.5% 

of the geocoded addresses. The four largest electric power companies in California, who 

serve 85% of the state’s customers, provided their GIS databases which were used along 

with the geocoded addresses to identify birth and diagnosis residences within 2,000 m of 
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transmission lines operating at voltages greater than 100 kV, and for two companies as low 

as 60 kV. A transmission line is defined as a single or individual 3-phase electrical circuit, 

where individual circuits may be located separately on their own support structures or co-

located with other circuits (or multiple circuits) on a common support structure. We used 

custom software to estimate distances of residence from lines. Distances were verified using 

Google Earth aerial imagery for some residences. The two distance measures, GIS and 

Google Earth, were in close agreement, with the Pearson correlation coefficient of 0.998. 

(Kheifets, Crespi et al. 2013) About 7% of geocoded residences were in territories served by 

other smaller companies, and for these aerial imagery was used to determine distances from 

lines. All determinations were blind to case/control status. The detailed study design, 

procedures and study population are described in a previous publication.(Kheifets, Crespi et 

al. 2013)

Following these steps, residences for which the line-attributable fields could exceed 

background were identified and targeted for site visits as follows: residences within 80 m for 

100-200 kV lines; 150 m for 200-345 kV lines; and 200 m for 500 kV lines. Background 

levels beyond those distances were assumed to be 0.05 μT or less.

Our objective was to create valid models to calculate the magnetic field at each residence on 

the dates corresponding to the subjects’ year of birth, year of diagnosis, and date of 

measurement. Detailed data describing the physical configuration and dimensions of the 

circuits contributing to the residential field, as well as the residence’s location relative to a 

circuit’s geographic coordinates were collected during in-person site visits (Figure A.1).

2.1 Measurements of Line Configuration, Line Dimensions and Line-to-Residence 
Distances

A measurement system was developed to collect information such as tower coordinates, 

conductor attachment heights and sag, phase spacing, and location of the subject residence 

relative to a circuit’s coordinates (e.g., center of residence, closest and farthest points). A 

highly accurate survey grade handheld Global Positioning System (GPS) based 

measurement system, the Trimble GeoXH (GeoXH), was used with a laser range finder, the 

LaserCraft Contour XLR (Contour XLR), for the site visits to overcome problems with 

physical obstacles such as busy streets, restricted access areas or fence, or a transmission 

tower located across a freeway or on a hillside within an area of private property.

2.2 GPS Data Quality

To ensure the accuracy of GPS coordinates and transmission line data, and as a quality 

control check, post-processed GPS coordinates from Pathfinder Office for some residences 

were entered into Google Earth, allowing coordinates of interest to be overlaid onto aerial 

photographs for visual confirmation. (Google 2014)

2.3 Residence Location

At times, the exact location of the residence was uncertain. These situations included 

residences in security-gated complexes or apartment buildings. Uncertainties in exact 

residence location were documented and ranged from lowest to highest uncertainty as 
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follows: (1) location fully known; (2) location of the door known but the center had to be 

estimated; (3) apartment building known but exact apartment location uncertain; and (4) 

complex (multiple buildings) known but exact residence location within the complex 

uncertain, due to lack of access. When direct access to a given location was available, the 

Trimble GeoXH was used to directly record the GPS location. At locations on private 

property and/or not directly accessible (e.g. the center of the residence) the GPS coordinates 

were determined using the Contour XLR in conjunction with the Trimble GeoXH.

For residences located within a gated community, a large apartment complex with no access, 

or an apartment building, closest and farthest points of the complex or apartment building 

were measured and center estimated using Google Earth aerial imagery. When the front door 

or the closest point of the apartment was known, the footprint and the center of the 

apartment were estimated based upon a typical apartment size for the area.

2.4 Site Visit Standardized Data Collection Protocol

A standardized data entry form and checklist were developed for residential site visits, 

performed from 2011 through 2013 (Figure A.1). In addition to data entry fields 

photographs were taken of study residences, transmission lines, and any distribution lines 

potentially influencing magnetic field measurements to help determine parameters such as 

tower orientation, structure type, conductor spacing, etc.

2.5 Load Data, Flow Direction and Phasing

Loading information was typically provided by each electric utility as detailed load readings 

back to the earliest date available (for 11% of relevant years). Based on this input, yearly 

average loads were calculated for each circuit. Data with obvious errors (e.g. loading of 

several thousands of amps) were removed from the yearly average calculations (less than 

0.1% of all data).

If loading data were not available for a specific year, then historical extrapolation of the data 

was performed. Extrapolation was done using predictions from linear mixed models 

(McCulloch and Searle 2001) fit to the available yearly average loading data. Separate 

models were fit for lines of each voltage class (<100 kV, 100-200 kV, >200 kV) for each 

utility. Models using log-transformed load and untransformed load as the dependent variable 

gave similar results; log-transformed load was used. All models included a random 

intercept, which allowed each circuit to have its own typical loading. Three alternative 

modeling strategies were compared: a no time trend model, which assumed no temporal 

trend in loadings but rather that loads were stable over time, with residual variation around 

each circuit’s stable level; a common time trend model, which estimated a log-linear 

temporal trend in loading which was the common to all lines within voltage class by utility; 

and a line-specific time trend model, which allowed each line to follow its own time trend 

by including a random slope. Comparisons showed that the line-specific time trend model 

gave implausible estimates in some instances, whereas the other two modeling strategies 

yielded plausible estimates. Hence predictions using these two strategies were generated.

In addition, utility representatives familiar with system flow patterns provided extrapolated 

load data for the missing years for two of the companies. These expert estimates were based 
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on the transmission line locations and the type of service areas, historical changes in 

generation sources, and subsequent year loading values and patterns.

If transmission lines were not owned by the four main California electric utilities, then 

phasing, loading, or directional load flow data were not available. For these lines, the 

voltage classification for each circuit was estimated during the site visit or was assessed 

based upon similar available information from other utilities. To estimate an average load 

for HVTL for modeling purposes, we used available data from the four main California 

utilities based on each voltage classification for modeling purposes. These situations 

comprised less than 5% of the total number of the 302 residences visited.

For residences where phasing and/or direction of load flow was not available from the utility 

(whether this occurred for the four main California utilities or other smaller utilities), then a 

bounding evaluation was performed for different phasing/load-flow-direction scenarios to 

yield upper and lower estimates. Transmission lines with known phasing and direction of 

load flow were held constant while lines with these unknown parameters were varied to 

determine the upper and lower limits of the magnetic field calculation range.

Since some residences could have multiple sources of uncertainty, we also computed an 

uncertainty score as the sum of: 1 point if historical extrapolation of loading was required, 1 

point if building (or complex) location was known but location within building (complex) 

was uncertain, and 1 point if phasing was based on best guess.

2.6 Magnetic Field Calculation

Modeling of the residential magnetic field included several of the spans and the data for 

each circuit configuration adjacent to the residence. Computer modeling of each 

transmission line was performed using data collected from the site visit, which included 

conductor attachment height, mid-span sag, vertical and horizontal conductor phase spacing, 

support structure locations, and residential coordinates. The number of spans near each 

residence and included in the computer model varied depending upon the residence location 

along a given span and the distance to the circuit. Each computer model included a 

minimally sufficient number of spans to provide an accurate magnetic field calculation at the 

residence so that inclusion of additional spans would not significantly change the calculated 

magnetic fields. Loading for the year of birth, year of diagnosis, date and time of the site 

visit measurements, phasing and direction of load flow were also entered into computer 

model. Calculations were performed at the closest edge, center, and farthest edge of the 

residence, in addition to the location at which magnetic field spot measurements were made 

during the site visit. When the phasing was unknown, the phasing/load flow which most 

closely matched the spot measurement at the site visit was used, while other phasing/load 

flow estimates provided the range of alternative estimates. Magnetic fields were calculated 

using the EMF Workstation (EPRI 2013).

In general, the distribution of magnetic field values was highly skewed and hence geometric 

means and standard deviations (SDs) were used to summarize the data. For the same reason, 

log transformations were applied to normalize the data before computing Pearson correlation 

coefficients to compare values. Recognizing that the epidemiologic analyses of calculated 
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fields will rely on classification of residential magnetic fields into exposure bins, we 

evaluated exposure classification using ≥0.4 μT as the highest exposure category.

3. Results

Altogether, 302 addresses met our distance-voltage criteria for site visits and had site visit 

information collected. Nearly 70% of the residences were single-family homes, 28% 

apartments or condominiums, and the remainder mobile and multi-family homes. Some 842 

lines (individual electrical circuits) were located within 200m of these 302 residences, 

ranging from 1 to 16 lines per residence. A majority of homes were located near double-

circuit lines. The number of lines per residence by voltage class is shown in Figure 1. Table 

2 summarizes data on distance (m) from residence to the nearest HVTL. Given the study 

design, the majority of lines were 200 kV and above (Table 2). The number of lines below 

100 kV was small (3.6%) as only homes of higher voltages were selected for site visits and 

information on lower voltages was available only from 2 utilities. Forty-one residences were 

located within 50 m and 106 residences within 50-150 m of 200 + kV lines.

3.1 Calculated Magnetic Fields Model Evaluation

To evaluate the accuracy of our modeling of the residential magnetic fields, we compared 

measured and calculated fields for the site visit measurement point (Figure 2) when the 

needed data were available (e.g. load on the day of measurement). The agreement was good 

with Pearson correlation coefficient of 0.78. During site visits, we evaluated the presence of 

local sources (such as underground lines, substations and other circuits) to identify and 

include in a sensitivity analysis, as the presence of strong local sources influences measured 

fields. Excluding these observations and those with some load data missing, improved the 

strength of the correlation between measured and calculated fields for residences with no 

presence of strong local sources (Pearson coefficient = 0.90, n =118).

For each residence we calculated and compared magnetic field levels for the date of birth 

and the date of diagnosis. The date of birth and date of diagnosis field distributions were 

very similar to one another (Pearson correlation of 0.98), with only 4 discordances among 

the 302 residences (1.3%) with respect to classification of ≥ 0.4 μT.

3.2 Historical extrapolation of transmission line loading data

There were 31 residences for which utilities were able to provide average annual load data 

for the year of birth for all lines and hence no historical extrapolation of load data was 

necessary. For the remaining residences, extrapolation was needed for one or more lines. 

The time interval from year of birth to first year with utility load data available averaged 14 

years (SD 5 years) and ranged from 1 to 25 years.

To illustrate the historical load extrapolations, Figure 3 provides available load data and 

extrapolations from the two modeling strategies – the no time trend model and the common 

time trend model – for a set of lines from one utility. In general, the time trend models 

estimated very gradual trends, with less than a one percent change in loadings per year. As a 

result, the two modeling strategies yielded similar calculated field estimates, with a Pearson 

correlation of 0.97 for calculated fields estimated from the no time trend model versus the 
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common time trend model. Comparison of model predictions to historical load values, 

where available, suggested very good predictive performance of the models, with 

correlations ranging from 0.82-0.86 for the different utilities. For 65 residences, the utilities 

also provided their own load extrapolations, which we compared to our extrapolations from 

the mixed models. There was high agreement between the calculated fields based on utility 

extrapolations and our mixed models, with Pearson correlations of 0.98 for both the no time 

trend and common time trend models.

3.3 Uncertainty in phasing

For the vast majority of residences in the study (Figure 1), multiple lines need to be taken 

into account for the calculated field estimation. The relative direction of load flow (0°, 180°) 

and phasing (−120°, 0°, 120°) among the lines located near a residence can have a 

significant effect on the magnetic field within the residence. For a number of residences 

(26/302), this information was unavailable or incomplete for some lines (the missing data 

was mostly for lines not owned by the four main utilities). In such cases, the onsite spot 

measurements together with contemporaneous loading data served as input to determine the 

most likely load direction and phasing, as described in Methods.

For 21 addresses with missing or questionable phasing, magnetic field values were well 

below 0.4 μT regardless of assumed phasing. We examined two cases where classification of 

≥0.4 μT based on the assumption most congruent with all the data might be uncertain. The 

first case examined has two circuits on a pole about 14 m from a residence (Figure 4a). With 

the currents shown, the maximum field modeled under the line was 0.91 μT, but the 

measurements yielded 1.23 μT due to a local source that was identified. Having accounted 

for the local source, which may or may not have impacted the residential field, the circuits 

were assigned as like-phased (consistent with the measurement), and the field at the 

residence was calculated as 0.46 μT. A second case (Figure 4, b) introduces a greater 

uncertainty, much of it surrounding the phase relationships among three lines next to the 

residence. As shown, the two >200 kV closest to the residence circuits are phased ACB-

ACB (top to bottom) but their phase relationship with the two >200 kV single circuit lines is 

unknown. During the site visit, a field of 0.39 μT was measured 5.5 meters from the closest 

edge of the residence, with contemporaneous load data available only for the >200-300 kV 

double circuit line (with the others inferred from lines of corresponding description). Field 

measurements were also performed at the transmission centerline for many of the site-

visited lines. After evaluating various scenarios, the phasing and load flow direction on the 

other lines were examined for consistency between calculated fields and the spot 

measurements made during the site visit. Then, using those phase relationships, a field of 

0.55 μT was estimated at the center of the residence applying available or extrapolated 

historical load data. Even with this uncertainty, both cases would be classified into high 

category under most assumptions.

In addition, we examined three cases that might be classified as ≥ 0.4 μT if alternative 

phasing was correct. Two of these cases would be classified as below 0.4 μT under majority 

of scenarios, and only in one of these cases, the classification might change if alternative 

phasing is correct. The influence of phasing will be explored in a sensitivity analysis.
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3.4 Uncertainty in the location of residence

Our largest uncertainty comes from residences that could not be precisely located or 

accessed, such as those in large apartment complexes with gated access. We could precisely 

identify the center of the residence for 73% of homes (Table 3). For about 12% of 

residences, location was known, but exact footprint of the apartment or house had to be 

estimated and thus the uncertainty in this case is minimal. For about 5% precise location of 

residence within apartment building is not known, and thus calculations of fields and 

distance was based on the entire building. The largest uncertainty (for another 10%) came 

for residences within a residential complex with no access, and thus the entire complex was 

evaluated. Nevertheless, geometric means were similar for all categories. As expected for 

the closest point for the residences within the complexes, the fields were both higher and 

with wider confidence intervals.

Ten percent (29/302) of site-visited residences can be classified as above 0.4 μT with 

relative certainty, since their location was known and calculated fields for the center point 

exceed this threshold (Table 3). Considering residences with uncertain location, if 

classification is based on an estimated center point, an additional 2% (6/302) would be 

classified as above 0.4 μT, whereas if classification is based on the closest point, an 

additional 8% (23/302) would exceed this threshold (Table 3). The influence of using center 

versus closest point on risk estimates for residences with uncertain location will be explored 

in a sensitivity analysis.

3.5 Potential for exposure misclassification

We examined the potential for misclassification of residences with respect to their magnetic 

field exposure status -- that is, for exposed residences to be misclassified as unexposed or 

unexposed residences to be misclassified as exposed -- due to the various sources of 

uncertainty. In epidemiology studies, when exposure is rare, misclassifying unexposed 

individuals as exposed can severely bias relative risk estimates. As specificity (the 

probability of correctly classifying an unexposed individual as unexposed) decreases, the 

estimated odds ratio decreases rapidly towards the null. Misclassifying exposed residences 

as unexposed is also undesirable, but the impact of this type of misclassification on bias is 

minimal. Hence the first type of misclassification is more concerning.

To investigate the potential for magnetic field exposure misclassification, we compared the 

proportions of residences with calculated fields ≥ 0.4 μT versus < 0.4 μT by the type of 

uncertainty. Table 4 shows that residences with uncertainty in loading, location of residence 

within a complex or phasing were somewhat less likely to be classified as exposed ≥ 0.4 μT. 

The proportions did not differ significantly for any of the three sources of uncertainty (all p 

>.2). Using the uncertainty index, the residences with more sources of uncertainty were less 

likely to be classified as exposed ≥ 0.4 μT. Overall, any exposure misclassification due to 

these sources of uncertainty is not likely to involve misclassifying unexposed individuals as 

exposed, e.g., is not likely to decrease specificity.
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4. Discussion

We provide a detailed description of methods used to calculate magnetic fields from HVTL 

at residences as part of a large population-based case-control study of childhood leukemia in 

California.

The advantages of focusing on populations near power lines are trifold. First, by selecting 

cases through cancer registries and controls from population-based records (such as birth 

registries), subject participation is not required, thus minimizing selection bias. Second, 

record-based studies efficiently include large number of subjects. Third, historical magnetic 

fields within a residence, the exposure measure of primary focus, can be estimated with 

well-validated computer programs given accurate specifications of circuit configuration, 

operating characteristics and distance to residence. (Zaffanella, Kavet et al. 1997) Thus, a 

study design focused on populations adjacent to power line routes combines the advantages 

of a temporally stable marker (previously, the wire code served this purpose) with the 

capability of accurately estimating the residential magnetic field due to power lines as the 

exposure of primary interest. Accordingly, our study has several advantages: it is entirely 

based on population-based registries with complete registration of births and cancers, thus 

eliminating participation and differential information bias (recall bias). Our study is not only 

large overall, but importantly the number of exposed cases is larger than in all previous 

studies. In addition, we evaluate distances to power lines extended to 2000 m and include 

consideration of lower voltages. Our consideration of complex line configurations in the 

measurement of distance and calculated magnetic fields is another methodologic refinement.

The accuracy of the utility GIS information on distance from transmission lines to 

residences was generally good. Most discrepancies between utility distances and Google 

Earth validated distances were minor, and either resolved with Google Earth or verified with 

site visits. Our model of calculated magnetic fields (using data provided by utilities and 

collected at site visits) performed well, based on our validation.

The quality of the magnetic field estimate, however, reflects the quality of the input data. 

Thus, the lack of loading data for a given circuit (or circuits) in the subject’s index year 

represents a potential source of exposure misclassification. Error may vary depending on the 

time span between the year of interest and the years for which loading data are available. 

Thus, the error may be relatively modest if data are available for years reasonably close to 

the year of interest, or appreciably greater if no load data are available and estimates require 

use of secondary sources for information (e.g., loading on other lines of similar voltage and 

temporal extrapolation). These errors may also arise from various phasing arrangements on 

multiple transmission lines within common right-of-ways, direction of load flow, and use of 

an annual average load which does not capture diurnal and/or seasonal variations.

When multiple transmission lines are present, our approach was to calculate fields using 

phasing information and a 3-D program. For situations where relative phasing is unknown 

for multiple lines, one approach is to make separate calculations for individual transmission 

lines and combine them in quadrature to produce a single resultant. For the present study we 

obtained phasing for over 90% of the transmission lines. For the remaining lines, we had 
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loading on transmission lines with concurrent residential magnetic field measurements, we 

computed magnetic field extrema using phasing combinations to arrive at the most likely 

relative phasing best matching the site visit measurement. This approach produces a more 

reliable estimate than just adding in quadrature.

These many challenges, however, apply to all studies of calculated fields, with some studies 

having even less data, thus having to rely only on expert estimate of annual average load 

(Bessou, Deschamps et al. 2013; Sermage-Faure, Demoury et al. 2013), others having to 

extrapolate further back and base estimates on the winter peak predictions (Swanson 2008). 

Additionally, our various load modeling strategies yielded similar calculated field estimates, 

and these correlated well with estimates provided by experts.

In either case, previous studies (e.g., Feychting and Ahlbom, 1993) reported positive 

associations of calculated fields with childhood leukemia based on annual average loading 

to capture a time-weighted-average metric, and this study geared itself to that same general 

strategy, with some potential improvements.

Our biggest uncertainties arose from situations where the residence location was estimated, 

similar to all studies of distance/calculated fields. Unfortunately, not all studies provide 

enough information to evaluate the extent of this problem, but uncertainty in residence 

location appears to be an exposure assessment issue also for studies that did evaluate it. In 

our study, we found similar geometric means regardless of how precisely we were able to 

locate a residence, however, residences within a complex were somewhat less likely to be 

classified as exposed ≥ 0.4 μT. Our methodology allows us to evaluate to what extent taking 

closest point versus the center of the residence influences our results. Further, the type of 

misclassification from residence location uncertainty should not affect the specificity of 

exposure assessment, key in maintaining our ability to detect an association should one 

exist.

A potential disadvantage of basing exposure on HVTL is that other sources of residential 

high magnetic fields are ignored and hence some individuals may be misclassified as not 

highly exposed. However, when exposure prevalence is low, the odds ratio estimate is more 

sensitive to false-positive misclassification error than to false-negative error, because false 

positives arise from a larger group and can easily overwhelm the true positives (Greenland 

and Lash 2008). In our study, uncertainty in load, phasing or location lead to residences 

being slightly less likely to be classified as high exposure. Thus by focusing on high 

specificity, we designed the epidemiologic study to make bias towards the null unlikely.

We were able to collect and verify a large amount of detailed data on both residences and 

nearby power lines. Some data items were missing, but only from a small percent of the site-

visited sample and a much smaller percent of the overall study. Further, with our approach 

of creating uncertainty variables, we plan to examine whether data quality influences 

epidemiologic risk estimates.
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5. Conclusions

In conclusion, we describe the exposure assessment methods, including evaluation of 

distance and calculation of magnetic fields, for a large case-control epidemiologic study of 

residential proximity to HVTL and childhood leukemia in California. With improvements in 

exposure assessment and an opportunity to systematically examine biases, we will be able to 

evaluate the association of distance to and magnetic fields to power lines with childhood 

leukemia with a greater number of cases in the highest exposure category than was 

previously possible.

Acknowledgment

The California Power Line Study is funded by the Electric Power Research Institute. Crespi was also partially 
support by NIH CA 16042. We are extremely grateful to Michael Herz of Pacific Gas and Electric Company, Glenn 
Sias and Phil Hung from Southern California Edison, Marilyn Dulich of San Diego Gas and Electric Company, 
Josephine Gonzalez of Los Angeles Department of Water and Power and other employees of these utilities who 
contributed generously of their time and provided key data and expertise. We also appreciate the contributions of 
Drs. Sona Oksuzyan and Myles Cockburn to the main study.

Funding Source

The California Power Line Study is funded by the Electric Power Research Institute. Crespi was also partially 
support by National Institutes of Health CA 16042. The study was approved by University of California, Los 
Angeles (UCLA) Office for the Protection of Research Subjects, University of Southern California (USC) 
Institutional Review Board, and California Committee for the Protection of Human Subjects (CPHS).

Appendix

Figure A.1. 
Sample Of Residential Site Visit Data Sheets – Left: Site Visit Checklist, Right: Power Line 
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Figure 1. 
Total number of lines per residence grouped by voltage class
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Figure 2. 
Spot measurements and calculated fields on the day of site visit

Note: All data presented are log 10 (value + 0.3), adjusted to meet the Pearson linearity 

assumption.
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Figure 3. 
Example of available annual average loading data and historical extrapolations for a set of 

lines from one utility from the linear mixed model

Note: Indicates relatively minimal impact of historic extrapolation, prior to 2000.
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Figure 4. 
Two scenarios in which phasing and load flow direction combinations were analyzed to 

determine the values that produced the optimal match with the measured magnetic fields. 

The conductor heights represent the attachment heights minus 2/3 of the sags. See text for 

further description.
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