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ABSTRACT

This thesis comprises three independe:lt but interrelated manuscripts. (1) The resu1ts from

seven epidemiological studies ofadult cancers in relation to residential exposure to power

frequency magnetic fields (MF) indicated that the association between leukemia and MF

has bee!! inconsistent. lt also indicated tl:at the risks ofbrain tumors and breast cancer, the

other cancers frequently suspected ofbeing associated with occupational exposure to MF,

were rarely investigated. 3ased on these epidemiological results, the analysis of the raIes

ofchance and bias, and the criteria for causal inferences, it appears that the evidence is not

strong enough to support the putative causal relationship between residential MF and

adult cancers. (2) A case-control study, using matching on date of birth, sex, and date of

diagnosis, was theretbre carried out in northern Taiwan to further evaluate the risks of

adult (~ 15 years ofage) leukemia, brain tumors, and female breast cancers in relation to

residential exposure 10 60 Hz MF. Cases were newly diagnosed cancers reported to the

cancer registry between 1987 and 1992 and controls were incident cancers from sites

other than those previously suspeeted ofbeing associated with MF during the same period.

Assessment of MF Ï!l the' residences oceupied by the study subjeets at the rime of

diagnosis was perforrned by modeling power information of high-voltage transmission

lincs. The resuIts were based on the separate anaIysis of708 leukemia, 455.brain tumors,

and 1,562 female breast cancers. The risk of leukemia for exposure to MF > 0.2 IlT

relative to the reference level « 0.1 IlT) was significantly e1evated (odds ratio = 1.5l,

95% confidence interval 1.05-2.19). A dose-response relationship showed a gradient

increase in relative risk estimates for leukemia with MF. The relative risk estimates for

brain tumors and female breast cancers were slightly elevated, but were statisticalIy
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• compatible to nul!. (3) To validate the residential l\1F estimated from power information.

indoor l\1F of 407 residences occupied by a sample of study subjects at the time of

diagnosis were selected and assessed by short-term on site measurements and by modeling

concurrent power information. The analysis showed that the measured l\1F tended to be

higher than the estimated l\1F for most residences, especially for those with lower

measured l\1F. Two indices ofagreement between measured and estimated l\1Fs, intraclass

correlation coefficient (ICe) for continuous data and kappa (K) for categorical data with

cutoffpoims of 0.1 J.IT and 0.2 J.IT, declined \\ith the distance from the transmission lines.

Both indices showed a poor agreement « 0.5) for the residences located more than 149

meters away from the transmission lines. The ICC and K observed from a reduced sample

of 114 residences presumably representative of all residences in the study area with

respect to the distribution ofresidentiall\1F was 0.90 and 0.64, respectively.
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Celte th~se compn:!ld trois manuscrits ind~p<:ndants mais int<:r-r<:li~s. (1) Les r~su!lats

provenant de sept ~tudes ~pid~miologiques portant sur la relation entre le :ancer et

l'exposition r~sidentielle aux champs magn~tiques de 60 Hz (CM) chez les adultes

indiquent que le lien cntre la leuc~mie et les CM est inconstant. Ces érudes démontrent

aussi qu<: les risques de cancer du cerveau et du sein, deux autres cancers qui sont

fr~quemment associés à l'exposition aux CM au travail, n'ont pas été érudiés. Les

évidences accumul~es lors de ces ~rudes ~pidémiologiques. lors de l'analyse du rôle du

hasard et des biais et lors de l'érude des critères d'inférence causale ne perrnenent pas

de supporter une relation putative de cause à effet entre l'exposition résidentielle aux

CM et le cancer chez l'adulte. (2) Une étude cas-témoin, appariée pour la date de

naissance, le genre et la date du diagnostic a été réalisée dans le nord de Taïwan pour

évaluer les risques d'une leucémie chez l'adulte, d'une tumeur au cerveau chez l'adulte

(15 ans ou plus) et du cancer du sein chez la femme en fonction de l'exposition

résidentielle aux CM de 60 Hz. Les cas étaient des cancers nouvellement diagnostiqués

et reportés au registre des cancers entre 1987 et 1992. Durant la même période, des

personnes récemment aneintes de cancers qui n'étaient pas suspectés d'être reliés aux

CM ont été choisies comme témoins. L'évaluation des CM à l'intérieur des résidences

des sujets étudiés a été faite au moment du diagnostic en modélisant l'information de la

puissance des lignes de transmission de haut-voltage. Les résultats proviennent de

l'analyse séparée de 708 leucémies, 455 tumeurs au cerveau et 1 562 cancers du sein

chez la femme. Le risque d'une leucémie associée à une exposition aux CM de plus de

0,2 /oLT était significativement élevé par rapport au niveau de référence qui était de

moins de O,l/oLT (rapport de cotes = l,51; intervalle de confiance à 95% 1,05-2,19).
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Les n:sultals Ont montr': qu'il existe une relation positi\'t; entre la quantit': des I,T

provenant du CM ct le risque relatif d'une Icue':mie ("pl)sitive dl)se-n;sl'l'nse

rc1ationship"). Les estimations des risques relatifs d'une tumeur au cerveau Cl du cancer

du sein chez la femme ':taient l':gi:rement ':lev':s, mai:; n'':taient pas statistiquement

significatives. (3) Afin de valider la mesure d~s CM faite il partir de l'information de

la puissance, les CM inte:rieurs d'un ':chantillon de 407 r':sidenees occup':es par des

sujets de l'e:tude ont ':te: mesure:s au moment du diagnostic par la m':lhode de mesure il

court terme sur le terrain ("short-term on site measurements") et par la mod':lisation de

l'information de la puissance, Pour la plupart des re:sidences, l':lllalysc a d':momr': que

le CM mesure: avait tendance à être plus petit que celui qui ':tait calcul': ct plus

particulièrement pour les re:sidences c.ù les CM mesure:s ':taient petils. Deux indices de

concordance entre les CM mesures et calcule:s, soit le coefficient de corr.:1ation imra­

classes (CCI) pour les données nominales et la statistique kappa (K) pour les donne:es

cate:goriques (coupures à 0,1 p.T et à 0.2 p.T), ont e:té calcul':s. Les resultats om

démontre que ces indices diminuaient en fonction de la distance des lignes de

transmission. Les deux indices ont démontré qu'il y avait peu de concordance entre les

deux méthodes de mesure du CM pour les residences situées à plus de 149 mi:tres des

lignes de transmission. A partir d'un échantillon de residences pre:sume: repre:sentatif de

la distribution des CM résidentiels de la region étudiée, le CCI a e:te: estime: à 0.90 el

le kappa à 0.64.
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PREFACE

Accordir.g to the specifications of manuscript-based thesis, the live indented paragraphs

below should be reproduced in full in the preface of this thesis.

Candidates haye the option ofincluding. as part of the thesis.the text ofa paper(s) submillcd or to
he submillcd for publicalion. or the c1carly-duplicatcd tc.xt of one or more publishcd paper(s).
Thcsc texts must he bound as an integral part of the thesis.

If tllls option is choscn. connccùng tc.xts that pro\ide logical bridges helwccn the difTerent papers
are mandalO!)·. n~ thesis must he wrillen in sueh a way that is more than a mere collccùon of
manuscripts.

The thesis must still confonn 10 ail other rcquirements of the -Guidelines forThcsis Preparaùon-.
The thcsis must include: a Table of Contents. an abstraet in English and French. an introduction
whieh c1carly states the rational and objectives of the study. a comprehensive gencrall"C\iew of the
litcraturc. a final conclusion and summal)". and a thorough bibliography or rcference Iist.

Additional material must he pro\idcd where appropriate (c.g. ln appendices) and in sufficient
detail to allow a c1car and precise judgment to he made of the importance and originali!)' of the
rcscareh rcportcd in the thesis.

ln the case of manuscripts co-authorcd by the candidate and others. the candidate is rcquircd to
make an C.'lllicit statcmcnt in the thcsis as to who contributcd to sueh worl< and to what C>.'tcnt.
Supel\isors must alles! to the accuraey of such statcmcots at the doctoral oral dcfcnsc. Since the
task ofthe examincrs is made more difficult in thcsc cases. it is in the candidate's intcrcst to make
pcrfectly elcar the rcsponsibiliùes ofail the authors of the co-authorcd papcrs.

Whether power frequency electric and magnetic fields can affect biological systems, or

even how much, are not yet fully appreciated. The investigation ofbiological effects from

exposure to electric and magnetic fields is rapidly evolving. Of particu\ar interest during

the past 15 years have been the possible carcinogenic effects of magnetic fields (MF) on

humans. Concerns and questions about the hea\th consequences ofexposure to seemingly

ubiquitous MF in the residence.. worklllace, and e1sewhere in the environment are

increasingly raised by the scientific community and have brougbt attention to the public.

The debate on the possible malignancy resu\ting from exposure to MF has initially and

often been driven by epidemiological studies in an area in which few relevant laboratory

data have been available. At present., the overall epidemiological evidence that

occupational or residential exposure to alternating current MF has harmed people is

somewhat consistent but not convincing. However, the trend of consistently publicized
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connections of MF with certain types of cancer unquestional:>ly deserws tùrther

epidemiological and laboratory investigations.

This manuscript-based thesis was wrillen to chronologically revlew pre\'lous

epidemiological studies conceming MF and human cancei s. with a special emphasis upon

the causal relation between residential MF and adult cancers. lt is also intended to further

evaluate. using case-control design, the carcinogenic risks associated with residential MF

in adults. which evolved in part from the inadequacy in number of previous residential

adult studies. Validating residential MF estimated from high-voltage transmission lines. a

method ofMF e.xposure assessment which was occasionally employed in previous studies

but has rarely been assessed empirically. was also integrated in this thesis.

This manuscript-based thesis is divided into three sections. The first. "AII Epidl!miological

Appraisal ofSil/dies ofResidell1ial Exposure to Power Freqllellcy Magllt!tic Fit!ld~ alld

Adllit Cancers". provides a review of residential adult studies ofleukemia, brain cancer•

and breast cancer - three most postulated MF associated cancers. The roles of chance

and bias, and the criteria for causal inferences were used to appraise the evidence ofcausal

relationship. The overa\1 evidence from the studies of children and workers a1so

supplements this review. The second section, "LOIIg-term Residell1ial Expo.\7tre to 60 H:

Maglletic Fields and Risks of Adult CQl/cers ill Taiwan". encompasses three registry­

based case-control analyses. which investigated the adult risks of leukemia, brain tumors.

and female breast cancer separate\y in relation to residential exposure to 60 Hz MF. The

results from this section are considered complements which enable the scientific

community to further conceive the association between MF and human cancers. The third

section titled "A validity analysis of residential magnetic fields estimated from power

information of high-voltage transmission lines" presents the agreement between

residential MFs estimated from power information of high-voltage transmission lines and

measured by dosimetric instruments among 407 households in northem Taiwan.
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• I},'TRODUCTION

Electric power is a product ofmodern civilization and a familiar miracle to human bein~s

Generations have come to take for granted the simple flip of a switch that turns night inlo

day. Sorne serious health consequences of electrlc shock caused by electric power have

been weil recognized by the public. ln more than a decade, a controversial question has

emerged as to the electric power we ail depend on: Dacs il cause cancer? The potential

biological and human hea\th effeets, especially human cancers, have become an issue of

scientific debate and public controversy following the stimulus by Wertheimer and

Leeper's epidemiological study in 1979. Sorne subsequent epidemiological studies have

supported the results from Wertheimer and Leeper's study, suggesting a link between

exposure to power frequency magnetic fields (MF) and certain types of cancer, primarily

leukemia an':: brain tumors. Other stuC:ies, however, have found no such a link. ln recent

years, sorne epidemiological studies have further suggested a possible association between

MF and breast cancer, a common female malignancy in developed countrles. This new

public hea\th issue has obviously emerged from the epidemiological evidence and will

faster more discussions in the future. ln addition to epidemiologists, laboratory

researchers have been trying to figure out how such an association is biologically plausible

.and to clarify the specific role, if any, ofMF in the causation ofhuman cancers. At present,

epidemiological and laboratory studies brought no convincing scientific evidence to show

a causal\ink between MF and buman cancers except an agreement tbat better information

is needed. At this stage, an increased confliet between public and e1ectric uti1ities over the

sitting and installation of new transmission and distribution Iines as weil as other power

facilities has tumed the essence ofthis scientific issue into a social and economic problem.
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It is not wise to assign a low priority to an issue that could ultimately prove to be a

signiticant public health problem.

The present thesis tirst reviewed chronologically the epidemiological studies with a special

emphasis upon the possible causal association ofresidential MF with certain types ofadult

cancers. Compared with the studies ofworkers and children, the studies ofadult residents

in relation to residential MF have been neither extensive nor consistent in their findings. A

case-control study was therefore conducted to evaluate the risks ofadult leukemia, brain

tumors, and female breast cancers, three cancers frequently suspected ofbeing associated

with MF, in relation to residential exposure to 60 Hz MF in order to provide the further

evidence and unravel the current uncenainty associated with the power lines.

The primary objectives ofthis thesis are:

• To appraise the epidemiological evidence concerning adult cancer risks associated

with residential exposure to power frequency MF.

• To determine the relative risk estimates ofleukemia (1CD-9: 204-208), brain tumors

(1CO-9:191) and fernale breast cancer (1CO-9:174) among adults aged 15 or more in

relation to residential 60 Hz MF.

• To assess the validity ofresidential MF estimated from power information ofhigh­

voltage (69/1611345 kV) transmission lines.
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LITERATURE REVIEW ON THE CARCINOGENIC EFFECT FROM EXPOSURE

TO Po\VER FREQUENCY ELECTRIC AND MAGNETlC FIELDS

Background

It has long been accepted that ionizing electromagnetic radiation, which has the capacity

to accelerate eleetrons in matter, can induce cancer in any organ in which cancer occurs

naturally. Epidemiological evidence on the relationship between ionizing radiation and

human cancer already existed from the studies of radiation carcinogenesis among

survivors of atomic bombs in Hiroshima and Nagasaki, Japan, from studies of radiologists

occupationally exposed to ionizing radiation as weil as from studies of underground

miners exposed to radon gas and its decay produets (lARe [1990]). Eleetromagnetic

fields (EMF) with low frequency, on the other hand, rarely come to people's notice except

their thermal effeet. This is due to the fact that the energy generated by low frequency

EMF is too weak to be able to break chemical bonds and show the carcinogenic potential

that is possessed by ionizing radiation. However, the potential non-thermal effeet posed

by non-ionizing EMF, especially by power frequency (50-60 henz (Hz» EMF, bas

recently attraeted more and more attentions worldwide. The recent attentions to the

potential risk of exposure to power frequency EMF are mostly built upon a series of

epiderniological studies following the childhood study by Wertheimer and Leeper in 1979

(Wertheimer and Leeper [1979]). According to the sources of power frequency EMF,

decades of epiderniologica\ literature may be broadly summarized into three categories;

residential exposure, occupational exposure and eleetrica\ appliance usage.
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Residential Exposure and Childhood cancers

The most cited studies of childhood cancers in relation to residential exposure to

extremely-low-frequency (ELF) electric or magnetic fields are four case-control studies

(Wertheimer and Leeper [1979], Savitz et al. [1988], London et al. [1991], and Feychting

and AhIbom [1993)). Wertheimer and Leeper first raiSêd the possibility that childhood

cancers may be associated with residential exposure to elevated magnetic fields.

Compared to children residing in residences of low current wiring configurations, they

observed a significant excess risk of ail cancers, leukemia, and cancers of the nervous

system among children whose residences were assigned high current wiring configurations.

This initial discovery was partially supported by the later studies by Savitz et al. [1988],

London et al. [1991], and Feychting and AhIbom [1993], which incorporated aetuai

measurernents and appropriate considerations ofpotential confounders.

In addition to externai visible features of nearby electric wires, short-term aetual

measurements were perforrned in homes occupied by the study subjects (Savitz et al.

[1988] and London et al. [1990)). Twenty-four-hour measurements were further carried

out in the study by London et al. [1990] in an atternpt to reduce the possiblefluetuation of

magnetic fields within a day. Both studies reported a 50%-70% increase in risk of

leukemia among children living in high-current-configurations homes, which was less than

a 2.5 fold increase in risk found by Wertheimer and Leeper [1979]. Using more detailed

categorizations ofwiring configurations classifications, both studies showed a statisticaIly

significant steady rise of leukemia risks with a more than two-fold increase in risk in the

very high-current eategory.
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• With respect to brain tumors, Savitz et al. [1988] suggested an approximately two-fold

increase in risk among clùldren residing in homes oflùgh-current configuration. which was

consistent with the initial finding by Wertheimer and Leeper [1979]. However, Savitz et al.

[1988] reported no association of short-tenn measured magnetic fields with brain tumors.

The relative risk estimate associated with magnetic fields greater than two rnilligauss (mG)

was 1.0 (95% confidence intervals (CI) =0.2-4.8). Interestingly, the study by London et

al. [1991] in the Los Angeles area also indicated that the association of clùldhood

leukernia risk with measured magnetic or e1eetric fields (regardless of whether the

measurement was on the spot or a 24-hour basis) was clearly less evident than that with

wiring configuration. A prompt argument concerning the above findings was that wire

configuration rnight be a better surrogate measure than short-tenn or 24-hour actual

measurements for long-tenn e1ectric and magnetic fields levels (Savitz et al. [1988].

London et al. (1991)). Tlùs could be especially true considering short-tenn measurernents

are subject to diurnal, weekly. seasonal, and annual variation wlùlc wire codes are not.

T1ùs speculation was partially substantiated by !Wo studies empirically showing that the

wire codes of Wertheimer and Leeper index only moderately correlated with short-tenn

aetual measurements of household magnetic fields. (Kaune et al. [1987]. Bames et al.

(1989)). Thëriault [1992] stated in lùs review that C... wire code represents a better

measure oflong term exposure to EMF thon instant or 24 hours in house measurements

do (which is a reasonable assumption) or wire code is a measure offield parameters

(such as high jrequency transient, spikes, resonance. combination of earth magnetic ­

man made magnetic fields, or the angle at which magnetic fields interact with the cell)

that have not been measuredsafar by the use ofaverage electric andmagnetic exposure

estimates: ..... ) • wlùch suggested that wire codes might be a better surrogate for the

unknown parameters associated with magnetic fields and aetiologically relevant to the risk
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of cancer. Since there are no empirical data to suppon the above argument, more effons

must be devoted to solve the mysterious puzzle behind the wire codes.

Using power information of major power lines, Feychting and Ahlbom [1993] calculated

residential magnetic fields to be associated with the risk of childhood cancers in Sweden.

The relative risk estimate ofleukemia for exposure to calculated magnetic fields <i:; 2 mG

relative to the reference level « 1 mG) was significantly elevated (odds ratio (OR) = 2.7,

95% CI = 1.0-6.3). The relative risk estimate was more elevated when the upper cutoff

point was shifted to 3 mG (OR = 3.8, 95% CI = 1.4-3.9). A weaker association of spot­

measured magnetic fields with the risk of leukemia was noticed in this study. No

association, on the other hand, linking calculated magnetic fields and brain tumors or

Iymphoma was observed.

Three methodological strengths of the study by Feychting and A1hbom [1993) enforced

the epidemiological evidence of a link between magnetic fields and childhood leukernia

First, this study has a well-defined study base, which greatly minimized the possibility of

selection bias arising from the control-selection procedure. Second, compared to the other

surrogate methods (e.g. distance from power lines and wire codes), mode1ing power

information is capable of providing a more direct assessment of magnetic fields.

AdditionaIly, the property of magnetic fields also makes it possible to theoretically

calculate indoor magnetic fields ernitted from external power lines, since magnetic fields

are hardly shielded by buildings, electric materials and other objects. Besides, instead of

assuming that past exposure WolS like exposure assessed presently, which is an assumption

frequently made by retrospective studies, the calcuIation ofmagnetic fields from complete

utility records is able to estimate past exposure. Third, the Swedish study had complete
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information on the residential histories for each study subject which funher improved the

assessment of long-term residential e.'i:posure to magnetic fields

The other studies (Fulton et al. [1980]. Tomenius [1986]. Coleman et al. [1989]. Myers et

al. [1990]. OIsen et al. [1993], Verkasalo et al. [1993]) concerning childhood cancers in

relation to residential magnetic fields were relatively less informative than those reviewed

above. The shoncornings for most of t.!le above studies included the selection ofcontrols.

e""posure assessment, or an insufficient number of study subjects as det:ùled in the

following.

Fulton et al.'s [1980] study was criticized for sutTering from a temporal imbalance in the

occupancy date of case and control homes (Wenheimer and Leeper [1980]). It appeared

that the proponion ofhigh-current-wiring-configuration homes was higher in earlier years

and there was a tendency for control homes to have earlier oecupancy dates which tend

toward higher wire codes residences among contrais. Such an imbalance may have biased

the risk estimates downward.

The study by Tomenius [1986] was most notable for its first making use of on site

measurements ofmagnetic fields. The dwellings which were within ISO meters (m) on

either side of vistble 200 kilo volts (kV) power lines or which had estimated magnetic

fields of3 mG were considered ~exposed". The relative risk estimates for children living

less than 150 m from 200 kV lines were 1.1 (95% CI = 0.3-4.6) for leukernia and 4.0

(95% CI = 0.9-27.1) for central nervous system (CNS) tumors. The corresponding

relative risk estimates based on measured magnetic fields were 0.3 (95% CI = 0.1-1.1) and

3.9 (95% CI = 1.2-17.3). These very unstable relative risk estimates were due to the fact
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lhal only 2% of dwellings were classified as "exposed". The author provided no

explanations for choosing an exposure cutoff point of 150 m or 3 mG which gave rise to a

Iow prevalence ofexposed dwellings.

Coleman et al. [1989] and Myer et al. [1990] used the distance from major power facilities

(transformer substations for the study by Coleman et al. [1989] and over-head power lines

for the study by Myers et al. (1990)) as weil as used modeling Ioad on the Iines to assess

residential magnetic fields. Using 50 m as a cutoffpoint, Coleman et al. [1989] reported a

relative risk estimate of 1.5 (95% CI =0.7-3.4) for leukemia, whereas Myers et al. [1990]

found that the relative risk estimates were J.l (95 CI = 0.5-2.5) for non-solid tumor

(including Ieukemia) and 0.8 (95% CI =0.4-1.9) for solid tumor (including brain tumors).

Both studies claimed that the results remained unchanged when the exposure was

characterized by il'corporating measures of electricity currents carried by substations and

power lines.

The drawback of Coleman et aI.'s study [1989] was the inclusion of brain tumor<; as

controls. Because brain tumors were suspected ofbeing associated with magnetic fields by

Wertheimer and Leeper [1979] and Savitz et al. [1988] and are not uncommon in children,

the potential for an underestimation of true relative risk estimates can be expected. The

findings by Myers et al. [1990] cannot be compared directly with the other studies due to

the difference in study end-points.

O\sen et al. [1993] assessed bistorical magnetic fields by calcuIations of power

information of50-400 kV electrical transmission connections and substations and found a

significant association between aIl major types of childhood cancer combined and
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• exposure to magnetic fields from high-voltage installation of ~ 4 mG (OR = 5.6. 95% CI

= 1.6-19). With the same cutoff point. the elevated relative risk estimates persisted for

leukemia (OR = 6.0, 95% CI = 0.8-44), tumors ofCNS (OR = 6.0. 95% CI = 0.7-44), and

malignant lymphoma (OR = 5.0. 95% CI = 0.3-82). These results were very unstable

because the proportion of exposed (~ 4 mG) subjects was less than 0.5% in both cases

and controls.

To my knowledge, the study by Verkasalo et al. [1993] was the only cohort study among

publicized childhood studies. They followed sorne 140,000 boys and girls residing within

500 m of overhead power lines of 110-400 kV who were considered being exposed to at

least 0.1 mG. Over a 20-year period, a non-significantly elevated risk for children exposed

to magnetic fields ~ 2 mG relative to exposure of 0.1 mG - 1.9 mG was observed for

nervous system tumors (standardized incidence rate (SIR) =2.3, 95% CI =0.75-5.4) and

leukemia (SIR = 1.6, 95% cr = 0.32-4.5). Subgroup analyses further noted that the

observed association between magnetic fields and nervous system tumors was largely

attnoutable to a significant excess ofnervous system tumors in boys (OR =4.2, 95% CI =

1.4-9.9).

Residential Exposure and Adult cancers

The studies ofadult cancers in relation to residential exposure to EMF have been neither

as extensive nor as consistent as the childhood residential studies. There have been seven

publications in this category (Wertheimer and Leeper [1982], McDowa11 [1986], Severson

et al. [1988], Coleman et al. [1989], Youngson et al. [1991], Schreioer et al. [1993],

Feychting and Ah1bom [1994]). The risks ofadult leukemia and brain tumors observed
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• ITom these studies were not consistent mainly on the grounds that the end-points used in

these studies varied from ail causes of monality (McDowall [1986], Schreiber et al.

[1993]) to acute non-Iyrnphoid leukernia incidence (ANLL) only (Severson et al. [1988]).

Duplicating the method of their 1979 study, Wenheimer and Leeper 1982] reponed a

significantly elevated monality risk of ail cancers, cancer of nervous system, uterus, and

lyrnphomas among exposed adults. However, adult leukernia was not found to be

associated with high-current wire configurations.

Among the studies of cancer incidence, Severson et al. [1988] found that neither were

spot-measured magnetic fields nor wiring codes associated with ANLL. On the other hand,

Coleman et al. [1989] reponed an 1.45 fold increased risk (OR = 1.45, 95% CI =0.54­

3.88) of leukernia among people residing within 100 m of power lines or transformer

substations. Coleman et al.'s [1989] results were partially supponed by Youngson et al.

[1991] who suggested a srnall association between adult myeloid leukernia and residential

proxirnity to overhead lines or estirnated magnetic fields. Living less than 50 m of

overhead transmission lines was llSSùciated with a risk estirnate of 1.2 (95% CI =0.8-1.9)

for adult myeloid leukernia, relative to living ~ 100 m . The relative risk estimate, using

<0.1 mG as reference Ievel, for estirnated ll1lUlIIetic fields ;s:; 1.0 mG was 3.0 (95% CI =

0.8-10.6). No association of magnetic fields with adult Iyrnphoid ma1ignancies was

observed in Youngson et al.'s study [1991]. Although both Coleman et JI. [1989] and

y oungson et al.'s [1991] studies incorporated a large number of study subjects, it was

Iikely that a small association may have comprised the statïstica1 power and yielded

imprecise relative risk estimates.
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A recent Swedish study (Feychting and AhIbom [1994]) showed an elevated, but nol

statistical!y significant, relative risk estimate for acute myeloid leukemia (AMI...) (OR = 1.7,

95% CI =0.8-3.5) and chronic mye10id leuke:nia (CM!..) (RR = 1.7,95% CI =0.7-3.8)

for people living with calculated magnetic fields greater than 2 mG, compared with people

exposed to ~ 0.9 mG. The IWO relative risk estimates were based on nine and seven

exposed cases and both have wide confidence intervals. The relative risk estimates for the

chronic lymphoid leukemia (CLL) and CNS tumors were very close to nul! in this study.

Using cumulative e~"posure during the 15 years preceding diagnosis to associate cancer

risks, Feychting and AhIbom [1994] found that the relative risk estimates of AMI... and

CM!.. were 1.9 (95% CI = 0.6-4.7) and 2.7 (95% CI = 1.0-6.4), respectively, for exposure

of !?; 30 mG-years relative to <9.9 mG-years.

Two retrospective cohort studies (McDowall [1986], Schreiber et al. [1993]) provided no

evidence to support the link between residential magnetic fields and adult cancers. The

almost complete follow-up of the IWO cohort studies greatly avoided the potential

selection bias due to an association of1oss to fol!ow-up with both the exposure and the

subsequent risk of cancer. However, a small number of deaths from certain types of

cancer and inadequate exposure assessment confined the inferences oftheir results.

The residentiai aduit studies certainly shouid put more emphases on the confounding

effect than the childhood studies do, since aduits have a lot more chance ofbeing exposed

to certain risk factors for cancers in the environment and workplaces. Age, sex, yeu of

diagnosis (or death), and indices of socioeconomic status (SES) were considered by aIl

studies. \Vith the exception of Severson et al. [1988], none of the aduits studies have

included information of other known risk factors for leukemia or brain tumors from
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environmental or occupational sources.

Like residential childhood studies, magnetic fields assessment was also inadequate for

most residential aduit studies. Comprehensive on site measurements were only performed

in the studies by Severson et al. [1988] and Feychting and AhIbom [1994). The other

studies, on the other hand, used a variety of surrogates for magnetic fields including the

distance from power lines, calculated magnetic fields from load on the lines, or wiring

configuration to indireetly estimate magnetic fields. Il was noted that a complete

residential history for each subjeet was considered by Feychting and AhIbom [1994],

which was considered superior to the other adult studies which assessed one single

residence which was either occupied at a reference date (Severson et al. [1988],

McDowall [1986], Schreiber et al. [1993]) or a place in which the subjeet spent mos! of

the time within a specifie period before diagnosis (Wertheimer and Leeper [1982]).

Occupational Exposure and Adult cancers

The majority of epidemiological studies are concemed about people occupationa\ly

e~..posed to e1evated e1ectric and/or magnetic fields in workplaces. Wertheimer and Leeper

[1979] first thought over tlùs issue in the discussion oftheir paper. It was MiIham [1982]

who brought tlùs issue to a widespread attention. Elevated risks ofmalignancies including

leukemia, brain tumors, and more retently breast cancer have been suspeeted ofresulting

from exposure to EMF in workplaces. Like residential studies, the dosimetry ofEMF was

rarely performed in earlier occupational studies. Rather, the job-title, a surrogate for EMF

in the work environment was ftequently used with varying definitions of e1ectric-related

workers. The Jack ofelI."osure measurements certainly compromised the inference ofthe
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results from earlier occupational studies. Moreover, the possible exposure measurement

errors may have led to an e.xposure misdassification and subsequently biased the risk

estimates. Another common methc.dological weakness of earlier occupational cohon

studies was the incomparability with respect to risk factors for cancer betwt:en e.xposed

and une.xposed groups. This was especially a commonplace for proponional incidence (or

monality) studies and retrospective cohon studies using administrative data. These

methodological drawbacks have been avoided to a great extent in recent studies which

incorporated sound e>.:posure assessment methods, thorough considerations of potential

confounders and a careful procedure of selecting study subjeets.

Leukemia

Milham's study [1982], analyzing all deaths of Washington State male residents 20 years

old or older between 1950 and 1979, reponed an excess of monality from leukemia

among workers in nine occupations presumably with elevated EMF. Following Milham's

study, numerous studies of leukemia monality or incidence among workers in these

occupations provided similar results (Wright et al. [1982], Coleman et al. [1983],

McDowall [1983], F10din et al. [1986], Stem et al. [1986], Canwright et al. [1988],

Pearce et al. [1989], Gubéran et al. [1989], Bastuji-Garin et al. [1990], Gardland et al.

[1990], Loomis and Savitz [1990], Juutilainen et al. [1990], Robinson et al. [1991], Tô

nqvist et al. [1991], Richardson et al. [1992], Guénel et al. [1993]). Sorne studies, on the

other band, did not find an elevated risk ofleukemia among workers in these occupations

(Morton et al. [1984], Calle and Savitz [1985], Olin et al. [1985], Blair et al. [1985],

GaIlagher et al. [1990], Tônqvist et al. [1986], Linet et al. [1988], Matanoski et al.

[1989]).
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• Among the studies which supported the association between EMF-related occupations

and leukemia, a pronounced association between electrica1 occupations and AMI.. was

observed !Tom most ofthem (Wright et al. [1982]. McDowall [1983], Flodin et al. [1986].

Stem et al. [1986], Cartwright et al. [1988], Bastuji-Garin et al. [1990]. Juutilainen et al.

[1990]. Tonqvist et al. [1991], Guénel et al. [1993]). Two earlier reviews of publications

also came up with similar findings. Savitz and Calle [1987] compiled 11 data sets and

concluded in their report that the results for total leukemia show a moderate excess risk

(relative risk (RR) =1.2, 95% CI = 1.1-1.3) for workers in occupations presumed to have

e1evated EMF exposure. The e1evated risk was enhanced for acute leukemia (RR = 1.4,

95% CI = 1.2-1.6) and especially AMI.. (RR = 1.5, 95% CI = 1.2-1.8). Coleman and

Beral's review [1988] showed a 20% increase for ail leukemia and a 45% increase for

AMI.. among "e1ectrica1 workers".

Instead ofstudying e1ectrica1 occupations assembled together, some studies were designed

to investigate the leukemogenic risk in relation to some specific occupations or habit­

related activities such as underground coal miners (Gilman et al. [1985], Tônqvist et al.

[1991]), amateur radio operators (MiIham [1985], Milham [1988]), workers involved in

e1ectric arc welding industry (MiIham [1982], Wright et al. [1982], Morton et al. [1984],

Stem et al. [1986], Preston-Martin et al. [1988a), Tola et al. [1988], Tonqvist et al.

[1991], Richardson et al. [1992]), and employees from telephone companies (Obrams

[1988], WikIund et al. [1981], Howe and Lindsay [1983]).

Contrasting miners working less than 25 years versus those working 25 years or more,

Gilman et al. [1985] found that the duration of employment among underground coaI

miners was associated with the incidence ofleukemia (OR = 2.5, p<O.05). Approximately
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• equaI contribution was from Iymphoid and myeloid leukemia. A similar magnitude of

relative risk estimate (standardized mortality rate (SMR) = 2.2, 95% CI = 1.0-4.1) for

AMI.. was observed among miners in a cohort study by T6nqvist et al. [1991].

A proportional mortality study of amateur radio operators was initially conducted by

Milham (Milham [1985]). It showed a significantly e1evated proportion of mortality

(proportional mortality ratio (PMR) = 2.81, p<0.01) among amateur radio operators in

the states of Washington and California between 1971 and 1983. Mi1ham [1988] further

followed 67,829 amateur radio 1icensees in the !WO states which accumu1ated 232,499

person-years between 1979 and 1984. The 1ater study found a slightly e1evated relative

risk estimate for leukemia (SMR = 1.24, 95% cr = 0.87-1.72), with an enhanced risk

e1evation for AMI.. (SMR =1.76,95% cr =1.03-2.85). Because no aetual measurements

were employed, Milham's findings should be regarded as a basis that cal1s for further

studies to investigate which hazard, if any. was really responsible for the association of

leukemia with this hobby-related aetivity.

The studies of workers involved in e1ectric arc welding tended to consistently show no

excess ofleukemia among welders despite that welders are considered being exposed to

very high magnetic fields. Two proportional mortality studies (Mi1ham [1982], Wright et

al. [1982]). two cohort studies (Morton et al. [1984]. Tônqvïst et al. [1991]) , and one

=t case-control study (Richardson et al. [1992]) all concluded no leukemogenic

hazards from welding. Additiona!Iy, the risks for neither allieukemia nor any ceIl-specific

leukemia were observed to be associated with welc!ing in the compilation of Il data by

Savitz and Calle [1987]. Another meta-analysis of 15 publications also revealed no excess

ofleukemia among welders. (Stern [1987]).
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The leukemogenic risk ofwelding was, on the other hand, suggested by Stem et al. [1986].

Stern et al. (1986] studied 24,545 shipyard workers, using nested case-control design, and

found that welders underwent an elevated risk ofleukemia deaths (OR = 3.19, 95% CI =

1.09-9.37) and a more elevated risk of myeloid leukemia (OR = 6.23, 95% CI = 1.64­

23.64). The suspicion ofwelding's leukemogenic effect was later reinforced by Preston­

Martin et a1.'s study [1988a] in which a mong association between CML and prior

ernployment as a welder was observed (OR = 25.4, p<0.01). As the analysis restrÎcted to

subjeets whose job title included the word ''welder'' or ·'welding". the odds ratio was

infinity (15 cases versus 0 controls). Both Stem [1986] and Preston-Martin et al.'s [1 988a]

studies completely measured and adjusted for other risk factors for leukemia. Nevertheless,

it was not possible from these IWO studies to convincingly point out any specific welding­

related hazard responsible for the observed association because on site measurernents of

EMF for workers were not available.

Telephone operators (WtkIund et al. [1981]), telephone servicernen (Howe and Lindsay

[1983]), and telephone linernen (Obrams [1988]) were not observed to have higher risk of

leukemia mortality or morbidity. The results from telephone workers studies should be

interpreted cautiously because these studies were a\so subject to exposure measurernent

errors.

The preceding studies appeared to suggest an association ofleukemia with the assembly

ofe1eetricaI workers as a whole. In terms ofspecifie occupations, amateur radio opera1ors

and underground miners were reported to he associated with an e1evated risk ofleukemia.

It is not possible, however, to draw any firm conclusion concetning the leukemogenie

eff'eet ofEMF ftom the above studies mainly due to methodologicaI limitations. Genera1Iy,
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these studies were unable to pro\ide comincing e\Ïdence linking EMF and leukemia.

since no actual measurements ofelectric or magnetic fields were performed. However. the

potential measurement error due to the use of"job tide" was unlikely to be a valid basis

for the argument of spurious associations. since the exposure misclassification resulting

!Tom the use of 'job-title" was likely to be non-differential (Copeland KT [1977)). ln

addition to e.xposure measurement errors, the inadequate assessment of other potential

leukemogenic agents in wor1:places further complicated the interpretation of the results

!Tom these studies. With only few e.xceptions. mo5t studio:s were unable to thoroughly

considered sorne known risk factors for leukemia such as organic solvent, ionizing

radiation, and pesticides. Due to these limitations, the results !Tom earlier studies should

be considered prelirninary.

Severa! occupational studies with improvements in methodology have been accomplished

recently. The improvements included on Site exposure measurements and an e.xtended

consideration of potential leukemogenic agents, which were two major drawbacks of

earlier studies.

A nested case-control study within a cohort of6,221 eleetric utility workers between 1960

and 1988 in Southern California (Sahl et al. [1993]) first measured magnetic fields in the

work envïronment. The combination of measured magnetic fields with job histories was

used to =te exposure scores in association with the risk of leukemia. The results !Tom

Sahl et al.'s study [1993] provided no support for the association ofleukemogenic risks

with either job categories or exposure scores. The sttength of this study was the first

application of dosimetry data to assess occupational exposure to magnetic fields. In

addition, a well-defined study base greatly reduced the potential bias frequently resulting
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from control-selection procedures in case-control studies. The main limitation of this

study was its relatively small sample size which included ooly 17 leukemia among

electrical workers.

A community-based case-control study (Floderus et al. [1993]), using cancer register

cases and community worker controls chosen from a census survey, reported a

significantly elevated risk ofleukemia (OR = 1.63, 95% CI = 1.10-2.42) for men whose

longest lasting job during the ten-year period before diagnosis was estimated to be ~ 2.9

mG, relative to men with longest lasting job ~ 1.5 mG during the same period .

Subgroup analyses indicated an enhanced risk for CU (OR =3.08, 95% CI = 1.62-5.89).

The associations were attenuated when magnetic fields were measured for a high­

e:~posure job ever held during one's lifetime. The known environrnental risk factors for

leukemia including benzene., ionizing radiation, organic solvent, pesticides, and smoking

were measured by questionnaires in this study and were not found to show meaningfu1

influences on the observed associations. Additionally, the study base ofthis study was not

limited to any particular industry, indicating that the study subjects as a whole in principle

was a representative sample from ail male workers in the study area.

Matanoski et al. [1993] examïned the mortality risk ofleukemia (excluding CU) among

telephone line workers most ofwhom were retÏred. The lifetime exposure score for each

study subject was created by a combination of work histories with persona! monitoring

measurements on each job eategory. When lifetime exposure scores were based on time­

weighted-average mean for each job, workers with scores above the medïan showed an

excess ofleukemia compared with workers below the median (OR = 2.5,95% CI = 0.7­

8.6). Lifetime exposure scores based on peak fields were also found to be non-
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• significantly associated with a similar elevated risk ofleukemia.

Comparing workers in 9 electrical occupations with workers in 18 non-electrical

occupations, London et al. [1994) found that eleetrical workers were at a slightly higher

risk of alileukemia (OR = 1.3, 95% CI = 1.1-1.6), ANLL (OR = 1.2, 95% CI = 1.O-\. 6),

CLL (OR = 1.3, 95% CI = 1.0-1.8), and CML (OR = 1.3, 95% CI = 0.8-2.1).

Measurements of magnetic fields for each occupation showed that magnetic fields

exposure was higher among workers in eleetrical occupations than in non-electrical

occupations except eleetrical engineers, which was consistent with the findings by Flynn et

al. (1990). Individual's exposure was assessed by combining his/her occupation with job­

specifie measured magnetic fields. A weakly uprising trend in the risk ofleukemia per 10

mG increase in average magnetic fields was observed (OR = 1.2,95% CI = 1.0-1.5), with

an enhanced trend for CML (OR = 1.6, 95% CI = 1.2-2.0). The results remained

unchanged after adjusting for a complete list of potential occupational leukemogens

assessed by the expert judgment.

Thériault et al. [1994) used a case-control design nested within sorne 230,000 electrical

utility employees from three power utilities in Canada and France. Significantly elevated

risks ofANLL (OR = 2.41,95% CI = 1.07-5.44) and AML (OR = 3.15, 95% CI = 1.20­

8.27) were observed in workers with cumulative exposure >3.1 micro tesla (IlT)-years.

The relative risk estimate associated with mean exposure >0.2 IlT for ANLL and AML

was 2.36 (95% CI = 1.00-5.58) and 2.25 (95% CI = 0.79-6.46), respectively. Compared

with the sample size of previous studies, the number of study subjects in this study was

relatively larger, aIIowing more precise relative risk estimates for the analyses of cell­

specific leukemia and a trend test ofrisks across severa! exposure categories. Taking into
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• account the adjustmem for possible temporal changes in magnetic fields on the same work

site in the construction of exposure matrices was another methodological strength, which

further reduced measurement errors in estimating past exposure.

A nested case-control study was conducted to assess whether exposure to electric and

magnetic fields among Norwegian railway workers induced leukemia (Tynes et al. [1994]).

Exposure assessments ofelectric and magnetic fields were based on present measurements

and information about job tides, work histories, and job descriptions. Like the study by

Floderus et al. [1993], exposure data were obtained from an examination ofjob histories

and on site measurements ofwork places rather than direct measurements for individuals.

Neither were electric nor magnetic fields associated with leukemia in railway workers. A

direct comparison of the results from Tynes et al. [1994] with the resu1ts from previous

studies was not appropriate because of the dissimilarity in exposure characteristics.

Instead 50 or 60 Hz, the Norwegian e1ectrified railway lines used EMF with 162J3-Hz.

The most recent publication which investigated the risk of leukemia in association with

magnetic fields was carried out by Savitz and Loomis [1995] who retrospectively

fol1owed more than 138,000 male employees from five electric power companies in the

US contnèuting sorne 2,650,000 person-years over a 36-year period. The exposure

matrices used in this study were generally similar to those ofprevious studies. The risk of

leukemia was not observed to he associated with indices of magnetic fields. The ooly

exception was that a significant increase in risk (OR = 2.50, 95% CI =1.08-5.76) of

leukemia was observed for more than 20 years ofemployment as an e1ectrician compared

with men working in the same occupation for less than five years. The authors concluded

that their study did not support the association between occupational magnetic fields and
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leukemia.

Thus. some recent studies appeared to show a consistency in the association belween

occupational exposure to magnetic fields and leukemia ( Fklderus et al. [1993]. Matanoski

et al. [1993]. London et al. [1994]. Thériault et al. [1994]). The other two studies.

however, provided no support for such an association (Sahl et al. [1993], Sa\itz and

Loomis et al. [1995]). There were no obvious e.xplanations to the inconsistent results. lt

was interesting, however. to note that ail of the studies except Matanoski el al. [1993]

which supported the leukemogenic effect of magnetic fields used cancer incidence as the

endpoint in relation to magnetic fields, whereas IWO studies with null results used

mortality cases. ":.'here is a consensus that incident cases are superior to the mortality cases

in the evaluation of risk factors for the occurrence of diseases, since mortality risks are

determined not only by risk factors for the disease development but also by certain

prognostic factors following the onset ofdiseases. The use of incident and deceased cases

would not reach the same risk estimates unless the assumption that ail prognostic variables

after the onset of diseases are independent of the exposure can be satisfied (Sacken

[1979]). It was not clear whether the use ofdeceased cases was responsible for the null

results from the IWO studies by Sahl et al. [1993] and Savitz and Loomis et al. [1995]. An

exarnination of the distribution of prognostic factors between eleetrîcal workers and

"unexposed» workers will be helpful to clarify this speculation. Moreover. successful

treatments of leukemia will lead to a favorable survivaI and may have compromised the

study sample size for the desired statistical power in the studies using mortality rather than

incidence as the study end-point.

Two common criticisms about the validity ofearlier studies, exposure measurement errors
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resulting trom using job titles and shared exposure to the other leukemogenic factors in

workplaces, were not found to be detrimental trom the evidence provided by sorne recent

studies.

The study by London et al. [1993) found that magnetic fields were higher among workers

in electrical occupations than in non-electrical occupations, which supported the previous

assumption that electrical workers have experienced higher magnetic fields. The studies by

Floderus et al. [1993) and Matanoski et al. [1993] demonstrated that the risk estimate of

leukernia associated with personal monitoring magnetic fields was larger than that related

to job titles only, which suggested that the use of job titles may have caused exposure

rnisclassification and led to an underestimation of relative risk estimates. However, the

difference in risk estimates was not substantial, indicating that the exposure

misclassification in earlier studies was not serious.

No materially meaningful confounding bias was observed in four recent studies which

assessed potential confounding effect of risk factors for leukernia other than EMF

(Floderus et al. [1993], London et al. [1994], Thériault et al. [1994], Savitz and Loornis et

al. [1995]). These results indicated that eleetrical workers do not tend to have a higher

chance to be occupationally exposed to the other leukemogens.

With respect to the dose-response relationship between magnetic fields and leukernia, the

evidence was inconsistent across the studies. Three of them claimed a dose-response

relationship (Floderus et al. [1993], Matanoski et al. [1993], London et al. [1994]); but

the resu1ts from Thériault et al. [1994] did not show clear dose-response trends with

inCTeasing exposure. Although earlier occupational studies tended to show a stronger
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association of AMI. with magnetic fields. this tendency has not been conclusive. The sludy

by Thériault el al. [1994] did obselVe an enhanced risk of AMI.. However. cell-lype

specifie analyses by Floderus el al. [1993] and London et al. [1994] suggested an

enhanced risk for CLL and CML. respectively.

Brain tumor

The acknowledging evidence to associate EMF with the risk of brain tumors initially

derived &01':1 severa! case-control studies (Lin et al. [1985]. Thomas et al. [1987],

Magnani et al. [1987], Speer et al. [1988], Preston-Martin et al. [1989]. Loornis and

Savitz [1990]).

Using EMF-occupation linkage categorizations, Lin et al. [1985] reported an

approximately IWO fold increase in mortality risk of glioma and astrocyloma among

electrical workers in Maryland relative to the occupational category with background

levels of EMF. With analogous but not identical exposure probability categorizations of

Lin et al. [1985], a significant excess of glioma mortality (OR = 2.6, 95% CI = 1.2-4.3)

and astrocytic tumors (OR = 4.6,95% CI = 1.9-12.2) in electrical workers was found in

the study by Thomas et al. [1987]. Speer et al. [1988] aIso reported an elevated risk of

glioma mortality among workers in the transportation, communication and utility

industries (OR = 2.6, 95% CI = 1.2-4.3). The study by Loornis and Savitz [1990]

compared men involved in electrical occupations with those in aIl other occupations and

found an unfavorable mortality from brain tumors in electrical workers (OR = 1.4, 95% CI

=1.1-1.7). The excess ofmortality was especially prominent for electrical engineers and

technicians (OR = 2.7,95% CI = 2.1-3.4), telephone workers (OR = 1.6, 95% CI = 1.1-
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• 2.4), eleetric power workers (OR = 1.7, 95% CI = 1.1-2.7), and eleetrical workers in

manufacturing industries (OR = 2.1, 95% CI = 1.3-3.4).

ln contrast to the findings !Tom the above case-control studies. most cohon studies of

brain tumors provided no suppon for the association between e1eetrical workers and brain

tumors (Howe and Lindsay [1983]. Olin et al. [1985]. Blair et al. [1985]. Vàgero et al.

(1985]. Tonqvis et al. (1986]. McLaughlin et al. [1987], Tola et al. [1988]. Gubéran et al.

(1989]. Matanoski et al. (1989]. Juutilainen et al. [1990]. Tonqvis et al. [1991]). A meta­

analysis ofeight case-controls studies and ten cohon studies showed that the summarized

relative risk estimate !Tom cases-control studies indicated an e1evated risk (RR = 1.4. 95%

CI =1.2-1.6) (ORAU [1992]). The results !Tom case-control studies were, however. not

homogeneous. On the other hand, the aggregate results !Tom cohon studies showed a null

relative risk with a tight confidence interval (RR = 1.0.95% CI = 0.9-1.1).

Cohon studies are considered to be methodologically superior to case-control studies

with respect to the reduction of control-selection bias. However, many occupational

retrospective cohon studies ofbrain turnors have apparently suffered from incomparability

between employed e1eetrical workers and general population, a problem that has been weil

recognized (Wang and Miettinen [1981]. Ostlîn [1989)). wlùch limited the interpretation

of their results. For the similar reasons that earlier occupational leukemia studies were

unable to provide sound epidemiological evidence, the earlier occupational studies of

brain turnors also failed to provide persuading evidence to substantiate or to oppose the

hypothesized linkage between e1eetric or magnetic fields and brain turnors.

Four recent studies wlùch investigated the leukemia risk also exarnjned the potential
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• linkage between occupational e.xposure to magnetic fields and brain tumors (Sahl et al.

[1993], Floderus et al. [1993], Thériault et al. [1994], Savitz and Loomis [1995]). The

relative risk estimates ofbrain tumors were close to one in the study by Sahl et al. [1993].

The studies by FloderJs et al. [1993] and Thériault et al. [1994] showed sorne support for

the association of magnetic fields with brain tumors. A 60% increase in risk (OR = 1.63,

95% CI =1.04-2.56) ofbrain tumors was observed among subjects in the highest quartile

of exposure (90th quartile or equivalently 2 mG ) relative to those with exposure ;i; 1.5

mG in the study by Flt'.ierus et al. [1993]. Thériault et al. [1994] reported a two fold

increase (OR = 1.95,95% CI = 0.76-5.00) in the risk ofbrain tumors among men whose

cumulative exposure to magnetic fields was above 90th quartile (1.57 (IJ.T)-years). Both

studies tended to notice that magnetic fields have a somewhat stronger association with

astrocytoma than with the other brain tumors.

The most recent occupational study ofbrain tumors was conducted by Savitz and Loomis

[1995] which reported a link between magnetic fields and brain cancer. The relative risk

estimate ofbrain tumors was highest among workers with a cumulative exposure level ;;:

0.7 IJ.T-years in the two-to-ten-year period before deaths relative to the zero exposure

level (RR = 2.56, 95% CI = 1.35-4.86). A relative risk estimate of 1.94 (95% CI =1.34­

2.81) was observed for per IJ.T-year increase during two to ten years prior to deaths.

When etiologic period was not assumed, the risk of brain tumors increased by an

estimated factor of 1.07 (95% CI = 1.01-1.14) per Iifetime IJ.T-year increase. A relative

risk estimate of 2.29 (95% CI =1.15-4.56) was observed for workers with Iifetime

occupational exposure ~ 4.3 IJ.T-years relative to those with Iifetime exposure <0.6 IJ.T­

year.
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• The up.-i.ing trend in the risk of brain tumors with an increase of magnetic fields was

suggested by SavilZ and Loomis [1995J and two earlier occupational case-control studies

(Lin et al. [I985J, Speer et al. [1988j), but was not supported generally by the analyses by

Floderus et al. [1993J and Thériault et al. [1994]. Among recent studies designed to

examine simultaneously the risks of leukemia and brain tumors, !wo studies tended to

show a stronger association ofoccupational magnetic fields with 1eukemia than with brain

tumors (Floderus et al. [1993J and Thériau1t et al. [1994]). The other study showed the

opposite results (SavilZ and Loomis [1995]).

Given the improvement in methodology, the evidence from recent studies conceming the

role of magnetic fields in the occurrence of leukemia and brain tumors needs to be

considered seriously. However, any conclusion conceming the causal relationslùp between

occupational magnetic fields and the risk of brain tumors or leukemia at present is

believed to be premature.

Breast callcer

Laboratory studies have found that the function of pineal gland, an organ in the brain at

the roofofthe tIùrd ventricle, responds to EMF (Bliss et al. (1976), Wilson et al. (1981),

Welker et al. (1983). Specifically, chronic exposure to 60 Hz EMF may suppress the

normal noetumal rise in pineal melatonin in animal models (Wilson et al. (1981), Welker

et al. [1983]). These findings led Steven to propose a hypothesis that the use of electric

power and subsequent exposure to EMF will increase the risk of breast cancer (Stevens

(1987).

A retrospective cohort study followed 37,952 Norwegian men with occupations
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potentially exposed to EMF between 1961 and 1985 to evaluate the risk of male breast

cancer in relation to occupational magnetic fields e:l.llosure. Compared to all economically

active men, the cohon experienced a 2.1 fold risk (95% Cl = 1.1-3.6) of breast cancer

(Tynes and Anderson [1990]). A similar magnitude of relative risk estimate (OR = 1.8,

95% Cl = 1.0-3.7) was observed in a case-control study (Demers et al. [1991]) in which

se1f-reponed occupations linked to elevated EMF were used to assess the exposure.

Another retrospective cohon study (Matanoski et al. [1991]) found zero male breast

cancers among New York Telephone Company's line workers, but two central office

workers developed breast cancer during the follow-up period (SIR =6.5. 95% Cl =0.7­

23.4). A monality study (Loomis [1992]) also provided sorne suppon for an overall

association of electrical occupations with the risk of breast cancer in males (OR = 2.2.

95% Cl = 0.6-7.8).

One recent case-control study (Rosebaum et al. [1994]). on the other hand. conc\uded

that no increase in breast cancer risk was observed among male workers presumed to have

elevated exposure to EMF (OR = 0.7, 95% Cl = 0.3-1.9). Two later studies ofactive and

utility workers have aIso provided no evidence to suppon the association between

magnetic fields and male breast cancer (Floderus et al. [1993] and Thériault et al. [1994]).

Loomis et al.'s study [1994] was the only publication, to my knowledge, to examine the

monality risk ofbreast cancer among female electrical workers. Compared to women with

other underlying causes ofdeath exc\uding leukemia and brain cancer, womm who died of

breast cancer were more frequently employed as electrica1 workers. After contro1ling for

age, race, marital stanIS and socia1 cIass, the relative risk estimate for electrica1 workers

was 1.38 (OR = 1.38, 95% CI = 1.04-1.82). The e1evated re1ative risk estimate was
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enhanced for e1ectrical engineers (OR = 1.73. 95% CI =0.92-3.25). telephone installer•

repairs and line workers (OR = 2.17.95% CI = 1.17-4.02). The employment ofwomen as

electrical workers could be a marker for some risk factors for breast cancer such as higher

education level than women in other work forces in general. The education level could be

a slrong indication ofseveral reproductive factors such as nulliparity. age at first birth, and

number of child births. Although the study had indirectly controlled for reproductive

characteristics by using broadly defined social class. the possible residual confounding

effect due to slrong risk factors for female breast cancer. such as reproductive

characteristics, could still be responsible for a slightly e1evated breast cancer risk (38%)

among female e1ectrical workers.

It is fair to say !ha!, unlike leukemia and brain tumors, breast cancer has not been

e.'Camined adequately with respect to its association with e1ectric or magnetic fields. No

appropriate conclusion can be made at present with respect to the hypothesis created by

Steven [1987). Nevertheless, it should be noticed !hat if the Steven's hypothesis

eventually turnS out to he true, the risks ofthe other hormonMependent cancers such as

the cancers ofprostate and oval)', and skin melanoma are likely to he affeeted by EMF as

weil. Relatively limited epidemiological studies were condueted previously to eva\uate

Steven's hypothesis (Steven [1987]) or other hormone-dependent cancers.

Electric Appliances and Cancer

The household appliance is a domestic source of e1ectric and magnetic fields. Because

household appliances are usuaDy held or located close to or even in contact with the body

during usage, the exposure ofmagnetic fields ftom certain appliances is greater than that

28



• emitted from ex"temal power lines. For e.xample. Gauger [1985] reported that the peak

magnetic fields for electric razors ranged from low of 60 mG to as high as 20 Gauss (G).

A study by Lovely et al. [1994] indicated an average peak magnetic fields for massage

units. hair dryers and electric razors of some 3.5 G. 0.3 G. and 1.9 G. respectively.

Generally. the appliances generated magnetic fields do not represent significant sources of

prolonged e.'..posure in most instances. since they full off very quickly ",ith distance

(Mader and Paralta [1992]). ln addition, most of the appliances were not used

continuousiy. However, investigators are still interested in the potential carcinogenic

effect of e:,:posure to such intermittent peak magnetic fields.

The electric blanket is the first appliance which bas been investigated by epiderniologists.

Among childhood studies. Savitz et al. [1990] reported a moderate association ofoverall

childhood cancers with mother's prenatal exposure to electric blanket (OR = 1.3, 95% Cl

= 0.7-2.2). The associations were prominent for leukernia (OR = 1.7,95% Cl = 0.8-3.6)

and brain turnors (OR = 2.5, 95% Cl = 1.1-5.5). These results persisted after adjusting for

family incomes. This study suggested no association between children's postnatal

exposure to electric blankets and childhood cancers.

London et al. [1991] studied the use ofappliances during one-year period before cancer

diagnosis in relation to the risk ofchildhood leukemia and found a significantly elevated

relative risk estimate for the use ofelectric haïr dryers (OR =2.82, 95"/0 Cl =1.42-6.32 )

and black-and-wbite TV (OR =1.49,95% Cl = 1.01-2.23), but not for the use ofelectric

blanket.

The end-points investigated by four adult studies of appliances usage were diverse



• (Preston-Manin et al. (l988b]. Verrault et al. [1990]. Vena et al. [1991]. Lovely et al.

[1994]). Preston-Manin et al. [1988b] reponed that no e1evated risk ofmyeloid leukemia

was associated ....'Îth electric blanket usage. The relative risk estirnate for AMI.. and CM!.

was 0.9 (95% CI =0.5-1.6) and 0.8 (95% CI =0.4-1.6). respectively.

Verrault et al. [1990] investigated the risk ofgerm cell testicular cancer in relation to the

previous use of e1ectric blanket among males between 20 and 69 years old. The age-

adjusted results showed no association between the cumulative use ofe1ectric blanket and

germ cell testicu1ar cancer (OR =1.0.95% CI =0.7-1.4). The rt.lative risk estimates were,

however. variant for subgroup analyses in which the use ofe1ectric blanket was associated

~th lo\ver relative risk estimate ofseminorna (OR =0.7,95% CI =0.5-1.2), but ~th

hisher relative risk estirnate ofnoil-semino serm ceII tumors (OR = 1.4.95% CI = 0.9-

., ~)_..) .

In a population-based case-control study, Vena et al. [1990) found nuIl results concerninS

the use ofe1ectric blanket and its potential to increase the risk ofpost-menopausal breast

cancer. Compared to no use, the age and education-adjusted odds ratio for the use of

e1ectric b1anket in the past ten years ofcancer diagnosis was 0.89 (95"A. CI =0.66-1.19).

A slightly e1evated relative risk estimare was observed among those who reponed cIaily

use in season, continuous\y throughout the night for the past ten years (OR = 1.25, 95"A.

CI =0.73-2.16). These results were not altered after adjustment for Quetelet index and

reproductive fàctors.

A recent study fùnher explored the potential risk ofANLL posed by three motor-driven

personal electric appliances (massage UDits, hair dryers, and electric razor) which may

30



•

•

produce more than 5 Gauss at rates-of-change e.xceeding 100 Gauss/sec ofmagnetic fields.

The A,'\'LL was observed to be positive!y associated "ith the use of massage units (OR =

3.00,95% CI =143-6.32) and electric razors (OR =1.33,95% CI =0.80-223). The hair

dryers, on the other hand, showed a significantly protective effect against the risk of

M'LL (OR =0.38, 95% CI = 0.22-0.66).

Confoundins effects did not appear to be a concern threatenins the validity of the above

findinss.. since they were appropriately considere<!, especial1y in the studies by Vena et al.

[1991] and Lovely et al. [1994].

The e.':posure misclassification was a likely source of bias in these studies !hat used self·

reported questionnaires to acquire information concerninS historical use of electric

appliances. The proxy reportins of appliances use for deceased cases (Verrault et al.

[1990], Lovelyet al. [1994]) enforced the potential for exposure misclassification. Ali

adult studies used community controls (healthy controls) which further increased the

potential for recall bias (Unet and Brookmeyer [1987]). An underestimation ofrelative

risk estimates could happen if the exposure misclassification was independent ofdisease

status (Copeland et al. [1977]). The effect of exposure misclassification on the relative

risk estimates ofthese studies cm not hejudged from the exi..cing information.

Another validity related issue was the control-selection process. Becanse the study base

was not weIl defined for the above four popu1ation-based c:ase-control studies (Preston­

Martin et al. [198Sb], Verrault et al. [1990], Vena et al. [1991], Lovely et al. [1994]), the

possibility ofselection bias arising from conuol-seIec:tion process emerged. The conuols

were reauïted from tandom digit djaling (RDD) (Verrault et al. [1990], Lovely et al.
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• (1994)). cases' neighbors (preston-Martin et al. (l988b», or driver's license rosters and

rosters of the Health Care Financing Adoùnistration (Vena et al. [1991]). It is agreeable

that the appropriateness ofRDD May depend on the research questions and the study area.

The problem of oversampling people from household with more than one phone and

higher socioeconooùc status has been recognized in previous studies (Hartge et al. [1984),

Greenberg (1990), Olsen et al. [1992]). This problem May have happened to the studies by

Verrault et al. [1990) and Lovely et al. (1994) once people from household with more

than cne phone and presumably with higher socioeconooùc status tend to use appliances

more frequenüy than others. The sinùlar argument may be applied to Vena et al.'s study

[1991) in which only people who were listed on the driver's license rasters or rasters of

the Health Care Financing Administration were eligible for being selected as controls.

Neighbor contrais chosen from the case's neighborhood (Preston-Martin et al. [1988b])

were likely to be determined by socioeconooùc status and ethnicity. The disadvantage of

matching neighborhood was the poSstoility of intraducing selection biases related to the

exposure unrer investigation (Lasl..-y and StoUey [1994]). The real effect of the use of

electric blanket may have been masked in Preston-Martin et al.'s study [1988b] due to the

similar usage ofelectric blankets among neighbors.

Due to inconsistent end-points under investigation and poSstole methodologica1limitations,

the stuclies ofelectrica1 appliances and cancer risks are at a very preliminary stage. The

results from these studies should be considered preliminary. Funher epidenùologica1

evidence conceining the effect ofintermittent exposure to electric or magnetic fields will

benefit from the intpravement in exposure assessment and from the weII-defined study

population offuture studies.
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• Epidemiological Evidence

Based on the results from the epidemiological studies published in the past 15 years. the

existing evidence. although suggestive, is not strong enough to causally 1ink the power

frequency eleetric or magnetic fields to the risks ofcertain cancers. Residential studies do

suggest associaùons of indices of household magnetic fields such as wiring configuration

and calculated magneùc fields with childhood cancers, primarily leukemia and brain

tumors. The association between childhood cancers and short-term on site measurements

ofmagneùc fields, however, is relaùvely weak. The adult leukemia, but not brain tumors.

was also suggested to be associated with the surrogate for magneùc fields. Assessment of

EMF exposure was inadequate in general for most residential studies. Although sorne

studies suggested that the use ofsurrogate for magnetic fields was superior to short-term

on site measurements in evaluating long-term residential exposure to magnetic fields. no

empirical data so far are available to substantiate this argument. Meanwhile, investigators

are also in agreement that the use of surrogate exposure indices is still subject. to

measurement errors which may led to exposure misclassifications. Because the exposure

misclassification encountered by previous residential studies tends to be non-differential,

the use of surrogate for aetual measurements should not be a valid basis to against the

observed associations. In other word$, the elevated relative rislc, if any, linking EMF to

human cancers should be higher than that was derived empirically from past studies (poole

and Trichopoulos [1991]). Nonetheless, amajority ofresidential studies which used case­

control design with undefined study populations were subjeet to leave sorne room for

control selection biases and possibly cause the results to be upwardly biased. It can be

concluded that the residential adult studies were less consistent in their findings than the

residential childhood studies.
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Occupational studies which investigated carcinogenic effects of magnetic fields from

workplaces have contributed to a notable epidemiological evidence. Many earlier

occupational cohon studies were based on data colleeted routinely or for other purposes,

which produced possible biasing effeets ofthe "healthy worker" phenomena. Additionally,

earlier occupational studies rarely employed aetual EMF measurements. These

methodological weaknesses had limited control ofpotential confounding variables and had

caused poor quali:y of exposure information. Given these limitations, Iittle weight can be

anached to the findings from earlier occupational studies. A significant improvement in

methodology was apparently observed in the recent occupational studies which

incorporated on site measuremenls of EMF and an extensive consideration of potential

confounding variables. Generally, recent occupational studies tend to suggest an

association of occupational exposure to magnetic fields with leukernia, and to a lesser

extent with brain tumors. Although more weights should be given to the evidence from

the recent occupational studies, the evidence is still not consistent and convincing enough

to argue for the causal relationship between EMF and cenain types ofcancer.

The occupational studies ofbreast cancer were less comprehensive than those ofleukernia

and brain tumors. The occupational studies ofbreast cancer tend to show an inconsistent

Iink between magnetic fields and the risk of breast cancer among male workers. On the

other band, very few studies in previous years investigated the possible risk of female

breast cancer in relation to magnetic fields from home or work environments.

It is fairto conclude that the evidence concerning the raIe of EMF in the causation of

cancers bas been enhanced by recent oecupational studies with a consequential

improvement in their study methods. The overall evidence from bath residential and
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occupational st-.ldies. however. is still unable to claril)r whether there is an uprising trend

in cancer ;sks with an increase in magnetic fields. i.e.. the dose-response relationship. Nor

is the evidence able to exaetly identil)r cenain cell-specific cancers. if any. most sensitive

to the magnetic fields. These uncenainties will remain questionable and arguments fOI

whether magnetic fields are causally associated with human cancers due to magnetic fields

will continue with little hope for resolution un1css more epidemiological and laboratory

investigations can be carried out in the future.

Results concerning household use of panicular appliances are difficult to interpret in the

absence ofa consolidated measure of e>:posure from ail such appliances. Thus, the results

from previous studies of cancers in relation to electrical appliances usage should be

considered preliminary. and the risk from exposure to pulsed magnetic fields should be

funher examined in future studies.

There is no doubt that the epidemiological study itself is far less than enough to solve the

puzzle concerning the true story between power frequency magnetic fields and human

cancers. Specifica1ly, the epidemiological coherence that shows a consistent association of

magnetic fields and subsequent risks of cancer morbidity or monality should he

considered an integral pan, not the whole, of the causal re\ationship. if any. between

magnetic fields and human cancers. Apparently, the issue of cancer as a consequence of

magnetic fields is primarily motivated by the findings from epidemiological studies. To

date, Iaboratory studies are sti11 unable to conclusively provide the evidence penaining to

how magnetic fields interaet with biological system and cause cancer. This is main1y due

to the faet that tumor production is a complex and lengthy process.
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• There appears to be an agreement that cancer occurs in stages. A pennanent change in the

genetic material (DNA) of the cell should be required to initiate the tumor. The initiated

tumor will then change and increase in numbers as a consequence of cancer promotion.

The two stages usually must occur progressively in the order presented for a tumor to

grow and occur. A1though there is still no answer today to the mechanism by which

magnetic fields interaet with the biological system and therefore cause cancer occurrence,

it is, however, generally agreed that magnctic fields are unlikely to play an essential raIe in

the stage of cancer initiation, since no convincing laboratory evidence has been able to

indicate that magnetic fields cause damage to DNA mostly because of its tiny energy

(Easterly [1981), Willams [1984), Hendee and Boteler [1994)).

Rather than playing a role of cancer initiator, the magnetic fields may be involved in the

carcinogenesis process by enhancing the growth ofinitiated cells into clone, escaping from

eradication by the immune system, or growing tuInor mass. Specifically, magnetic fields

are likely to play a role oftumor promoter instead of tuInor initiator. To what extent, the

magnetic fields are involved in the stages of cancer promotion is unclear. Numerous in

vitro studies with diverse animal tissues and cu\tured cells, and in vivo studies by animal

physiology, behavior, reproduction, growth and development were done in the pas!,

suggesting that the magnetic fields induced changes in biologic2I systems may be

manifested at the molecu\ar, cell, organ, and even the whole organism. Sorne of these

changes may be relevant to the pathogenesis process ofcancer (Wilson et al. [1990)). The

iaboratory studies involvir.g lifeâme magnetic fields to anjmals are very limited, giving

little data to support or refute the epidemiological findings that magnetic fields are able to

cause leukemia or brain tumor.
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Thomson::t al. [1988] conducted a study in which mice were injected with leukemia cells

and exposed to magnetic fields with intensity from 14 mG to 5 G. The results indicated

that there was no difference in survival time between exposed and sham exposed groups

of animais and conc1uded that magnetic fields had no influence on the progression rate of

!eukemia in mice.

Notewonhy magnetic fields effects based on the animal mode! were found in the area of

breast cancer. Leung [1988] demonstrated a subtle increase in the occurrence of breast

cancer in rats injeeted with a known cancer inducing chemical. 7,12­

dimethylbenz(a)anthracene (DMBA) and exposed to electric fields. The increase was only

cbserved in number of turnors per tumor-bearing rats; there was no increase in tumors

among ail the rats receiving electric fields. Consistent results were reponed by Beniashvili

et al. [1991] and Locher et al. [1993]. ln Beniashvili et al.'s study [1991], female rats

exposed to altemating 50 Hz magnetic fields of 20 IlT accompanying an initiation with

nitrosomethyl urea showed both an increased numbt:r and early appearance of mammary

tumors. It indicated that apan from increasing the incidence of 1T'.ammary gland tumors.

household low frequency magnetic fields reduced the mean latent period of tumor

development and led to earlier predominance oftumors in the exposed rats.

SÎ!rJ1ar resuIts were observed from a study in which mammary turnors of rats were

induced by a carcinogenic chernical, DMBA, and were fol1owed by exposure to

homogeneous magnetic fields ofSO Hz, 100 I1T, for 24 h1day; 7 day/week for a period of

91 èays (Lôcher et al. [1993]). The data demonstrated that the exposure of DMBA

treated females to alternating magnetic fields oflow flux density promoted the growth of

tumors and increased the incidence ofrats with mammary turnors. These resuIts seemed to
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have indicated that EMF exposure exens tumor-promoting effeets and substantiated the

Steven's hypothesis that exposure to EMF will subsequently cause breast cancer.

EMF's impacts on pinea! gland production of the hormone melatonin in whole animaIs

and calcium homeostasis in cellular system are !wo biological effects of EMF that have

been identified and replicated in the laboratory (Blackman et al. [1985], Reiter et al.

[1988], Wilson et al. [1990]). Unfonunately, there were very few reliable data for human

body bearing directly on how these hypothesized mechanisrns are biologically plausible in

human body.

Public Health Implications

Because scientists are still debating whether power frequency e1eetric and magnetic fields

may produce causal carcinogenic hazards to human health, governments in most countries

tend to not set regulations standards for environmental e1ectric and magnetic fields levels

or take immediate and immense actions to reduce e1ectric and magnetic fields in the

environment at this time (National Institute of Environmental Health Sciences and US

Depanment ofEnegry [1995]). However, it would be unwise at this time to conclude that

power frequency e1ectric and magnetic fields are not harmfuI, since their potential for

public health impacts could be substantial if the causal relationship between power

frequency e1ectric and magnetic fields and certain types of cancer tumed out to be reaI in

the future. Previous reviews reponed that the relative risk estimates of leukemia, brain

tumors, and breast cancer in i'elation to magnetic fields were in an order of 1.5 to 2.5

(Savitz and Calle [1987], Savitz et al. [1989]. Alùbom [1988], ORAU [1992]). Because

of the universe of magnetic fields, an enormous number of cancer incidences can be
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• expected as a consequence of exposure to magnetic fields if the carcinogenic effects of

magnetic fields truly existed.

Another issue related to the public health impact is the level for which magnetic fields

would produce hazards to human heath. A bunch of epidemiological studies have used 2

or 3 mG as the cutoff point to define broad categories of exposure. Subjects with

exposure below t1ùs level were considered "unexposed", and above this level were

considered "exposed". With t1ùs cutoffpoint, sorne ofthese studies do find a significantly

elevated risk estimate among those exposed. Despite that, it would be inappropriate to

simply treat 2 or 3 mG as a safety threshold, since there is no laboratory evidence for

carcinogenic effect at t1ùs exposure level. Additionally, the parameters associated with

magnetic fields and aetually relevant to the occurrence. ifany, ofcancer are sèll remaining

unclear and undefined, which makes it impossible at present to set any safety threshold for

the environmental magnetic fields.

Leukemia and brain tumors are relatively rare in adults, but they are the two leading

malignancies among children in most places on earth. In addition, fernale breast cancer is

the top leading fernale ma1ignancy in developed countries and a cancer that is increasing

rapidly in many developing countries (International Agency for Research on Cancer

(lARC) [1992]). Given the notable preva\ence ofleukemia and brain tumors in children

and breast cancer in women, it is highly suggested that the issue of EMF and cancer

should be an urgent priority for public hea1th administration. Meanwhile. a practice of

"prudent avoidance" of prolonged exposure to power frequency electric and magnetic

fields is warranted during the period ofdebate and uncertainty.
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OVERVIEW OF STAT1STICAL ANALYS1S

Several statistical methods were employed throughout the contents of this thesis. In the

first study which appraised the evidence conceming the risks of adult cancers ln

association with residential magnetic fields (MF), the meta-analysis. calculating

aggregated relative risk estimates by weighting sample size of each study. was used to

summarize the relative risk estimates. In the second study which evaluated the risks of

adult cancers in relation to residential 60 Hz MF. the odds ratio was used to estimate the

relative risk. Crude odds ratios were computed from two by two tables. The adjusted

odds ratios, on the other hand, were derived from coefficients of the conditionallogistic

regression model used for paired-analysis. Confidence intervals were presented to show

the magnitude of sampling errors at a 0.95 confidence level. Test for trend of adjusted

odds ratios with increase in exposure was performed by examining the significance of

regression coefficients for the exposure variable whose leve\s were considered

continuous. Simi\ar methods were used in the analysis of age, sex, and cell-specifie risks

of adult cancers. The measures of va1idity of MF estimated from power information

inc\uded intrac\ass correlation coefficient for eontinuous data and kappa for categorical

data. Assessments of exact and partial agreements between categorical MFs were

performed in the third study. The specifie statistical analysis for eaeh individual study was

described in sorne detail in the text of each study with relevant referenœs. The entire

analysis was carried out using the computer software package EGRET@ (Statistics and

Epidemiology Research Corporation, Seattle, WA, 1990) and BMDP New System TM

(BMDP Statistical Software Ine., Los Angeles, 1994).
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Tille of Manuscripl 1

An Epidemiological Appraisal of Studies of Residential Exposure to Power Frequency

Magnetic Fields and Adult Cancers

ABSTRACT

There have been seven epidemiological studies condueted to evaluate the risks of certain

types of cancer among adults in relation to residential exposure to power frequency

magnetic fields (MF). Leukemia was observed to be positively associated with MF in

three case-control studies. The other !wo case-control studies and !wo cohort studies, on

the other hand, did not show such a Iink. Brain tumors and breast cancer have rarely been

examined by residential adult studies. Based on the epidemiological results, the analysis of

the roles of chance and bias, and the criteria for causal inferences, it appears that the

evidence is not strong enough to support the putative causal relationships be!Ween

residential exposure to power frequency MF and adult leukemia, brain tumors and breast

cancer. Compared to the studies of workers and children, residential adult studies have

been less comprehensive and less consistent in their findings. Although MF exposure

patterns from residential and occupational sources are dissimilar, there is no biological

belief at present t.iat these differences may have an impact on the risks of adult cancers.

The dire"~'l way to answer whether.l".:sidential exposure to MF is capable ofincreasing the

risks of adult cancers is- to condue! additional studies with carefuI avoidance of

methodological flaws. Since brea~ cancer is prevalent in women and bas potential for

significant public health impactS, it is especially suggested that future studies should

so
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carefully evaluate the risk of female breast cancer in both workers and residents with

elcvated MF exposure.
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INTRODUCTION

For more than a decade, a controversial question has emerged about the electric power we

ail depend on: Does il have anylhing la do wilh cancer? The potential biological effects,

especially human cancer, have become an issue of scientific debate and public controversy

following Wertheimer and Leeper's epidemiological study in 1979 1. Wertheimer and

Leeper's study suggested a link between exposure to power frequency MF and certain

types of childhood cancer, in particular leukemia and brain tumors. Sorne subsequent

studies added to evidence supporting Wertheimer and Leeper's findings. Other studies,

however, have found no such a link.

Previous studies tended to associate the risk of cancer with either residential or

OCCupaliol/al exposure to MF, and frequently eva1uated the risk for children and adults

separately. Among residential studies, many ofthem focused on children, sorne on adults,

and only a few on people of ail ages. Occupalional studies, on the other hand, have been

condueted among people who have worked in "eleetricaI" occupations. ResuJts from

earlier studies have been criticized mainly bec<iuse of inadequate exposure assesstnent.

Recently, the assessments of MF in residential and oceupational settings have been

improved by direct measurements. Severa! extensive reviews of epidemiological studies

on the association between cancer and eleetric and magnetic fields have been published 2­

9. Based on these reviews, there appeared to be a tendency suggesting a moderate

association between MF and certain types ofcancers, such as acute myeloid leukemia and

astrocytic tumors. This tendency is relative1y strOnger in the studies of children and

workers. The studies of adult cancers and residential MF have been neither as extensive
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nor as consistent as the childhood and occupational studies. This paper re\;ews residential

studies of adult cancers and summarizes the epidemiological evidence ITom these studies

with respect to the causal association between exposure to elevated residential MF and the

risk of adult cancers.
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EVALUATION OF FINDINGS FROM STUDIES OF RESIDENTIAL MF EXPOSURE

AJ'ID ADULT CANCERS

To our knowledge, there have been seven epidemiologicai studies designed to investigate

h . k f dl' .. . h 'd 'aI MF 10-16 Amt e ns 0 a u t cancers ln assoCIation wlt exposure to resl entl . ong

. 10-14 . 15 l~them, live were case-control studles and two were cohvrt .1udles ' . The study

design and exposure assessment methods for each study are summarized in Ttble 1. The

most important methodologicai feature of these slUdies was the strategy for assessing

residentiai MF. Wertheimer and L~eper 10, duplicating the methods of their 1979 study,

used wire configuration to estimhte 1\.1F in relation to the risks ofadult cancers. The same

11strategy was used by Severson et al. . Among exposure assessment methods, the

distance from power transmission or substation system was frequently used to estimate

residentiai MF 12-16. The other method of indirect measurements was to calculhœ MF

h fr 1 d h
. 12·14strengt om power oa on t e externai lines . Aetuai measurements of MF at

residences occupied by study subjects were performed in only two studies n, 14. Instead

ofmeasuring the individuai residence, aetuai measurements were carried out in one cohort

study to survey the area where the "exposed" group were residing during the follow-up

. d 16peno. .

Main findings of the seven studies are swnmlulzed in Table 2. Wertheimer and Leeper

suggested a signiiicant association between higher current configuration and all cancer

combined. Based on the given data in which four exposure levels were defined, the odds

ratio (OR) ofall cancer mortality for exposure to very high current configuration (VHCC)

relative to very low current configuration (VLCC) was 2.18, 95 percent confidence



• interval (CI) 1.48-3.22. The OR was 1.28. 95 percent CI 1.08-1.52 when only two

exposure levels (high current configuration vs low current configuration) were defined.

Among studies of cancer incidence. Severson et al. Il found that neither were spot-

measured MF nor wiring codes associated with acute nonlymphoid leukemia (ANLL). On

the other hand, Coleman et al. 12 report~d a IA5 fold risk, 95 percent CI 0.54-3.88 of

leukemia increased among people residing within 100 meters of power lines. Results from

the study by Coleman et al. 12 were partially s;~pported by Youngson et al. 13 which

suggested a small association of adult myeloid leukemia (ML) with residential proximity

to overhead lines, and :t stronger association with estimated MF strength. Living wit.'lin

100 meters of overhead transmission lines was associated with a relative risk estimate of

1.39, 95 percent CI 0.82-2.53 for adult ML. The relative risk estimate, using <0.1

rrilligauss (mG) as reference leve\, for MF exposure ~ 1.0 mG was 3.00, 95 percent CI

0.81-11.08. No association of MF with adult lymphoid malignancies was observed. A

recent Swedish study by Feychting and AhIbom 14 showed an e\evated relative risk

estimate ofacute mye\oid leukemia (AMI..) (OR=1.7, 95 percent CI 0.8-3.5) and chronic

myeloid leukemia (CML) (RR=1.7, 95 percent CI 0.7-3.8) for people living with

estimated MF ~ 2 mG, compared to people exposed to ~ 0.9 mG. The relative risk

estimates for chronic Iymphatic leukemia (CLL) and central nervous system tumors (CNS

tumors), on the other band, were close to nul\. The cumulative exposure within 15 years

preceding diagnosis was also observed to be associated with the risks of AMI.. (OR=1.9.

95 percent CI 0.64.7) and CML (OR=2.7. 95 percent CI 1.0-6.4). The IWO retrospective

cohort studies 15. 16 provided no evidence supporting the hypothesis that MF wouid

increase the risIc ofcertain types ofcancer.

Wrth respect to leukemia in genera1, three case-control studies 12-14 found an increased
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• risk for residential exposure to elevated MF. The elevated risks observed in these studies•

however, were not statistically significant. The other two case-control studies 10, II and

the two retrospective cohon studies 15,16, on the other hand, found no risk ofleukernia

for e1evated MF in household environment. With respect to the cell-specific risk of

leukernia, Youngson et al. 13 linked MF to ML. which was consistent with the findings by

Feychting and AhIbom 14 reporting an equally elevated relative risk specifically for AML

and CML. but not for CLL.

An estimate summarizing the magnitude ofleukernia risk can be obtained by pooling four

. 11-14 d . 15 16 .case-control studles an two cohort studles ' respeetlvely. The Mantel-

Haenszel method 17, using weighted average ofthe study-specific risk estimates, was used

to determine the pooled relative risk estirnate for case-control studies. For two cohort

studies, the summary estimate was calculated as the ratio between the sum of observed

cases and the sum ofexpeeted cases derived from the given data, and therefore weighted

proportionally to the size of the population for each study 18. We collapsed exposure into

three levels for the summary OR and treated the entire populations that were considered

"exposed" in two cohort studies as being exposed for the surnmary standardized mortality

ratio (SMR). The pooled OR for leukernia (including ail leukernia and ccll-specific

leukemia) was 1.01,95 percent CI 0.77-1.30 for people with moderate exposure. The OR

for highly exposed people was 1.17, 95 percent CI 0.90-1.52. For the cohort studies

combined, the SMR for the exposed population was 1.15, 95 percent CI 0.57-2.65. An

examination of pooled relative risk estimates from both case-control and cohort studies

suggested that there is ooly a slightly elevated risk (sorne 15 percent) of leukernia for

people with exposure to e1evated residential MF. However, this weak association was

companole with the null statistically. In addition, caution must be exercised in interpreting
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• the results from this analysis since the methodology was not uniform between the studies

19

The results from two case-control studies la. 14 and one cohon study 16 which

investigated the risk ofCNS tumors were also inconsistent. The study ofWenheimer and

Leeper la was the only one that reponed a significantly e1evated risk of CNS tumors (C­

ratio = 2.3). The relative risk estirnate ofthe other IWO studies were either close to one 14

or very unreliably elevated 16. No elevated site-specific risks of CNS tumors were

observed from these studies.

The risk of breast cancer was also studied in one case-control study la and IWO cohon

d· 15.16 Wh' dL la ed"'" .. b bstu les . . ert Clmer an eeper report a SlgnJ'lcant assoCIation etween reast

cancer and wire configuration. Their findings were not supported by IWO subsequent

cohort studies in which the relative risk estimate for breast cancer was close to one.
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DISCUSSIONS

THE ROLE OF CHANCE

For each individual study, we calculated its statistical power to rejeet the null hypothesis

ofno association. The statistical powers for the main contrasts in each study are presented

in Table 3. The power calculation for case-control studies was based on the fonnula by

Schlesselman 20. The power estimation i1Iustrated by Breslow and Day 21 was used to

determine the power for cohon studies. For case-control studies, the prevalence of the

exposed population was estimated !Tom the proportion of exposed controls. Only two

. 12 13
studles (Coleman et al. and Youngson et al. ) had adequate power (0.8) to detect a

two-fold risk of leukemia in some of the main contrasts. The study of Feychting and

AhIbom 14 had an adequate power (0.88-0.94) to detect a two-fold risk ofeNS tumors,

but the power was below 0.5 for detecting a tow-fold risk of AMI. or CML. The two

case-control studies which did not suppon a link between residential MF and leukemia

(Wertheimer and Leeper 10 and Severson et aI. ll) also had inadequate power for the

contrast on which the conclusions were based. The power to detect a two-fold risk of

leukemia or brain tumors was not reassuring at ail for two cohon studies (McDowall 15

16
and Schretber et al. ) because a very smaI\ number of deaths were observed !Tom the

"exposed" cohon in both studies. The powers for detecting the risk ofbreast cancer was

0.97 and 0.59 for the cohon studies ofMcDowall lS and Schretber et al. 16, respectively.
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• THE ROLE OF BIAS

There are a number of potential sources of bias that could have affected the relative risk

estimates in these studies. The discussion will consider three potential sources ofbias. i.e..

the bias from selection of study subjects in case-control studies or from incomplete

follow-up in cohorl studies; the bias from exposure assessment of residential MF; and the

bias from confounding.

The earlier four case-control studies 10-13 were considered population-based in which

cases were identified from regional cancer registry and controis were assembled from

non-cancer deaths and neighbors (Ifcases 10, random digit dialing II, cancer from registry

excluding lymphoma and electoP'J roll 12, or hospitalized patients with non-malignant

diseases 13. Given the quality of cancer registrles of the study areas, the likelihood of

misclassification of disease should be very smal\. The selection of controls generally

seemed to be appropriate. Healthy controls, likely representative of the population

without the cancer of interest, were partially used by three studies 10-12. Diseased

10 12 13 10
controls were used by three of them • • . The use of non-cancer deaths or non-

malignant diseases 13 was justified by the current knowledge !hat non-cancer diseases and

deaths have not been known to result from MF exposure. The choice of controls in the

study of Coleman et al. 12, however, created a potential of spuriously low relative risk

estimates because CNS tumors, which have been suspected ofbeing related to MF, were

not excluded from the control candidates. Selectîng study subjects within a we1l-defined

cohon, the nested case-control study of Fe'fchting and AhIbom 14 avoided the potential

selection bias frequently resulting from case-control studies in which factors associated
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• with both disease and exposure are involved in the selection process of study subjects. The

almost complete follow-up ofthe two cohort studies 15, 16 avoided the potential selection

bias due to an association between loss to follow-up and the subsequent risk ofcancer. As

a whole, one can conclude that there is no indication that selection of study subject has

caused a bias in the published study.

Exposure assessmenl ofresidential MF was a key issue for the validity ofthese studies and

the inference from their results. The distance to major power facilities, wire configurations,

and estimated MF calculated from power load on the lines were the three methods

frequently employed by the studies to indirect1y estimale residential MF. Actual

measurernents of MF for each study individual's residence was only conducted in two

studies for short-term periods. A1though the mechanism by which MF interacts with

human body has yet to be fully understood, it is reasonable to assume that a prolonged MF

exposure should be required for the subsequent onset ofcancer. Given the fluctuation of

MF within a day, a month, and a year, the above surrogale methods seem to be more

reliable than short-term actual measurements to determine the long-term MF exposure.

Because there have been no convincing data available to substantiate this argument, the

possibility that the above indirect methods may have produced a misclassification oftrue

exposure at least to sorne extent should Dot be comple:e1y excluded. Misclassification of

exposure may have therefore biased the risk estimates of the above studies. Since the

exposure misclassification was likely to be non-differential, the bias due to exposure

misclassifications could be a valid rationale for the Dull tindings ofsome studies 11, 15, 16

but should Dot be a valid argument against tindings from studies which supported the

association between MF and certain types ofcancer.
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• There are known risk factors for leukemia, CNS tumors. and breast cancer that must be

considered in evaluating the relationship between residential MF and these cancers.

Among them, age. sex. year of diagnosis. and socioeconomic status (SES) were

controlled for in all seven studies. Of studies which investigated the risk of le~kemia. the

study of Severson et al. 11 was the only one that took into account the major known

leukemogens such as benzene. ionizing radiation and chemotherapeutic agents. None of

the four studies ofCNS tumors 10. 14·16 evaluated the potential confounding role ofvinyl

chloride. ionizing radiation, and formaldehyde. which were epidemiologically considered

as risk factors for brain tuInors 22. Three studies which assessed the risk of breast cancer

10.15.16 did not examine the potential confounding effect of reproductive factors, diet..

and radiation 22. Nevertheless, il can not be concluded that an incomplete adjustment for

the above risk factors has been a significant source of bias, since a factor must be

associated with boù~ diseases and exposure to produce confounding. There is no clear

indication that people living in elevated MF environment may have a greater chance of

being exposed to the known carcinogens for such cancers. Moreover. cancer hazards from

occupational environments were unlikely to produce substantial confounding effects on

the observed risk estimates as well. As a matter of faet.. two studies have indicated no

evidence of disparity with respect to demographic characteristics and SES indices

between people with and without elevated residential MF 23. 24. Therefore, confounding

by known variables is unlikely to explain the observed association between residential MF

and adult cancers. However, the Iikelihood that the observed association was attn"butable

to the confounding by an unknown factor should be kept in mind in further studies, which

is particu\arly important when confronted with a low relative risk estimate in a range

between 1.S and 2.0.
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APPLYING CRITERIA FOR CAUSAL INFERENCE

Consistency ofassociation

With respect to leukemia, there are no consistent findings, Only three 12-14 out of seven

studies have reported an e1evated risk. Ofthem, two reported an e1evated risk of myeloid

leukemia 13,14, The elevated risk ofoverall leukemia was found in the study ofColeman

al 12 b 'F h' d AhIb 14 fi d' 10,14-16 !ha 'det, ut not In eyc ung an om, Among our stu les t exarrune

the risk of CNS tumors, a positive association was only observed in the analysis of

Wertheimer and Leeper 10, Their study was also the only one suggesting a positive

., b MF db thr d' ç' Ici dia, 15·16 l 'aSSOCI3.tIOn etween an reast cancer among ee Stu les o. Its n , t IS

noted that the studies with positive results were all based on the .:ase-control design, The

h d' 15, 16 h ed 'd ' . , ,two ::0 ort stu les s ow no eV! en.:e to support any positive assoCianons,

Although the overall evidence tends to show an inconsistent risk estimate ofleukemia and

no risk ofeNS tumors and breast cancer, it must be noted that this tendency was based on

few publications,

Strength ofassociation and dose-response relation

The epidemiological data showed that the relative risk estimates of leukemia for exposed

adult residents were between 1.5 and 3, The corresponding number for CNS tumors was

approximately 2,0, Although there are no well-accepted criteria for the strength of

association to determine a causal relationship, the relative risk estimate in a range of 1.5 to

3 is considered low and confounding by sorne unrecognized variables could potentially

explain the observed association, However, this does not rule out a causal relationship

62



•

•

with a very small relative risk estimate. The only study that showed a dose·response

relationship was Wertheimer and Leeper for ail cancers in association with },1f estimated

fr . nfi . 10om Wlre co gurauons .

Biological coherence and plausibility

There are severa! hypotheses suggesti.'lg the plausibility of a causal relation between MF

and cancer. Among them, {WO biological effects ofMF have been identified and replicated

in the laboratory: (1) extremely-low-frequency (ELF) electromagnetic impact on pineal

gland production ofthe hormone melatonin in whole animais; and (2) calcium homeostasis

in cellular systems. A substantial amount ofexperimental data indicated that the effeet of

ELF-MF on cellular biochemistry, function, and structure can be related to the induced

current-intensity. However, a majority oftÎle reported effects occurred at current-density

levels very much higher than the levels normally found in occupational or residential

settings 25. From this perspective, it is still difficult to identify an underlying mechanism

that could support any association between MF and adult cancers.
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• CONCLUSIONS

Based on the existing epidemiological results, the putative causal relationship between

residentiaI MF exposure :lIld cancers among adults can not be substantiated at this time

main!y because of the methodological limitations. Our review reveals that inadequate

statistical power is far more a concem than bias. Only two studies 12, l3 had adequate

power (0.8) to detect a two-fold risk increase of leukemia, and most of the studies

showing no support for the elevated leukemia risk suffered from an inadequate number of

study subjects. Bias, on the other hand, is not likely responsible for the positive findings,

since no obvious indication of selection bias, information bias, and confounding can be

identified. However, measurements ofMF were apparently inadequate in most residential

adult studies, which may have a source ofe~"posuremisclassification.

Residential studies do suggest associations between surrogates of household MF such as

wiring configuration and estimated MF and the risks of childhood cancers, primarily

leukemia and to a lesser extent brain tumors. The association between childhood cancers

and short-term actual measurements of MF, however, is relatively weak. Based on our

review, aduit leukemia, but not brain tumors, were also suggested to be associated with

the surrogate for MF in sorne residential studies. Unlike residential studies of children,

residential adult studies generaIly lacked aetual measurements ofresidential MF.

As compared to the residential studies as a whole, the occupational studies which

investigaled the potential carcinogenic effect ofMF from workplaces have been numerous

and have contributed to a notable epidemiological evidence. Genera\ly, the occupational

studies tend tü suggest an association between MF from the work environment and
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leukemia and, to a lesser e":tent, brain tumors. The occupational studies of breast ca.'lcer,

so far less comprehensive than those of leukemia and brain tumors, tend to show an

inconsistent link between MF and breast cancer risks in male workers. Very few studies

which investigated the possible link betwzen female breast cancer and MF from eilhcr

occupational or home environment have been published.

It is reasonable to conclude that the results and evidence from residential adult studies are

less consistent than those from the studies of children and workers. According to a recent

review 26, a growing body ofchildhood and occupational studies indicate that exposure to

MF is associated with leukemia, and to a lesser extent with brain tumors. On the other

hand, our review reveals no consistent associations of residential MF with leukemia and

tends to show no association with brain tumors and breast cancer. Although residential

adult studies as a whole did not duplicate the similar tendency observed ~om childhood

and occupational studies, it must be noted that our review is based 011 a limited number of

publications. At present, it is certainly inappropriate to conclude the existence or absence

of the earcinogenic effects from residential MF on the basis of essentially inconsistent

results from the few residential adult studies published.

With respect to the cell-specific risk of leukemia, one earlier review 27 indicated that

occupational studies tended to show a Slronger association for AML. This tendency,

howev~r, has not been consistently supported by reeent occupational studies. Our review

reaches no conclusion on the cell-specific risk ofleukemia among adult residents because

there are insufficient data to separate out the effects of MF on myeloid versus lymphoid

leukemia. The cell-specific risks ofbrain tumors and breast cancer have not been explored

extensively by either occupational or residential studies. Most of the studies which

65



•

•

examined the cell-specific risk suffered from an inadequate number of study sut.i~cts.

Dose-response relationship is another imponant but not essential criterion for detennining

causal inferences. Neither childIJood nor occupational studies has shown a consistent

evidence of dose-response relationships between MF and leukernia or brain tumors. One

major weaknes~' ()f the studies which attempted to evaluate this relationship was the

shonage of study subjeets, which Jed to a very unstable relative risk estimate for each

exposure category. It can be concluded that the existing evidence from both residential

and occupational studies is still unable to clarifY whether there is an increasing trend in

cancer risk with an increase in MF exposure. Nor is the evidence able to identifY certain

cell-specific cancers, ifany, most sensitive to the MF. These uncenainties will remain with

little hope for resolution unless additional epidemioJogical studies with large number of

subjeets can be carried out in the future.

The relative risk estimates for leukemia and brain tumors obtained from the four most

cited chiJdhood studies 1, 28-30 ranged from 1.5 to 2.5. A meta-analysis of 31

occupational studies ofleukemia and 19 studies of brain tumors reported a significantly

elevated risk estimate of Jess than 1.5 for both leukernia and brain tumors 26. The

magnitude of these relative risk estimates is compatible with the strength of association

reponed from residential adult studies. Because the relative risk estimate is low, any

possibility that unknown confounders may have played a role in previous studies should be

carefully scrutinized in future studies.

The unknown etiologic role cf MF has limited the causal inference of these

epiderniologica\ observations. Although there is still no answer at present as t~_the
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mechanism by which MF interact with the biological system and therefore cause cancers.

it is. however. generally agrced that MF are unlikely tCl play an essential role in cancer

initiation, since no co~vincing laboratory e,idence has been able to indicate that MF cause

damage to DNA 31-33. Rather than playing the role of cancer initiator, the MF rnight be

involved in the carcinogenesis process by enhancing the growth ofinitiated ceUs into clone.

escaping from eradication by the immune system, or growing tumor mass 25. To what

extent MF are involved in the stages of cancer promotion is unclear. Numerous in vitro

studies with diverse animal tissues and cultured ceUs, and in vivo studies by animal

physiology, behavior, reproduction, growth and development were done in the past, and

suggested that changes in biological systems induced by MF exposure may be observed at

the molecular, ceU, organ, and even the whole organism 25. Sorne ofthese changes may be

relevant to the pathogenesis process of cancer. The laboratory studies involving lifetime

MF to animais are very lirnited, giving little data to support or refute the epiderniological

findings that MF are able to cause leukernia or brain tumor. It can be concluded that more

laboratory studies should be carried out to explain why the associations mainly observed

from the epiderniological study are plausible and help resolve conttoversy as to the

potential carcinogenic role ofMF.

The direct comparison of the results from residential adult studies with those from

childhood studies rnight not be appropriate, since the etiologic role ofMF for adults could

be different from that for children. It is of interest, on the other hand, to compare the

results from occupational studies with those from residential adult studies. Transrnission

and substation systems are considered !wo major extemal sources of residential MF.

which are subject to daily and seasonal variations and, for most "exposed" residences,

rare\y higher than severa! mG. On the other hand, MF exposure in workplaces genera!ly
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does not show the similar variations and is frequently intermittent. ln addition, the MF

levels in workplaces are generally on the order of J to 100 mG, and sometimes even much

higher. For example, MF measured ncar fumaces in the electrosteel industry can reach 80

gausses, and 17 gausses ncar a spot weiding machine 34. which are much higher than the

possible peaks in the home env;ronment. Although the MF from residential or

occupational sources have dissimilar characteristics, there is no biological belief at this

time that these differences have an impact on the risk of adult cancers. Nevertheless,

conducting additional residential adult studies with careful avoidance of methodo10gical

flaws and with careful control ofoccupational MF exposure appears to be the direct way

to substantiate the above argument and to assess whether MF in the home environment

are capable ofpromoting adult cancers.

ln spite that female breast cancer is the leading female cancer in developed countries and a

cancer that is increasing rapidly in many parts of the developing world, il's association

with MF bas not been investigated adequately, especially by the residential studies. Given

the prevalence ofleukemia and brain tumors in children as weIl as breast cancer in women,

it is suggested that an environmental agent with potential significant public health

implications like MF should be considered a potential hazard which needs to be further

investigated. Although there is no strong rationale to undertake extensive action

immediately to reduce MF in the occupational and home environments, it would be

unwise to conclude at present that power frequency MF are not harmfuI. A practice of

"prudent avoidance" (If prolonged exposure to MF is warranted and should be exercised

during the period ofdebate and uneertainty.

The controversial question•.• Does MF have anything to do with cancer? " represents an
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• intriguing scientific problem. It is apparent that there will be no definite answer to the

above question until more studies are carried out. Our review reveals a significant

shortcoming of residential adult studies at present and suggests that additional residential

adult studies with careful avoidance of methodological f1aws should be seriousl)'

considered. Considering the overall evidence concerning the role of residential MF in the

causation of adult cancers, our review also suggcsts the following aspects to be

considered in future residential adult studies. First, the risk of female breast cancer should

be furthel investigated, not only because it is prevalent and has potential for a significant

public health implication, but also because women with eleetrical occupations were not

cornrnon, and MF exposure at home is considered a major source ofMF for most women.

Second, future studies should be devoted to the exarnination of cell-specific types of

leukemia and brain tumors, as weil as the potentiai dose-response relationship betwecn

residentiai MF and adult cancers. Third, future studies should attempt to include

information on MF exposure !Tom the workplaces in addition to residentiai exposure in

order to estimate the overaii MF exposure and evaluate its effect.
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• List ofTables and Figures

Table 1. Summary of methodology of epidenùological studies of residential exposurc to

power frequency MF and adult cancers.

Wenheimer et al. Deceased or a1ive cancer, ~ 19 years Wiring configuration
(1982) of age, seleeted from cancer death
Colorado cenificates or cancer registry; controls

were non-cancer deaths or assembled
1967-1975 and from neighbors ofcases
1977

case:control=1179:1179

•

Author(s) and
studv period

Severson et al.
(1~88)

western
Washington
State

1981-1984

Study subjeets

Case-colltro/ studies

Incident acute nonlymphoid leukenùa
aged 20-79 and seleeted from cancer
registry; controls were seleeted from
random digit dialing.

case:control=114:133

Exposure assessment

1. Wire configuration

2. One-time-only MF
measurement

3. Exposur:: classification
based on previous 24-hour
MF measurement

2. Calculated MF strength
from averaged "peak winter
load" over three
consecutive winters

Coleman et al.
(1989)

south-cast
England

1965-1980

Youngson et al.
(1991)

North West and
Yorkshire
regions of

Cases were leukenùa ofail ages 1. Distance between the
(n=771) seleeted from cancer registry; residence and over-head
(WO control groups were used. "cancer power lines or substation
controls" registered with a solid tumor
excluding Iymphoma (n=1432);
"population controls" ;eleeted from
e1eetoral roll (n=231)

All cases aged 15 or more and 1. Distance from over-head
registered with non-Hodgkin's power lines
Iymphoma or mye10id leuk~a; 2. Calculated MF from
C?ntrols sele:ted from h?spltal . maximum current load in
discharges WIth non-malignant disease. the 5 years preceding the
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• England

1983-1985
case:control=2113:2113 (Iymphoid
malignancy); 801;801 (myeloid
leukemia)

key date

Feychting and
Ahlbom (1994)

Sweden

1960-1985

Cases and controls were selected from 1. Spot measurement ofMF

a ~o~ort of sorne 400,000 people living 2. Calculated MF strength
~thin 300 m. of220/400 kV power from over-head power lines.
hnes. Ali subJects aged >15,

? .? 3. Dista~ce from over-head
3_5 leukenua; 2_3 central nervous power lines
system tumors; 1091 controls

Cohon studies

McDowall Retro-cohort of7,631 residents ofall In the vicinity ofelectricity
(1986) ages and living 'within 50 m radius ofa transtnission system
East An r UK substation or within 30 m either side of

g la, an over-head powerline in the 1971
1971-1983 Census. Expected deaths were

calculated from regional general
population

Person years at risk-=91,016

Schreiber et al.
(1993)

Limmel, The
Netherlands

1961-1981

Retro-eohort of3,549 residents ofall
ages who have lived in Limmel, The
Nether1ands for 5 years or more
between 1961-1981. Expected deaths
were calculated from Dutch general
population.

Pen:on vears at risk=74.055
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• Table 2. SummaI)' of findinss of studies of residential exposure to EMF and adult

*cancers

Study Main findinss

Wertheimer and AIl cancer C-ratiot 1.39 (p<0.0001); Significant hiSh C-ratios were
Leeper (1982) observed for cancer ofnervous system, uterus, breast, and

lymphomas. The result for leukemia was null.

Ali cancers

Wiring configuration, longest residence 3-JO years before referellce
date

Severson et
al.(1988)

Verylow
OrdinaI)' low
OrdinaI)' hiSh
Very hiSh

Verylow
OrdinaI)' low
OrdinaI)' hiSh
Veryhigh

OR=1.00
OR=1.46 (1.l1-1.93)~

OR=1.66 (1.20-2.24)
OR=2.18 (1.48-3.22)

Acute nonlymphoid leukemja
OR=1.00
OR=0.60 (0.29-1.22)
OR=0.77 (0.35-1.68)
OR=O.79 (0.22-2.89)

Wiring configuration, residence closest to reference date
Very low OR=1.00
OrdinaI)' low OR=O.81 (0.41-1.61)
OrdinaI)' high OR=I.36 (0.62-2.96)
Very high OR=O.84 (0.24-2.93)

Unweighted mean erposure (mG) basedon spot measurements,
residence closesr to reference date (Law power configuration)
0-0.5 OR=1.00
0.51-1.99 OR=1.l6 (0.52-2.56)
~ 2.00 OR=1.50 (0.48-4.69)

Time-weighted mean exposure (mG) basedon spot mp.!1SUrements,
residence closes! to reference date (Law power configuration)
0-0.5 OR=1.00
0.51-1.99 OR=1.l7 (0.54-2.54)
~ 2.00 OR=1.03 (0.33-3.20)
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• Erposure classification (mG) based on previous 24-h measurements,
longest residence 3-10 years before reference date
0-0.5 OR=I.OO
0.51-1.99 OR=0.69 (0.37-1.32)
?; 2.00 OR=0.75 (0.31-1.80)

Erposure classification (mG) based on previous 24-h measurements.
residence closest to reference date
0-0.5 OR=1.00
0.51-1.99 OR=0.80 (0.47-1.36)
?; 2.00 OR=0.97 (0.47-1.98)

Coleman et al. Distance (m) from over-headpower lines
AIl leukemia

(1989) >99 OR=1.00
50-99 OR=1.33 (0.37-4.73)
25-49 OR=2.00 (0.28-14.23)
0-24 OR=2.00 (0.12-32.02)

Distance (m) from nearest substation
>99 OR=1.00
50-99 OR=0.99 (0.81-1.20)
25-49 OR=0.89 (0.64-1.23)
0-24 OR=1.26 (0.81-1.97)

Youngson et al. Distancefrom over-headpower lines
(1991) Mvelojd leukemia

>99 OR=1.00
50-99 OR=1.39 (0.82-2.53)
25-49 OR=1.02 (0.53-1.96)
0-24 OR=1.47 (0.74-2.92)

I,vmphojd maljgnancies
OR=1.00
OR=O.82 (0.60-1.17)
OR=1.18 (0.70-1.98)
OR=l.lO (0.72-1.69)

<0.1
0.1-0.9
~ 1.0

MF (mG) C'<timatedfrom maximum current load
Mveloid leukemia LWlphoid malignancies

OR=1.00 OR=1.00
OR=1.06 (0.66-1.72) OR=O.92 (0.64-1.33)
OR=3.00 (0.81-11.08) OR=O.90 (0.47-1.71)

Feychting and MF (mG) calculatedfrom loadon the lmes. residence closest to
AhIbom (1994) reference date

<1
1-1.9
~2

AMI.
OR=1.0
OR=1.0 (0.4-2.5)
OR=1.7 (0.8-3.5)

76

~
OR=1.0
OR=1.4 (0.5-3.3)
OR=1.7 (0.7-3.8)

CNStumors
OR=1.0
OR=1.1 (0.7-2.0)
OR=O.7 (0.4-1.3)



CNS lumors
OR=1.0
OR=1.1 (0.6-2.1)
OR=0.7 (0.3-1.3)
OR=0.7 (0.3-1.5)

.cMJ.,
OR=l.O
OR=0.7 (0.1-2.6)
OR=2.1 (0.9-4.7)
OR=2.7 (1.0-6.4)

<1
1-1.9
~.,- -
<;:3

Cumulative MF (mG-years) calculatedfrom load on the /ines. 15
years preceding reference date

Af\'IL
OR=1.0
OR=1.5 (0.5-3.7)
OR=2.3 (1.0-4.6)
OR=1.9 (0.6-4.7)

•
CNS lUmors

OR=1.0
OR=1.2 (0.7-2.0)
OR=0.8 (0.5-1.3)

Q1L
OR=1.00
OR=0.6 (0.2-1.8)
OR=1.5 (0.7-3.2)

<1
1-1.9
<;:2

MF (mG) from spot measurements
AM!..

OR=1.00
OR=0.9 (0.3-2.3)
OR=1.1 (0.4-2.4)

~ 101
51-100
;;;; 50

Distallce(m) from power lines
AM!..

OR=1.0
OR=1.3 (0.7-2.5)
OR=1.1 (0.4-2.8)

Qfi.
OR=1.0
OR=1.0 (0.4-2.1)
OR=2.4 (1.0-5.1)

CNStumors
OR=1.0
OR=1.1 (0.7-1.7)
OR=1.0 (0.6-1.8)

35-50
15-34
0-14

McDowail
(1986)

Distance (m) from electrical installations
AIl cancers Leukemia

SMR=95 (76-117) SMR=120 (25-351)
SMR=105 (85-128) SMR=77 (9-278)
SMR=103 (68-150) SMR:~143 (4-796)

Breast cancer
SMR=37 (1-206)
SMR=I22 (61-219)
SMR=IIO (53-202)

>100
~ 100

Schreiber et al.
(1993)

Distance (m) from power lines
AIl cancers Leukemia

SMR-8$ (63-114) SMR-­
SMR-93 (72-118) SMR-132 (27-386)

Brnin tumors Brcast cancer
SMR-- SMR-96 (31-223)
SMR-I96 (40-574) SMR-128 (S8-243)

* When relative risk estimates and confidence intervals arc net presented in the papers,
they were calculated from available data. Some relative risk estimates were calculated
from re-categorized exposures for the purpose ofcomparisons.
t Cal' - Numbcr oflllIlIChed poirs in which the...., shows ahigbcr cum:Il1 Configu:atiOll

-r, 10 - Numbcr ofllllllChed poirs in which the colllrOl shows a higbcrcum:nl confJg1Ulltion

::: 95% confidence interval.

§ Abbreviation: OR: odds ratio; AML: aeute myeloid leukemia; CML: chronic mye10id
leukemia; CNS: central nervous system; SMR: standardized mortality ratio; m: meter;
mG: mi1ligauss.
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• Table 3. Statistical power of studies to detect relative risk of adult cancers for people with

elevated exposure to residential MF.

Study Main contrasts Type of cancer Power"

Wenheimer and Leeper VHCCvs VLCC Ali cancers 0.72

Severson et aL VHCCvsVLCC Acute nonlymphoid 0.45
leukemia

<:1;2 mG vs ~0.5 mG Acute nonlymphoid 0.57
leukemia

Coleman et aL

Youngson et al.

0-24 m vs <:1; 100 m Allieukemia
!Tom power lines

0-24 m vs <:1; 100 m Allleukemia
!Tom substations

0-24 m vs <:1; 100 m Myeloid leukemia
!Tom transmission lines

0.43

0.94

0.99

0-24 m vs ~ 100 m Lymphoid malignancies 0.95

!Tom transmission iines

~ 1 mG vs <0.1 mG Myeloid leukemia 0.16

~ 1 mG vs <0.1 mG Lymphoid malignancies 0.75

Feychting and AhIbom ~2 mG vs <0.1 mG Acute myeloid leukemia 0.48
from calculation

~2mGvs<0.1 mG
from calculation

~2mGvs<0.1 mG
from calculation

<:1;2 mG vs <0.1 mG
from spot
measurements
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Chronic myeloid
leukemia

Centrai nervous system
tumors

Acute myeloid leukemia

0.41

0.94

0.46



• ~2mGvs<0.1 mG Chronic myeloid 0.46
from spot leukernia
measurements

~2mGvs<0.1 mG Ce:ltral nervous system 0.88
from spot tumors
measurements

McDowall exposed population vs Leukernia 0.17
general population

exposed population vs Breast cancer 0.97
general population

Schreiber et al. exposed population vs Leukernia 0.17
general population

exposed population vs Brain tumors 0.17
general population

exposed population vs Breast cancer 0.59
general population

* Power to reject a nuII effect at the 0.05 significance level ifin fuct the true relative risk

estimate is IWO.
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Title ofManuscripl II

Long-tenn Residential Exposure to 60 Hz Magnelic Fields and Risks of Adul: Cancers in

Taiwan

ABSTRACT

A case-control study, using matching on date of binh, se.x. and date of diagnosis, \Vas

carried out in nonhem Taiwan to evaluate the risk ofadult (~ 15 years of age) leukemia,

brain tumors, and female breast cancers in relation to residential exposure to 60 Hz

magnetic fields (MF). Cases were newly diagnosed cancers reponed to the cancer registry

between 1987 and 1992 and controls were incident cancers from sites other than those

previously suspeeted of being associated with MF during the same period. Assessment of

MF in the residence occupied by the study subjects at time of diagnosis was perfonned by

modeling power infonnation of high-voltage transmission lines. This surrogate method

was validated by actual measurements in a sample of residences. The results were based

on the separate anaIysis of 708 leukemia, 455 brain tumors, and 1,562 female breast

cancers. The risk ofleukemia for exposure to MF > 0.2 I1T relative to the reference level

« 0.1 I1T) was significantly elevated (odds ratio (OR)=I.5I, 95% confidence interval (CI)

1.05-2.19). A dose-response relationship showed a gradient increase of relative risk

estimates for leukemia with MF. The relative risk estimates for brain tumors and female

breast cancers were slightly elevated, but were statistically compatible to nul\. The above

results remained unchanged after adjusting for sex, age and date at diagnosis, urbanization,

and neighboring industrial parks. Additional information revealed that social c\ass,
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reproductive variables and other characteristics of study subjects v.;th and without

elevated residentiaJ MF were quite similar and appeareà to have no influence on the

observed results. Our data support the association of residentiaJ MF with the risk of

leukemia. but not with the risks ofbrain tumors and femaJe breast cancer in adults.

Key words: magnetic fields; leukemia; brain tumors; breast cancer; risk factors
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Over the past decades. there has been increasing concern about the possible carcinogcnic

effect of residential and occupational exposure to power frequency (50 or 60 Hertz (Hz»

magnetic fields (MF). This concern began \\ith the epidemiological study of Wertheimer

and Leeper in 1979 (1) reporting an association between wire codes near the house and

childhood cancer. Power frequency electric and magnetic fields are everywhcre and

noticeably elevated in proximity to power generation, transmission, and distribution

facilities, and other electrical equipment and appliances. Bec:luse MF, unlike electric fields.

are hardly influenced or shielded by electrically conductive materials 3nd pcnetrate

buildings. trees. and organisms (2), most studies put emphasis upon its potential biological

effecl. Recent occupational studies have included extensive MF e.xposure assessments (3­

6) and have provided methodologically sound epidemiological evidence linking

occupational exposure to MF and certain types of cancer. Among residential studies of

childhood Gcer, the most notable studies are four case-control studies (1, 7-9). Ail of

them reported an association between residential MF and childhood cancer, especially

leukemia. Studies of adult cancer in relation to residential MF exposure have been neither

as extensive nor as consistent as the childhood and occupational cancer studies in

reporting an association between MF and increased cancer risks. To our knowledge, there

were seven residential studies 50 far investigating the link between adult cancer and

t;-,usehold MF (10-16). Interpretation of the association observed from residential adult

studies was hampered mainly due to methodological limitations. The present study was

canied out to estimate the risks of leukemia, brain tumors, and female breast cancers in

adults with elevated residential exposure to 60 Hz MF.
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MATERIALS A1\'D METHODS

Background

The present study, using the case-control design, was condueted to examine the potential

risks ofleukemia, brain tumors, and female breast cancers posed by long-term residential

exposure to 60 Hz MF among adults aged 15 and more. The study area encompassed four

administrative districts ofnorthem Taiwan. They were Taipei city, Taipei county, Keelung

city and Taoyuan county. The study period for leukemia and brain tumors was between

1987 and 1992, whereas for female breast cancers it was between 1990 and 1992. The

size of the population aged 15 or more in the study area was 2,589,678 males and

2,455,512 females in 1987. The corresponding numbers for 1992 were 2,863,649 and

2,772,243, respective1y (17). Between 1987 and 1992, there were 64,599 adult cancers

(ail types) diagnosed and reported to the Cancer Registry ofDepartment ofHealth (DOH),

Taiwan. Among them, 1,135 were leukemia, 705 were primary brain tumors, and 2,407

were female breast cancers (1990-1992 ooly). The power lines with voltage equal or

higher than 69 kilo-volts (kV) were considered the main sources of indoor 60 Hz MF in

the study area. Five types oftransmission lines (69 kV with one circuit (n=34), 69 kV with

two circuits (n=63), 161 kV with one circuit (n=3), 161 kV witll two circuits (0=20), and

345 kV with two circuits (n=I» were in service in the study area between 1987 and 1992,

which gave rise to a total of 1,474 circuit-kilo-meters (CKMs) (18). Taking into account

the 3,968 km2 area within the study boundary, the density ofhigh-voltage power lines was

estirnated to be 0.3715 CKM per km2
.
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Study subjects

The cancer registrv. AIl eligible study subjects were identified trom the Cancer Regist!')·.

The cancer reponing system has been operating since 1979. Pathologica11y confirmed

incident cancer patients are reponed trom 265 hospitals including ail medical centers and

teaching hospitals nationwide on a regular basis. Registry information includes name.

personal identification number, date of binh. date of diagnosis. gender. address at

diagnosis. hospital in which the cancer was diagnosed, and International Classification of

Diseasesfor Oncology (lCD-O) including Topography-code and Morphology-code. The

quality of the Cancer Registry has been described in detail elsewhere (19). In summary.

the inaccuracy rate ofgender, age at diagnosis, topography-code, and address at diagnosis

was 0.6 percent, 3.7 percent, 4.1 percent, and 10.2 percent. The figures were derived

trom comparing medical files of 1,058 pathologica1ly confirmed cancer patients newly

diagnosed trom 45 randomly selected hospitals islandwide between 1984 and 1986 with

the Cancer Registry data. The quality-analysis study (19) did show moderate, but not

statistica1ly significant, geographic variation in the rate of accuracy. Within the study

boundary of the present study, the inaccuracy rates for sex, age at diagnosis, and

topography-code were lower than average by sorne 5 percent, but that for addresses at

diagnosis was slightly higher than the average. As for the completeness of coverage of

incident cancer cases, the qua1ity-analysis study showed that more than 85 percent ofliver

and pancreatic cancer deaths in 1991, selected from the national mona1ity records and

presumed to be covered by the Cancer Registry somewhere between 1979 and 1991

because of their unfavorable survivais, were successfully traced back to the Cancer

Registry. The incomplete coverage suggested an underreponing by some hospitaIs rather

than an incomplete coverage of hospitals, since ail the island's major hospitals reponed
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cases to the registry. Again, no substantial geographic variation ln completeness of

coverage was observed.

ln order to ascertain whether both accuracy and completeness of the œgistry have

improved in recent years, we conducted a preliminary analysis in wh:ch 231 randomly

selected incident cancer cases diagnosed at National Taiwan University Hospital (/'<ïUH)

in the year of 1991 or 1992, representing about 9.9% of ail cancer patients iiagnosed

during the two-year period at NTUH, were compared with the registry. Of the 230

subjects who were successfully traced, the address at diagnosis for 6 (2.6 percent) cases

and the topography code for 5 (2.0 percent) cases were found to be inconsistent with the

regisuy. Additionally, the completeness of coverage seem~d improving since nearly ail

cases were successfully traced to the registry. We can not exclude the possibility that the

results from our preliminary analysis were selective, considering the use ofdata from only

one medical center. However, it appears that the quality ofthe registry data is now very

reliable. In addition to computerization errors, missing info1"'llation on variables, especially

address at diagnosis, was not uncommon in early years. This situation improved after

1985 and the information for each individual record bas been almost complete since then.

Based on the quality ofregistry data, the required sample size, and the available number of

cases and the pre-determined sample size, it was decided to use ail cancer cases registered

between 1987 and 1992 (n=64,599) from which cases and corresponding controls for the

present study were seleeted. Exclusion ofthe recent two yeaTS, 1993 and 1994, was due

to the faet that data computerization and correction for reports submitted from hospitais

have not yet been completed.
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Çû~e~ and conlrol~. Arnong 64,599 adult cancer patients (;;; 15 years of age) residing in

northern Taiwan at diagnosis belween 1987 and 1992, 1,135 were leukemia (ICO-O:

980-994), 705 were brain tumors (ICO-O: 191), and 2,407 were female breasl cancers

(ICO-O: 174) (be!Ween 1990 and 1992 on1y). Incident cancers were used to form the case

series. The potenùal controls (n=42,968) wer.: the other cancer patients with a diagnosis

other than cancers of the hematopoietic and reticuloendothelial systems (ICO-O: 169),

male breast (lCO-O: 175), skin (lCO-O: 173), ovary, fallopian tube, and broad ligament

(lCO-O: 183), and prostate gland (lCO-O: 185) . Exclusion of above cancer categories

!Tom the control candidates was done to avoid the selection bias resulling !Tom having

among control cancers those have had a link with MF (20). Because cancers of

hemalopoietic and reticuloendothelial system other than leukemia may share wilh

leukemia the same risk factors and male breast cancer has been suspected of being

associated with MF in previous epidemiological studies (21-23), these !wo cancer types

were excluded from the control candidates. The other cancers eliminated !Tom the

potential controls were hormone-related cancers (24) which could be associated with MF

if the suppression of melatonin eventually turned out to be the true underlying interaction

mechanism between MF and human body (25). For cach case, one control was randomly

se1e~ed by matching on age at diagnosis (+ 5 years), sex, and date of diagnosis (± 6

months). Controls for aIl cases were successfully identified.

Examinaùon ofinformation for study subjects. After the se1ecùon process was completed,

we further examined the 4,247 pairs ofstudy subjects (1135 pairs for leukemia, 705 pairs

for brain tumors, and 2407 pairs for female breast cancers) on cancer diagnosis and

address al diagnosis. The registry data were verified by the information shown on the

formatted reports submitted from hospitals. The registry was aise checked for possible
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duplicate registrations. The selected control was replaced with another one when one of

the following errors was noticed: missing information on address at diagnosis;

pathological confirmation not noted by the Cancer Registry; and being selected more than

once due to duplicate registrations. Among cases, 42 of them (11 leukemia, 9 brain

tumors, and 22 female breast cancers) were found to have at least one of the preceding

three errors and were then excluded along with their corresponding controls. This

exclusion reduced the number of pairs for leukemia, brain tumor, and female breast

cancers to 1124,696, and 2385, respectively.

As!:essment ofresidential MF exposure

Residential and power line route maps and utilities information. Large-scale maps showing

individual street and residential locations were provided by 31 authorities of local

administrative districts which correspond to 69 percent of all local administrative districts

(n=45) in the study area. The maps were not identical with scales ranging from 1 in 5,300

(1.89 mm=10 m) to 1 in 10,000 (1.00 mm=10 m). The unavailability of maps for the

remaining 14 districts meant that exposure assessment for subjeets residing in those areas

would not be available. The case/control left eventually for exposure assessment was

870/889, 577/552, and 1980/1880, for the group ofleukemia, brain tumor:;, and female

breast cancers, respectively. Among them, the number of pairs still preserved was 708,

455, and 1562. The analysis linking exposure indices to the risk ofcancers was restricted

to those pairs.

According to the document and utiIity maps provided by the Department ofTransmission

and Substation Projeet (DTSP), a technical institute afIiliated with Taiwan Power
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Company (TPC), there are currently 124 high-voltage (69/161/345 kY) transmission !ines

in service within the study boundary. Three of them installed after 1992 were excluded.

Arnong the remaining 121 power lines, the dates of installation were between 1957 and

1992. Addition?Jly, no power lines that were in service during the study period (1987­

1992) were removed after 1992. Thus, these 121 transmission lines were considered the

main source of residential MF exposure during the study period and their potential of

emitting MF were assessed. The power information including wire configurations, annual

average and maximum loads on the lines for years between January 1984 and August

1994, the current phase, maximum net current through earth as a percentage of average

phase current, and geographical resistivity of earth were a1so supplied by the DTSP. We

a1so referred to the maps of neighboring administrative districts of the study area and

confirmed that no power !ines outside the study boundary were within 200 meters of the

edge of study area, indicating that MF of residences occupied by study subjects were

unlikely to be affected substantially by transmission lines outside the boundary ofthe study

area.

Determination of distance between residences and power )ines. In addition to the power

information, the lateral distance of each residence from transmission !ines and the height

of each residence above ground are two other e1ements necessary to calculate residential

MF.

The horizontal distance between each residence and middle wire of three-phase

transmission Iines was deterrnined stepwise. After the study subjects were seleeted, a

unique identification number from 1 to 8410 was randomly assigned to each subjeet

(mcluding 1,662 subjects whose residential MF were undeterrnined and 1,298 subjects
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whose pairs were not preserved). The subject's case/control status was kept unknown

throughout the entire course of exposure assessment. The residences of 6,748 subjects

were then inscribed on the residential maps. After the comple-tion of inscription, these

maps were sent to the DTSP in order to generate, using the DTSP's pre-computerized

utility maps, utility route maps with scales completely identical to these residential maps.

By overlapping utility route and residential maps, it was possible to measure the horizontal

distance between each residence and transmission lines nearest it. Due to the limitation of

scaled residential maps, the fiat distance of each residence to transmission lines was

determined with a unit of 10 meters. The residential MF was assessed at a location one

meter above ground. For apartments, the height between floors within a building was

arbitrarily assumed to be three meters.

Modeling indoor MF. The transmission Iines in the study area were three-phase lines with

current differences by a phase angle of 120 degree. The three phase conductors were

vertically configured. The residential MF were calculated by using a PC software created

by RG Olsen from Washington State University under contract to the Bonneville Power

Administration. The deve10pment ofthis software is descnbed elsewhere (26).

With wire configurations, lateral distance from transmission lines and residential height

above ground, residential MF for the year ofdiagnosis was then calcu1ated for each study

subject. Based on annual maximum and average current, two exposure indices, maximum

and average residential MF, were calcu1ated for each study subject. The estimated MF

was categorized into three levels with cutoffpoints of0.1 micro-Tesla (j.1T) and 0.2 !J.T in

which exposure > 0.2 !J.T was considered elevated exposure and exposure less than 0.1 !J.T

was used as the reference group.
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Validation ofestimated MF

In order to evaluate the accuracy of estimated MF, 407 residences occupied by a samplc

of study subjects were selected for validation (Ihe se/eclion process has i>"t:1/ d,'scrli>,'d in

delail in METHODS ofmanuscripl Ill) . The seleeted residences \Vere measured by the

EMDEX Eleetric and Magnetic Field Digital E.xposure System (27), a hardware and

software package designed to measured, record, and analyze power frequency electTic and

magnetic fields. The EMDEX II is a programmable data-acquisition meter that measures

the x, y, z veetor components of the MF through its internai sensors. Measurernents are

S!ored in the meter's memory and later transferred through a seriai communication pon to

a PC for s!orage, display and analysis. The measured MF were comparcd with estimated

MF. Ail actual measurernents were performed between November 1994 and May 1995.

The measurernent protocol and the agreement between measured and e5timated MFs are

described e\sewhere (28). In summary, aImoS! ail measurernents were performed at a low­

power condition (household power was turned off). The indoor measurement was

condueted over approximate\y 30-40 minutes with sampling time interva1 of 30 seconds

giving Tise to roughiy 70-80 readings in average for each residence. The intra-class

correlation coefficient (lCC) between measured and estimated MFs was very high

(lCC=O.9). When categorized into ordinal scaIe «0.1 !lT, 0.1-0.2 !lT, >0.2 !lT), the

mensured and estimated MFs showed an agreement of0.64 (kappa (K)=O.64, 95 percent

CI 0.50-0.78). The agreement between eategorized MF increased to 0.72 (95 percent CI

0.62-0.82) when a 0.5 weight was assigned to aIlow for partiaI agreement.
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Potential confounders

Previous studies have shown an association between urbanization and certain types of

cancer in Taiwan (29, 30). We used an index of urbanization which is determined by

population density, age composition, mobility, economic activity and family income,

educational level, and sanitation facilities (31) to adjust for urbr.~tio.l. Whether

residence near to an industrial park was used as a surrogate for occupational and

environmental hazards on the grounds that subjects living in a district with an industrial

park were considered to have more chance of exposure to occupational or environmental

hazards produced by centra1ized factories.

Because it is a condition of access to the Cancer Registry that no interview with study

subjects was a1lowed, the other risk factors for cancers could not be obtained directly

from study subjects. We a1ternativ ely retrieved the' other potential confounders from the

medicaJ centers in which a brief questionnaire has been regularly completed by

hospitalized patients or their next of kin (ail cancer patients are r ;esurnably hospitalized).

This questionnaire covered demographic data (age, weight, and height at hospita1ization,

sex, birth place, marriage status, and religion), educationaJ leve1, occupational categories,

medicaJ history, and smoking. Some reproductive information were also avai1able for

gynecologicaJ patients which inc1uded age at menarche, menopause status, menstrual

pattern, number of births, age at first labor, and breast feeding history. Among 6,748

subjects (2,725 pairs and 1,298 subjects without their pairs preserved) with exposure data,

2,401 subjects (1,163 cases and 1,238 controls) were diagnosed at four medicaJ centers in

northern Taiwan. Of them, 2,288 (1,115 cases and 1,163 controIs) patients have

completed the questionnaires during their hospita1ization. The association between these
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cancer risk factors and residential MF was evaluated to provide infonnation conceming

the potential of these variables to produce confounding effects.

Statistical Analysis

The risk of leukemia, brain tumor, and female breast cancers was analyzed separately

throughout the analysis. Relaùve risks were estimated for two categories of elevated

residentid! MF (>0.2 I!T and 0.1-0.2 I!T) relative to the low residential MF environment

«0.1 I!T).

The variables used to characterize study subjects included age, height and weight at

diagnosis, sex, education leve!, smoking, medical X-ray exposure, age at menarche,

menopause status, self-reported irregular period, number of birth, age at tirst labor, and

breast feeding experience. The age, height, and weight were .neasured on continuous scale;

the rest of variables were divided into categories. The distribution of each variable was

presented and compared between stuciy subjects with different residenùal MFs.

Crude ORs were computed from two by two tables. Mulùple condiùonal logisùc

regression anaIysis was used for calculaùon of the adjusted odds raùo (OR) to estimate

the relaùve risks (32, p.l87-213.). Two-sided 95 percent confidence intervals (CI) were

calculated by the test-based method (33). Dose-response relationship anaIysis wa~ carried

out by fitting a linear term for MF coded l, 2, and 3 and treated as a continuous variable in

the multivariate mode!. The covariates adjusted for reduction of potential confounding

were categorical age groups, Sel(, year of diagnosis, urbanization, and whether or not
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living close to an industriaI park. Exploratory analyses included the calculation of sex­

specifie ORs; age-specifie ORs using the median age among three control series, 47, as the

cutoff point; and ORs for cell-specific cancer~. The ORs for leukemia and brain tumors

groups were used to estimate the relative risks between 1987 and 1992; while ORs for

female breast cancer estimated the relative risks between 1990 and 1992.
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RESULTS

The study groups and attrition of study subjects are given in Table \. Approximalely 64

percent of the possible pairs were preserved in each cancer category. Also shown in Table

1 are the number of participants who completed a brief interview during hospitalization

and the number of participants for whom an indoor MF measurement was conducted. The

proportion of participants completing questionnaires or receiving indoor measuremenl

was simi1ar among study groups. Table 2 compares the distributions of age at diagnosis,

sex, year of diagnosis, and characteristics of administrative districts in study area

(urbanization, living district, and industrial parks) between cases and controls. As

expected, ail three study groups showed a close matching between cases and controls with

respect to matching variables and variables related to the living districts. Because Taipei

metropolitan area is included within the boundary ofthe study area, more than 50 percent

participants were living in highly urbanized districts (urbanization 1). Approximately a

quarter ofthe study subjects lived in districts where there was at least one industrial park.

The ORs, using both annual average and maximum current ofresidential MF, for exposure

between 0.1 and 0.2 J.lT anù >0.2 J.lT relative to the reference exposure « 0.1 J.lT) are

presented in table 3. For leukernia, the crude OR based on estimated MF for exposure

>0.2 J.lT was significantly elevated at 1.51, 95 percent CI 1.05-2.19; for exposure between

0.1 and 0.2 J.lT, the crude OR was 1.35,95 percent CI 0.82-2.21. For brain tumors and

femaie breast cancers, the crude ORs for exposure >0.2 J.lT were slightly elevated but

were statistically compatible to null (1.27, 95 percent CI 0.84-1.93 and 1.17,95 percent

CI 0.93-1.48, respectively). The crude ORs for exposure between 0.1 and 0.2 J.lT in both
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brain tumors and female breast cancers were close to one. A trend test yielded a p value of

0.013 for leukemia, indicating a dose·response relationship between leukemia and

gradient levels of residential MF. The incrcasing trend, on the other hand, was observed

neither in brain tumors nor in female breast cancers. Results from analyses that used

estimated maximum MF were very similar to those based on th>: estimated average MF.

Additionally, the relative risk estimates presented in Table 3 were almost unchanged when

adjusting for matching variables, urbanization, and neighboring industrial park.

Because our data showed a similar association of cancer with estimated average and

maximum MF, we used estimated average MF in the exploratory analyses. Among cell­

type specific leukemia, the most e1evated risk for exposure > 0.2 IlT was observed for

acute Iymphoid leukemia (ALL) with a crude OR of2.88, 95 percent CI 0.99-8.76. The

crude ORs for the same contrast (i.e.,>0.2 IlT Vs <0.1 IlT) was U1 (95 percent CI

0.03-42.97), 1.27 (95 percent CI 0.72-2.26), and 1.39 (95 percent CI 0.61-3.17) for

chronic lymphoid leukemia (CLL), acute myeloid leukemia (AML), and chronic myeloid

leukemia (CML), respectively. With the exception of glioblastoma whose crude OR was

1.60, 95 percent CI 0.69-3.78, the remaining ORs ofother gliomas for exposure > 0.2 IlT

relative to < 0.1 IlT were close to one. The ORs of ductaI, lobular, and medullary

neoplasm as weil as malignant epithelial tumors for e1evated exposure were ail close to

one. The resuIts from ail subgroup analyses were not very reliable because of linùted

sample size which impeded conclusions from these analyses.

Table 4 presents the relative risk estimates byage groups. AIthough younger adults (age

equal or below 47) with exposure >0.2 IlT experienced a higher risk of leukemia than

older adults, these differences are comparable with chance. Results for brain tumors and
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female breast cancers groups were somewhat different; older people were at a somewhat

higher estimated risk than younger people, although again those differences were

comparable with chance.

The crude OR ofleukemia for males with exposure >0.2 liT, compared with male subjects

with exposure <0.1 liT, was 1.65, 95 percent CI LOO-.2.73, which was the only

statistically significant finding in the exploratory analyses. With the sarne contrast between

exposures, the crude OR ofleukemia for females was 1.36, 95 percent CI 0.77-2.39. The

crude OR ofbrain tumors for exposure >0.2 liT relative to <0.1 liT, was 1.19,95 percent

CI 0.70-2.02 for males and 1.44, 95 percent CI 0.72-2.92 for females, respectively. Again,

the interaction ofMF and sex was not statistically significant at 0.05 significance leve\ for

both leukemia and brain tumors (Table 5). The a posteriori assessment of interactions of

MF e:l:posure and age and sex in the three study groups reached no re\iable evidence to

draw any conclusion.

Without performing statistical testing, most ofthe risk factors for leukemia, brain tumors,

and fernale breast cancers listed in Table 6 showed a roughly even distribution among

subjeets in the three different exposure «0.1 liT, 0.1-0.2 liT, >0.2 liT) except age at

diagnosis. Subjeets with exposure >0.2 liT were older !han those with other exposure

groups at time of cancer diagnosis, suggesting a dissimi1ar age composition between

populations with different exposure leve\s. However, this phenomena was not duplicated

when all 5,450 study subjeets were ana1yzed. Among variables, education, a conventiona!

component of socioeconomic status (SES), was simi1ar in population with and without

e\evated exposure, suggesting that SES was not associated with residentia1 MF in our data.

Additionally, reproductive factors were not found to be related to residential MF as well.
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Our analysis suggested that the charaeteristics of study subjects with different exposure

levels were comparable.
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DISCUSSION

The results from the present study provided some evidence linking residential exposure to

60 Hz MF to the risk of leukemia in adults aged 15 or more. With the same design and

analysis. on the other hand, neither were brain tumors nor female breast cancers found to

be significantly associated with elevated residential MF. Analyses ofcell-specific leukemia

and brain tumors showed that although subjeets with elevated MF were at a higher

estimated risk ofALL, AMI.. and glioblastoma. these results were based on limited sample

size and were compatible with the null statistically.

The increased leukemia risk for an exposure above 0.2 IlT was statistically significant for

males but not for females. For brain tumors, a difference in sex-specific risk estimates was

also observed in which females were at a higher risk than males. However, the differences

in relative risk estimates ofleukemia and brain tumors between sexes were not statistically

significant to suggest an interaction between residential MF and sex. Moreover, although

our data tend to show that younger adults (;:i; 47 years ofage) were at a higher estimated

risk of leukemia, whereas older adults were at a higher estimated risk ofbrain tumors and

female breast cancers, the evidence concerning the interaction between residential MF and

age was not statistica1ly significant cither. 0vera11, the exploratory Q posteriori analysis of

sex-specifie and age-specifie risks reached no consistent findings across study groups,

whieh limits the inference ofeffect modification by sex and age on the carcinogenie effects

of MF. The sample size for e!'timating sex-specifie and age-specifie risks was c1early

inadequate and responsible for the wide confidence interva1s ofrelative risk estïmates. In

addition, we did not take into aecount the multiple-comparison procedures in evaluating

98



•

•

•

the significa!1ce of age or sex-specific relative risk estimates, which may compromise the

statistically significant OR ofleukemia observed among men.

This study has several strengths. First, using cancer registers as source ofstudy subjects, it

was a registry-based case-control study in which cases and controls presumably came

from the same population. Although the completeness of the Cancer Registry was .'lot

perfeet, which possibly led to an incomplete coverage of leukemia, brain tumors, and

female breast cancers in northem Taiwan during the study period, this incomplete

coverage would aIso have applied to the controls, since the incomplete coverage ofcancer

was .'lot Iikely to be selective. Therefore, any selection bias ofcases that may have resulted

from factors associated with both incomplete coverage and residential MF would aIso

apply to controls. Second, the selection of cancer contraIs was mainly for "practicaI"

consideration, since they were already at hand and made it easy to perform the pair­

matching process. In fact, the use ofcancer contraIs has severa! advantages. Examination

ofthe specificity ofan exposure for a particular type ofcancer and "practicaI" reasons are

two ofthem (34). The only concem here was the potential ~ection bias due to unknown

associations between MF and certain cancers that have .'lot been associated with MF in

previous studies. This could have been likely to play in the direction ofminimizing a real

association. However, the exclusion criteria set for recruiting controls reduced this

potential of selection bias. Tbird, the measurement of historical exposure to MF is a

challenge to al1 retrospective studies, since direct information conceming past MF is

always Iacking. Because historical power information of high-voltage transmission Iines

were routinely necorded in Taiwan, we were able to use power information of

transmission Iines to model past residential MF. The exposure assessment method used in

this study was considered superior to those simply assmning that measurements ofMF in
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today's environments are highly correlated with M: of the pas!. Fourth. residential MF

exposure having been assessed blind of disease status. the information bias trequently

occurring during exposure assessment due to the knowledge of diseases and underlying

hypotheses was avoided.

Although it was reasonable to assume that high-voltage transmission lines are the most

essential determinant of indoor MF for residences in their proximity, it was certainly

necessary to address how the ignorance ofother sources ofMF, for example, distribution

power lines, may have affected the validity of exposure assessment used in the present

study. Our data showed that indoor MF for almost all residences located more than 200

meters trom transmission lines were calculated to be less than 0.01 I1T, and almost zero

for residences with a lateral distance of 250 meters or more trom transmission lines.

According to a survey conducted in nonhern Taiwan which showed that the background

residential MF were between 0.01 and 0.02 I1T (35) and considering the results from

actual measurernents on a sarnple of residences occupied by study subjects (28), MF for

the residences located more than 200 meters from transmission lines were apparently

underestimated. This underestimation resulted from not taking into account the other

sources of60 Hz MF such as distribution lines, power transformer, and appliances in the

residences. Tberefore, exposure misclassification resulting from measurernent errors were

expected in this study, which was further empirically suggested by an agreement of 0.64

(Kappa=O.64, 95 percent CI 0.50-0.78) between measured and estimated MFs. However,

measured MFs indieated that the true MF for most residences with estimated MF close to

zero were obviously underestimated, but still remained under 0.1 IlT (the boundary ofthe

referenœ group in the anaiysis). Tbus, exposure misclassi5t:ation which existed in this

study was not substantial and was unlikely to be differential becanse blindness was

100



•

•

•

successfully applied to the entire process of exposure assessment. The nondifferential

misclassification of exposure should not be a valid argument against the observed

significant association between residential MF and leukemia, since bias away from the null

resulting from a nondifferential misclassification of exposure does not occur in the upper

exposure IeveI in case-controI studies with three exposure levels (36). In both excess risk

levels (0.1-0.2 J.lT and >0.2 J.lT in this study), the elevated risks ofleukemia could be the

result of a reversai of OR ooly when exposure classification is worse than chance (36),

which is cenaioly not the case ofour data. It was unclear, however, ifor by how much the

exposure rnisclassification was responsible for the null relative risk estimates ofboth brain

tumors and female breast cancers.

Two weaknesses were recognized in this study and were in general considered limitations

for studies using administrative data which were no: routinely collected for specific

purposes. One ofthem was a failure to get complete information on potential confounders

through perforrning an interview with study subjects individually. Partial information

concerning these potential confounders were altematively retrieved from hospital data for

study subjects diagnosed in medical centers. We anempted to examine whether these

variables were associated with residential MF. Among these variables, SES was ofgreat

interest not ooly because epidemiological studies have reported a weak association of

socioeconornic status with brain tumors and a strong association with leukemia and female

breast cancers but also because people living near high-voltage transmission lines were

suspected of having lower SES on a ground that most transmission lines were located in

rural areas. We used education, which is stable in adulthood, as the indieator ofSES and

found no evidence of an association between education and residential MF. This resu1t

agrees with Salzberg et al. in Melbourne, Australia (37) who found ooly weak association
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SES variables. The study ofWanenberg et al. (38) in New Jersey also reported lhat there

was no evidence of disparity with respect to demographic characteristics and SES in

population living near high-voltage transmission lines, compared with the general

population. It can therefore be assumed that our results were unlikely to have been

confounded by SES. For female breast cancers, the reproductIve factors did not differ

markedly between women with and without e1evated residential MF, indicating no

confounding effeet of these reproductive variables. Diet is another important determinant

for fernale breast cancers. We did not have data to show whether there was an association

between residential MF and diet among study subjects.

The other weakness was that we did not contact study subjects or their next of kin to

obtain their residential histories. An exposure misclassification may have resulted from

ignoring the subjeet's exposure prior to hislher diagnosis. The extent of exposure

misclassification was obviously dependent upon the frequency of moving among study

subjeets given that the power faci1ities and consumption had not changed considerably

during the study period. The statistics show that the annual frequency of moving in the

study area was 5.48 per 100 persans in average between 1983 and 1992 (17). This

frequency ofmoving is low and makes it possible to assume that exposure assessed at time

of diagnosis was representative of past exposure for most study subjects. ln faet, we

examined a scenario which assumed that the annual frequency of moving between 1983

and 1992 was contributed by the entireIy different study subjects in order to estimate the

maximum number of study subjects who ever moved during the 5-year period prior to

hislher diagnosis. It was estimated that some 1,250 study subjects ever moved during the

5-year period prior to diagnosis. Under the assumption that the likelihood of moving is
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unrelated to residential MF. the scenario gave an agreement level of 0.73 (Kapppa=0.73,

95 percent CI 0.71-0.75) between residential MFs estimated for the year ofdiagnosis and

estimated for the 5-year period before diagnosis.

The results frC'm previous studies of adult leukemia and brain tumors in relation to

residential MF are not completely consistent. The end-points varied from ail causes of

death (II, 15) to acute nonlymphoid leukemia incidence only (12). Following the first

residential study ofadult cancers reporting a significantly e1evated relative risk estimate of

nervous system, uterus, breast, and Iymphoma for "exposed" adults (10), Severson et al.

found that neither were direct measured MF nor wiring codes associated with acute

nonlymphoid Ieukemia (12). On the other band, Coleman et al. (13) reponed an increased

1.5-fold risk of leukemia among people residing within 100 meters of power facilities.

Their results were partially supponed by Youngson et al. who suggested a small

association between myeloid leukemia and residential proximity to overhead lines or

estimated MF (14). A recent Swedish study (16) reponed no association of time­

weighted-average (TWA) MF with total leukemia, but positive associations with AMI..

(relative risk=1.7) and CML (relative risk=1.7) in people living with TWA MF levels ~

0.2 liT. However, the two e1evated relative risk estimates were based on 9 and 7 exposed

cases and therefore have wide confidence intervals. The relative risk estimates for the CLL

and central nervous system tuInors were close to null in the analysis by Feychting and

AhIbom (16). Two retrospective cohon studies (Il, 15) provided no evidence to suppon

the hypothesis that residential MF will increase the risk of leukemia or brain tuInors in

adults. In general, the studies by Severson et al. (12) and Feychting and Alùbom (16) were

methodologically superior to the other adult residential studies in terms of exposure

assessment and control for confounding. Our results were in general consistent with the
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findings by sorne of previous residential studies, suggesting an ele\'ated risk of leukemia

(all types) (13, 14). The confidence interval ofrelati\'e risk estimates suggests that the truc

excess risk of leukemia can be anywhere between 5 percent and 119 percent for exposure

>0.2 pT. Sample size may therefore e.xplain why sorne previous adult residentinl studies

did not detect an elevated risk ofleukemia.

Our annlysis showing a slight but not statisticnlly significant association between

residential MF and adult brain tumors can be comparable to the null findings of pre\'ious

studies (II, 15, 16). ln addition to residential studies, recent well-designed occupational

studies suggested that power frequency MF are associated with the risk ofleukemia (3, 4,

39) but the link to brain tumors is much less consistent (3, 4, 7, 40). The relative risk

estimates of brain tumors were based on 455 cases and controls.. allowing a 50 percent

chance of detecùllg a 50 percent increase in risk at a two-sided a level of O.OS and an

esùmated exposure rate among controls of 10 percent. Such power is inadequate to detect

a small association and could be responsible for the null risk csùmates of brain tumors

observed.

To our knowledge, our study was the first one designed to investigate the risk of female

breast cancers in relation to residential MF. Tbree earlier occupationa! studies (21-23)

reported elevated relative risks ofbreast cancers (6.5 in the study ofMatanoski et al. and

2.0 in studies of Demers et al. and Tynes and Anderson) among male workers in

occupations with elevated exposure to MF. Five recent studies, on the other band, did not

find this association (4, 6, 40-42). It is, however, diflicult to compare these results with

ours becanse the end-points were dissimjlar. The studies of female breast cancers in

relation to MF were relatively sarce and showed no consistency al all. After adjustment
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for re\Jroductive variables, age, education and weight, Vena et al. found that the use of

electric blanket in a 10-year period prior to diagnosis was unrelated to the risk of breast

cancer among postmenopause women (43). A recent occupational study investigating

breast cancer mortality among female eleetrical workers in the United States showed that

these workers have experienced a higher risk of breast cancer mortality than other

employed women with relative risk estimate of 1.38, 95 percent cr 1.04-1.82 (44). Our

study did not discover any significant excess risk of breast cancer among adult females

with prolonged exposure to elevated MF at home. A1though the relative risk eslimate of

breast cancer was not adjusted for reproductive variables, social class, and anthropometric

measures, additional information have shown a minute like\ihood that these known risk

factors for female breast cancers may have biased our results. Additionally, our study

being based on 1,562 case-control pairs, the power to deteet a 50 percent increase in risk,

given a 10 percent "exposed" population and a 0.05 significance leveI, was fairly high. If

MF causes femaie breast cancers, the increased risk must be very smaIl indeed.

Any definite conclusion conceming the causal re\ationship between power frequency MF

and the risks ofaduit leukemia, brain tumors, or femaie breast cancers will be considered

premature at this time. Our data support the hypothesis that the risk ofaduit leukemia will

increase with prolonged residentiai exposure to e\evated MF, but do Dot show such a Iink

for brain tumors and female breast cancers. Our analysis also suggests that future studies

should be devoted to evaIuate whether age or gender may modify the carcinogenic effect,

ifany,ofMF.
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Table 1. Study groups and participants

Leukemia Brain tumors Female breast

cancers

cases controls cases controls cases controls

n(%) n(%) n(%) n(%) n(%) n(%)

Study pcriod 1987-1992 1987-1992 1990-1992

Cancer regÎSlCf 1l3~ (100.00) 1l3~ (100.00) 70~ (100.00) 70~ (100.00) 2407 (100.00) 2407 (100.00)

2S4 (22.38) 235 (20.70) 119 (16.88) 144 (20.43) 405 (16.83) SOS (20.98)•

Elimination duo 10

missing nddzess ni
dingoosis, missing
pnthologionl oonfumntion,
orduplioolOregistrntion 11 (0.97) 11 (0.97)

Unn\'Ililnbility of
rosidontinl mnps

9 (1.28) 9 (1.28) 22 (0.91) 22 (0.91)

•

SubjCClS "ith cxposurc
information 870 (76.65) 889 (78.33) 577 (8\.84) 552 (78.30) 1980 (82.26) 1880 (78.1\)

Panicipanl pairs
p='l:C! • 708 (62.83) 708 (62.83) 455 (64.54) 455 (64.54) 1562 (64.89) 1562 (64.89)

Panicipants diagnosed
at medical centcrs t 320 (28.19) 311 (27.40) 183 (25.96) 203 (28.79) 612 (25.43) 659 (27.38)

Panicipants with
mcasurcd magnetic
~+ 4_8_(_4.23_)__62_(_5._46_)__43_(_6._10_)__36_(_5_.1_1)__9_8<_4_.07)__12_0_(4_.9_9_)

• The pairs preserved were used for testing the underlying hypotheses of the present
study.

t These participants were used for an analysis charaeterizing people with dilferent
exposures to residential magnetic fields.

: The participants for whom an indoor short-term measurement of magnetic fields was
condueted
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• Table 2. The distributions ofmatching variables and characteristics ofdistricts in the study

area in cases and controls by types of cancer.

Leukemia Brain tumors Female brcast cancers

Case ("10) Control (%) Case(%) Control (%) Case (%) Control (%)

Age at diagnosis
<40 270 (38.14) 270 (38.14) 188 (41.32) 188 (41.32) 396 (25.35) 396 (25.35)

40-19 94 (13.28) 94 (13.28) 73 (16.04) 73 (16.04) 478 (30.60) 478 (30.60)

50-59 104 (14.69) 104 (14.69) 66 (14.51) 66 (14.51) 294 (18.82) 294 (18.82)

>59 240 (33.90) 240 (33.90) 128 (28.13) 128 (28.13) 394 (25.22) 394 (25.22)

Sc.~

Male 417 (58.90) 417 (58.90) 249 (54.73) 249 (54.73)

FCIII31e 291 (41.10) 291 (41.10) 206 (45.27) 206 (45.27) 1562 (100) 1562 (100)

Y= ofdiagnosi.
1987 121 (17.09) 86 (12.15) 82 (18.02) 72 (15.82)

1988 106 (14.97) 98 (13.84) 75 (16.48) 58 (12.75)

1989 118 (16.67) 112 (15.82) 74 (16.26) 78 (17.14)

• 1990 114 (16.10) 91 (12.85) 71 (15.60) 77(16.92) 454 (29.07) 553 (35.40)

1991 119 (16.81) 133 (18.97) 79 (17.36) 70 (15.38) 489 (31.31) 452 (28.94)

1992 130 (18.36) 188 (26.55) 74 (16.26) 100 (21.98) 619 (39.63) 5S7 (35.66)

Urbanizaùon-
1 382 (53.95) 401 (56.64) 235 (51.65) 237 (52.09) 944 (60.44) 874 (55.95)

n 219 (30.93) 197 (27.82) 160 (35.16) 141 (30.99) 407 (26.06) 465 (29.77)

ID 107 (15.11) 110 (15.54) 60 (13.19) 77 (16.92) 211 (13.51) 223 (14.28)

District
Taipci city 355 (50.14) 359 (50.71) 216 (47.47) 216(47.47) 842 (53.91) 799 (51.15)

Keelung 46 (6.50) 50 (7.06) 26 (5.71) 36 (7.91) 88(5.63) 88(5.63)
Taipei eotIIlty 2S7 (36.30) 44 (34.46) 182(40.00) 163 (35.82) 530(33.93) 553 (35.40)

Tall)'WlIl 50 (7.06) 55 (7.77) 31 (6.81) 40 (8.79) 102 (6.53) 122 (7.81)

Neighboring
indusuial parks

Ycs 181 (25.56) 176 (24.86) Ils (25.27) 126 (27.69) 360 (23.05) 400 (25.61)

No 527 (74.44) 532 (75.14) 340(74.73) 329 (72.31) 1202 (76.95) 1162 (74.39)

TotI1 708(100) 708(100) 455 (100) 455(100) 1562 (100) 1562 (100)

- Urbanization 1indieates the districts most UIbani.,..,1.
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• Table 3. Relative risk of leukemia, brain tumors and female breast cancers by residential

MF· exposure in the year of diagnosis.

<0.1 ~T· o 1-0.2 ~T >0.2 ~T Test f~lf trend

case control case control case control p-\"aluc

Lcukcmia

EstimarcdMF (av<rag<) 583 617 42 33 83 58

ClIldcOR· (95% Ct·) 1.00 1.35 (0.82-2.21) 1.51 (1.05-2.19)

Adjusted OR (95% CI)t 1.00 1.32 (0.82-2.12) 1.53 (1.06-2.20) 0.013

EstimarcdMF (maximum) 572 603 40 39 96 66

Ctude OR (95% CI) 1.00 1.08 (0.67-1.75) 1.53 (1.08-2.17)

Adju."tCd OR (95% CI) 1.00 1.07 (0.68-1.70) 1.54 (1.10-2.16) Om5

Br:ùn tumors

EstimarcdMF (av<rag<) 373 384 19 20 63 51

ClIldc OR (95% Cl) 1.00 0.98 (0.49-1.95) 1.27 (0.84-1.93)• Adjusted OR (95% Cl) 1.00 0.98 (0.51-1.89) 1.23 (0.82-1.84) 0.346

Estimarcd.1.fF (maximum) 365 376 22 24 68 55

ClIldc OR (95% CI) 1.00 0.94 (0.50-1.78) 1.27 (0.85-1.90)

Adjustcd OR (95% Cl) 1.00 0.93 (0.51-1.86) 1.23 (0.83-1.82) 0.346

Fanalc brcast cancers

EstimarcdMF (av<rag<) 1297 1324 81 78 184 160

ClIldc OR (95% CI) 1.00 1.06 (0.76-1.48) 1.17 (0.93-1.48)

Adjusted OR (95% CI) 1.00 1.06 (0.77-1.47) 1.17 (0.93-1.47) 0.168

Estimt:udMF (ma%imrtm) 1288 1308 77 73 197 181

ClIldc OR (95% CI) 1.00 1.07 (0.76-1.51) 1.11 (0.89-1.38)

Adjusted OR (95% CI) 1.00 1.05 (0.75-1.47) 1.11 (0.89-1.37) 0.348

• MF, magnetic fields; IlT, miao-TesIa; OR, odds ratio; CI, confidence intervals

t Adjusted OR was derived from the conditional maYÙTnJ!D likelihood esrimate of
regression coefficients by adjusting matcbing variables, urbaniZl!tion and neighboring
industrial parks.
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• Table 4. Age-specifie relative risk" ofleukemia, brain tumors and female breast cancers by

residential MFt exposure in the year ofdiagnosis.

<0.1 ~Tt O.1~.2 ~T >0.2 ~T

case control case control case control

Lcukcmia

Al:<' S4~ 285 300 23 21 40 26

Crudc ORt (95% Clt) 1.00 1.15 (0.60-2.22) 1.62 (0.94-2.81)

Adjusted OR (95% Cl)§ 1.00 1.10 (0.59-2.05) 1.57 (0.91-2.72)

Al:<' >47 298 317 19 12 43 32

Ctude OR (95% Cl) 1.00 1.68 (0.76-3.76) 1.43 (0.86-2.39)

Adjusted OR (95% CI) 1.00 1.68 (0.79-3.60) 1.38 (0.84-2.27)

Brain tumors

Al:<' s 47 211 209 10 6 26 26

Crudc OR (95% Cl) 1.00 1.65 (0.54-5.21) 0.99 (0.54-1.83)

• Adjusted OR (95% Cl) 1.00 1.66 (0.60-4.60) 0.99 (0.56-1.76)

.~>47 162 175 9 14 37 25

Crudc OR (95% Cl) 1.00 0.69 (0.27-1.76) 1.60 (0.89-2.86)

Adjusted OR (95% Cl) 1.00 0.67 (0.28-1.62) 1.49 (0.83-2.66)

Fcmalc brcast cancers

~:H7 661 660 39 39 93 88

Crudc OR (95% Cl) 1.00 1.00 (0.62-1.61) 1.06 (0.76-1.46)

Adjustl:d OR (95% 0) 1.00 0.99 (0.61-1.61) 0.99 (0.72-1.37)

.~>47 636 664 42 39 91 72

Crude OR(95%0) 1.00 1.12 (0.70-1.80) 1.32 (0.94-1.86)

Adjusl&>i OR (95% 0) 1.00 1.08 (0.68-1.73) 1.40 (0.99-1.97)

" The n:1alh'C risk es.1imd'§ wcrebascd 0Il the rndplie fidds c:aJmlatrd iiomammal avczage c:um:Dl.

tMF. magncticfidds; IlT.~Tesla;OR,oddsmio; CI,oonfi"..... imcrvals

: Median age ofCOIlU01s iiom tbrec SlIIdy groups
§ Adjusted OR 'MIS dcrMdiiom thec"ndirionaJ ma>i"""" likr'jbcwI es.1imdrc oflcgxcssion cocfticiems

• ~.adjLb1iug n'dt, hinB'"3riJb1cs- w'Qnj*a,iooaDdncigbt : rinajndnstriaJ pub.
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• Table 5. Sex-specific relative risk* of leukemia and brain tumors by residential MFt

exposure in the year ofdiagnosis.

<0.1 ~Tt 0.1-0.2 ~T >0.2 ~T

case control case control case control

Leukemia

Mal. 343 366 26 20 48 31

Crude ORt (95% Clt) 1.00 1.39 (0.73-2.64) 1.65 (1.00-2.73)

Adjusted OR (95% Cn; 1.00 1.38 (0.76-2.52) 1.71 (l.lW-2.82)

Fmuzl. 240 251 16 13 35 27

Crude OR (95% CI) 1.00 1.29 (0.57-2.91) 1.36 (0.77-2.39)

Adjustod OR (95% CI) 1.00 1.26 (0.59-2.70) 1.33 (0.79-2.23)

Brain tumors

Mal. 198 205 12 10 39 34

Crude OR (95% CI) 1.00 1.24 (0.49-3.18) 1.19 (0.70-2.02)

• Adjustod OR (95% CI) 1.00 1.24 (0.53-2.88) 1.19 (0.72-1.96)

F_I. 175 179 7 10 24 17

Crude OR (95% CI) 1.00 0.72 (0.24-2.10) 1.44 (0.72-2.92)

Adjusted OR (95% CI) 1.00 0.67 (O.2S-2.lW) 1.46 (0.74-2.89)

* The relative risk estimates were based on the magnetic fields calculated from annual
average current.

t MF. magnetic fields; IlT. micro-Tesla; OR. odds ratio; CI, confidence intervals

::: Adjusted OR was derived from the conditional maximum 1ikeIihood estimate of
regression coefIicients by adjusting matchiDg variables, urbanization and neighboring
industrial parles.
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• Table 6. Characteristics of study subjects living with different levels MF" emitted from

transmission lines (N=2,288)t

Residentilll MF At =cer diAgno.i.

<0.1 ~T" 0.1-0.2 ~T >0.2 ~T

12 (10.53)
46 (40.35)
3S(33.33)
18 (15.79)

16 (14.04)
98 (85.96)

89(78.07)
2S f21.93)

13 (11.40)
82(71.93)
7(6.\4)

12 (10.53)

26 (10.S3)
SO (33.33)
69 (2S.75)

65 (27.0S)

53 (46.49)
61 (53.51)

46 (19.17)
194 (SO.S3)

9 (7.S9)
105 (92.11)

42 (17.50)
19R (82.50)

66 (27050)
174 (72.50)

5S.77 (0.62)

49.04 (0.90)

159.64 (0.49)

4(7.69)
13 (25.00)
2S(53.85)
7(13.46)

1\ (2\'\5)
34 (65.3S)
3 (5.77)
4(7.69)

34 (30.63)
77 (69.37)

12 (lO.SI)
99 (S9.19)

27 (51.92)
2S (4S.0S)

13 (11.71)
3S (34.23)
26 (23.42)

5 (9.62)
47 (9O.3S)

23 (20.72)
88 (79.2S)

1\ (21.\5)
41 (78.85)

34 (30.63)

59.30 (0.93)

46.66 (1.36)

159.71 (0.73)

101 (10.86)
339(36.45)
374 (40.22)
116 (12.47)

168 (18.06)
762 (81.94)

1\4 (12.26)
635 (68.28)
80 (8.60)

101 (10.86)

S9 (9.57)
841 (90.43)

415 (44.62)
515 (55.38)

494 (25050)

272 (14.04)
590 (30.46)
5S1 (29.99)

57.92 (0.22)

46.S5 (0.31)

503 (25.97)
1434 (74.03)

350 (lS.07)
15S7 (SI.93)

347 (17.91)
1590 (82.09)

159.22 (0.17)

50:
Male(%)
FOlUlle (%)

~e at diagnosi.
Mc:lIl1 (SE")

Hei[Ùlt at diagnosis (Cm")
Mc:lIl1 (SE)

Wei[Ùlt Al diagnosis (Kg")
Mc:lIl1 (SE)

Edueation
nlit=ey(%)
Elemenlmy seboul (%)
Hi[Ùl seboul (%)
ProfessiOlUl1 :d_tion or

oollege(%)
Smolcinl;

E' (%)
N"' (%)

Medieal X·ro~· o.~
Ever(%)
N"'.... (%)
~ Al meruuehe

<13 (%)
li: 13 (%)

Menopause
Yes(%)
No(%)

Self·n:poncd im:guIllr periocl
Yes(%)
No(%)

Number ofbinh
O(%)§
1-2 (%)
3-4 (%)
li: 5 (%)

~ al first tabor
<H(%)
21·30(%)
>30(%)
Nulliparity

Il=st feeding
Yes (%) 656 (70.54) 41 (78.85)
No(%~ 274 (29.46) 1\ (21.\5)

•

•
" MF, m'phe ficIds; "T,~TesIa;SE. SllIIldazd emr, Cm, eentimetcr,Ks.KiI0gr0m.
t hûormatiOll 0lI ....oclul:tioe wriablesw=awilable foroaly 1,096 subjec:tsdi""" algynceologicol
dtpenwc:nls.
: Cbest X-my__ exc1udecI.
§ UDmauicd SIlbjec:tsw= ÎIle1llded.
, Nulliparity __ ÎIle1uded..
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Tide ofManuscript III

A validity analysis of residential magnetic fields estimated from power information of

high-voltage transmission 1ines

ABSTRACT

Between November 1994 and May 1995, indoor power frequency m:lgnetic fields (MF) of

407 residences in nonhem Taiwan were assessed by short-term on site measurements and

by mode1ing power information from high-voltage transmission 1ines. The study

residences were selected according to the distance from the transmission lines with cutoff

points of50 meters (m), 100 In, and 150 In, which gave rise to four groups of residences.

The analysis showed that the measured MF were in general higher than the estimated MF,

especial1y among the residences with 10wer measured MF. The measured and estimated

MFs showed an agreement of0.93 (intra-class correlation coefficient, ICC = 0.93) for the

residences within 50 m ofthe transmission \ines. The ICC dec1ined with the distance iTom

the transmission lines with a 10west ICC of0.42 for the residences 10cated more than 149

m away from the lines. When both measured and estimated MFs were categorized into

three 1evels with cutoff points of 1 mi11igauss (mG) and 2 mG, the indices of agreement

were very similar for the three residential groups within ISO m ofthe lines with ~ppa (K)

between 0.51 and 0.55. The K for the residences more than 149 m away iTom the lines

was 10w at 0.29. The ICC and K observed from a reduced samp1e of 114 residences

presumab1y representative of ail residences in r.onhem Taiwan with respect to the

distlibution of residential MF was 0.90 and 0.64, respective1y. Generalization of the
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results from this analysis must be cautious, since Iee and K are determined not only by

measurement errors but a1so by the distribution of residential MF in the study area. They

are likely to vary from one study to another, with the measurement error remaining

unchanged.

Key words: EMF exposure, magnetic fields, measurement, modeling, Taiwan.
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Il\'TRODUCnON

There has been growing concem regarding the carcinogenic effects of emironmental

exposure to weak time-varying MF, particularly those in the power frequency range (50­

60 Hertz (Hz». Because MF are not seen by the e.xposed individual and therefore car.not

be reca11ed, the strength ofMF can only be documented through on site measurements in

the environment. Among epidemiologica1 studies which investigated cancer risks in

association with residential MF, a variety of methods have been used to assess MF in the

home environment. These methods included wire configurations in the neighborhood of

households (Wertheimer and Leeper (1979); Fulton et al. (1980); Kaune et al. (1987);

Severson et al. (1988); Savitz et al. (1988); London et al. (1991», the lateral distance

from power \ines (Tomenius (1986); McDowall (1986); Coleman et al. (1989); Lin and Lu

(1989); Myers et al. (1990); Youngson et al. (1991); Feychting and AhIbom (1993»,

indoor spot or/and 24-hour on site measurements (Tomenius (1986); Severson et al.

(1988); Savitz et al. (1988); Coleman et al. (1989); London et al. (1991); Feychting and

AhIbom (1993, 1994», modeling household MF !Tom power information (Coleman et al.

(1989); Myers et al. (1990); Olsen et al. (1992); Feychting and AhIbom (1993, 1994);

Verkasalo et al. (1993», and the use of portable dosimeters for persona! measurements

(Kaune et al. (1994); Kavet et al. (1994». Among these methods, indoor or persona!

measurements with dosimeters are considered the finest. However, dosimeters have not

been wideiy used in previous studies since a fair number ofdosimeters are usual1y needed

in epiderniologica1 studies and it is not feasible to monitor housebold MF for an

aetiologically relevant time period which could be as long as severa! years. Morcover-, the

exposure in the recent or remote past, which would he assessed by the retrospective study,

is unable to be determined by on site measurements. These disadvantages lead to the use
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of surrogate methods alternatively in many residential studies. Although sorne surrogate

methods, for example, wire codes, have been argued tO be more effective than short-terrn

on site measurements in estimating a long-term exposure (Savitz et al. (1988); London et

al. (1991 )), they generally have not been validated extensively and empirica1ly.

Previous studies have shown a weak association between wire codes and short-term MF

dosimetry (Barnes et al. (1989); London et al. (1991); Kaune et al. (1994». Therefore, an

association found between wire codes and human cancers in many studies barely provides

evidence linking MF and human cancers. Compared with wire codes and distance from

power lines, MF estimated from power information appears to be more reliable in

providing direct estimate of MF exposure. The present study compared residential MF

estimated from power information of 69/161/345 kilovolts (kV) transnùssion lines with

those measured by dosimeters in an atternpt to evaluate the validity ofusing currents and

other power information to predict MF in the home environment.
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METHODS

Study residences

Indoor MF of407 residences were assessed by on site measurements with dosimeters and

by modeling power information of high-voltage transmission lines (69/161/345 kV).

These residences were occupied by a sample of cancer patients at the time of diagnosis

from a registry-based case-control study with 5450 subjeets 1. AIl study residences were

located within four administrative districts ofnorthem Taiwan. The study residences were

sampled according to their locations from the transmission [ines with cutoff points of 50

meters (m), 100 In, and 150 m. Specifically, 5,450 residences were first categorized into

four groups with the lateral distance from the transmission lines of<50 m, 50-99 In, 100­

149 In, and ~ 150 In, respeetively. In each group, the residences near the College of

Public Hea\th ofNational Taiwan University (CPHNTU) or the Power Research Institute

of Taiwan Power Company (pRITPC), the IWO institutes involved in the exposure

assessment, were visited for indoor MF measurements on a voluntary basis. Between

November 1994 and May 1995, MF measurements were carried out for 407 residences.

OftheIn, 97 (23.83%) were within 50 m of the transmission lines. 133 (32.68%) were

somewhere between 50 m and 99 In, 87 (21.38%) were between 100 mand 149 In, and 90

(22.11%) were at least ISO meters away from the transmission lines.

Because the distance between a residence and nearby transmission lines is one ofthe most

important determinants ofMF, it is clear that the 407 residences as a whole should not be

1 Li cr, Thcriault G. Lin RS. Long-term rcsidcntial cxposurc to 60 Hz magnetic fields and risks ofadult

cancers in Taiwan. (Submincd for publication)
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considered a representative sample of the entire residences in nonhem Taiwan with

respect to the underlying distribution of MF. In other words, the agreement between

measured and estimated MFs based on the 407 residences does not necessarily reflect the

agreement estimated from the entire residences, since the extent of agreement relies not

only on the measurement error but also on the distribution of MF among seleeted

residences (Armstrong et al. (1992». It has shown that, between 1987 and 1992, 8.51%

of the residences in nonhem Taiwan were located within 50 m of the transmission lines,

6.94% were between 50 m and 99 In, 5.54 % were between 100 m and 149 In, and

79.01% were located in an area which was at least 151 m away from the transmission lines

1. Based upon the above probability distribution, the 407 residences were reduced by

stratified random sampling to a sample presumably representative ofthe entire residences

in nonhem Taiwan with respect to the distribution ofMF. The reduced sample comprised

114 residences in which 10 (8.77%) were within 50 m ofthe transmission lines, 8 (7.02%)

were between 50 m and 99 In, 6 (5.26%) were between 100 m and 149 In, and 90

(78.95%) were more than 149 m from the lines.

Measured magnetic fields

AlI on site measurements were carried out by three investigators from CPHNTU between

November 1994 and May 1995. Measurements were performed with EMDEX n (the

EMDEXElectric andMagnetic Field Digital Erposure System) which is a hardware and

software package designed for measuring, recording, and ana\yzing MF at broadband

frequency between 40 and 800 Hz (Silva (1993)). The EMDEX n is a programmable

data-acquisition dosimeter that measures the x, y, z vector components ofthe MF and the

resuItant MF (~:r: + y: +:: ). Measurements are stored in the meter's memory and later
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• can be transferred through a seriai communication pon to a computer for storage, display

and analysis. Ali measurements were performed by following a standardized procedure. In

summary, once residential occupants accepted the request for indoor measurements, the

investigator carried out the measurements at an indoor one-meter-high location nearest to

the external transmission lines. The measurement was conducted over approximately 30 to

40 minutes with sampling time interval of 30 seconds. There were roughly 70 readings in

average for each residence. The investigator also recorded the time period of

measurements in order to retrieve contemporary information of currents from either

power generation plants or substations, which was used to calculate the estimated MF at

the time of measurements. To minimize the contamination by other sources of MF, the

residents were asked to turn the whole household power off (Iow-power condition) or at

least appliances near to the location in which the measurement was conducted during the

measurements. More than 70% of the residences were measured under the low-power

condition. AlI the visits were made during the day in order to maximize the resident's

compliance. The data recorded from the residential dosimetry were Iater analyzed at the

CPHNTU. The arithmetic mean of ail readings (resuItant MF) was considered the

summary index ofMF for each residence and was compared with the MF estimated from

relevant power information.

Estimated magnetic fields

In addition to measured MF, MF calculated from currents and other power information

were aIso estimated for the study residences. The 60 Hz MF were calculated, using a

computer software (MAGRD 2.0) (Olsen et al. (1994», for each residence based on the

curren15 at the time of on site measuremen15. The calculation considered the extemal
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high-voltage transmission lines as the only source of 60 Hz MF. Power information and

the distance from the transmission lines are two essential elements for the calculation.

Power information included wire geometric configurations, phase in degrees for each

conduetor, amplitude of current in amperes on the lines, maximum net current through

earth as a percentage of the average current, and the geograplùcal resistivity of earth

(ohm-meters, n m) in the study area. The other information required for MF calculation

is the coordinate ofeach residence in relation to the transmission lines, wlùch included the

lateral distance from the transmission lines (X-axis) and the height above the ground ('{­

axis).

Power information was fumished by the Department of Transmission and Substation

Projeet (DTSP), a technical institute affiliated with Taiwan Power Company (TPC). AIl

power information rernained constant over the period witlùn wlùch on site measurements

were condueted except the load on the lines. The load on the lines is routinely monitored

and recorded on an hourly basis by either power generation plants or power substations.

Determination of the lateral distance between the transmission lines and each residence

was accomplished stepwise. First, each residence was inscn"bed on a large-scaled

residential map showing individual street and residentiallocations. Because the residences

extended over 31 administrative districts whose residential maps were not standardized, a

series of residential maps with distinguishable scales were used to locate the residences.

The scale ofresidential maps ranged from 1 in 5300 (1.89 mm = 10 m) to 1 in 10000 (1.00

mm = 10 m). Second, utility route maps, which displayed the transmission lines in the 31

administrative districts, were generatec1 from the pre-computerized utility maps of the

DTSP to individua11y and exaet1y fit the 31 residential maps in scales. Wrth residential and

utility route maps identical in scale, it was pOSSl"ble to determine the Iateral distance of
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each residence to the nearby transmission lines. Because the design and construction of

buildings were not similar and there were no efficient ways ofkno\\ing exactly the altitude

of each residence, we simply used three meters to estimate the distance between two

floors \\Îthin a building. The MF were estimated for a location one meter above the floor

for each residence.

Statistical Analyses

The primary purpose of this study is to evaluate the e.Xlent of agreement between

measured and estimated MFs. The measured MF was considered a "gold standard" in

comparison \\Îth the estimated MF.

Two measures of agreement were used: the "intra-class correlation coefficient (lCC)"

(Streiner and Norman (1989» and "Cohen's Kappa (KY' (Cohen (1960». The ICC was

applied to measure the agreement when both measured and estimated MFs were taken as

continuous variables. On the other band, the K was used for categorical MFs, \\Îth three

levels, "Iow" representing <1 milligauss (mG), "moderate" representing 1 mG - 2 mG and

"high" representing >2 mG. The ICC, using analysis ofvariance (ANOVA) to determine

the components of variance of MF, was presented as the ratio of variance between

residences (true variation) to the summation oferrer variance and true variance. Severa!

studies have used 2 mG as a cutoff point to define broad categories of MF exposure

(Savitz et al. (1988); London et al. (1991); Feychting and Ahlbom (1993, 1994». Be10w

this Ievel, subjects are considered "unexposed", and above this 1eve1 they are considered

"exposed". We attempted to usethree leveis ofMFv.ith eutoffpoints ofl mG and 2 mG

in this analysis. Becanse K is a measure of exact agreement \\Îth ail disagreements
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considered to be equally serious (Cohen (1960», the use ofK is not appropriate, in certain

circumstances. when the measurement of Înterest is an ordered categorical variable

(Armstrong et al. (1992». In addition to K, we therefore used weighted Kappa (Kw)

which gives a partial credit to a close but not exact agreement (Cohen (1968» in order to

measure partial agreement. The confidence intervals for K and Kw can be computed based

on the large sarnple estimate of the standard error ofK and Kw (Armstrong et al. (1992».
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RESULTS

The distributions ofmeasured and estimated MFs of407 residences are presented in Table

1. The coefficient of variance (CV) of measured MF for each of the four residential

groups v.'llS slightly different with the largest value (98.65) for the residences located

between 50 and 99 m. The CV of estirnated MF. on the other hand. was large for the

residences :2: 150 meters (223.53). The CVofestimated MF forthe reduced sarnple was

a1moSl twice as large as that ofmeasured MF (207.94 Vs 111.60). The difference between

the largest and smallest measured MFs was very large (21.35 mG) among the residences

<50 ID, as compared to that among other residential groups. Similar findings were a1so

observed for estimated MF. The larger range was mainly because sorne residences within

50 m of the transmission lines have experienccd dramatica1ly high MF. 1t was noted that

the smallest measured MF among the entire residences was 0.17 mG, whereas the

estirnated MF for more than a quarter ofresidences ~ 150 meters were estimated to he

very close to zero. The findings suggested that the background MF in northern Taiwan

was about 0.2 mG, which was contributed from power sources other than the transmission

lines.

As shown in Table l, there was a reasonable tendency that the distance from the

transmission lines tended to bave influence on the magnitude of measured MF. WrthOut

performing statistica1 testing, the residences close to the transmission lines appeared to

experience higher measured MF, and the mean ofmeasured MF declined with the distance

from the transmission lines. The trend observecl in measured MF was aIso evident for

estimated MF. Additionally, the mean ofmeasured MF was constantly greater than that of
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estimated MF across ail residential groups. It suggested an underestimation by MF

estimated from power information of the transnùssion lines, which was graphica11y

substantiated by comparing the measured MF with estimated MF of each residence

individually (Figure 1). Figure 1 shows the deviation which was defined by the ratio ofthe

difference between measured and estimated MFs to the measured MF. Measured MF were

in general higher than estimated MF in most of the residences, particularly among the

residences with measured MF lower than 0.5 mG. It was also noted from Figure 1 that the

agreement between measured and estimated MFs appeared to improve for the residences

with measured MF higher than 2 mG.

The components ofvariance in MF and the values oflCC are presented in Table 2. The

variance between residences (true variance) was prominent (14.88 mG) for the residences

within 50 m ofthe transmission lines. Along with a small variance due to residual error,

the ICC was estimated to be 0.93 for the residential group nearest to the transmission lines.

The ICC declined rapidly with increase in distance with 10We5t ICC of 0.42 for the

residences loc:ated il: ISO mfrom the lines. Among the residences ~ ISO m, the variance

due to residences (0.11 mG) was even less than the residual variance (0.15 mG), which

resulted in an ICC below O.S. The ICC for the reduced sample was also bigh (ICC = 0.90),

suggesting a reasonable agreement between MFs resuIting from on site measurements and

those derived from ca1culations for a representarive sample ofnorthem Taiwan residences.

Table 3 shows the eategorized data for both measured and esrimated MFs. The

proportions ofunderes'i"umon ofMF by c:a.1QJlating power information for the residential

groups<SOm,So-99m, 1OG-149m,and il: ISOmwere7.2%,27.1%, 14.9%, and 15.6%,

iespectÏvely. The proportioiiS of oveIe>1ill18tion, however, were much less than that of
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underestimation for each of the residential groups except the residences \\ithin 50 m of

transmission lines. The proportions ofunderestimation and overestimation for the reduced

sample were 14.0% and 2.6%. respective1y. The K for the residences in the group <50 m

was 0.51 (95% CI = 0.29-0.73). A similar K was also observed for the two groups

between 50 and 149 m (0.53. 95% CI = 0.41-0.65 for 50 - 99 m and 055. 95% CI =

0.39-0.71 for 100 - 149 m) (Table 4). For the residences s:: 150 m, the K dropped

dramatica11y to 0.29 (95% CI = 0.05-0.53). The K for the reduced sample was of 0.64

(95% CI = 0.50-0.78).

When a partial weight of 0.5 was assigned to a close but not e'l.llct agreement. the

agreement. expressed by Kw. was again sùni1ar for the two residential groups within 100

m ofthe transmission Iines (Kw =0.60 ,95% CI =0.42-0.78 for <50 m and Kw =0.60.

95% CI = 0.50-0.70 for 50·99 m) (Table 5). The Kw for the residences È: 150 m was

stilliow (Kw = 0.33, 95% CI = 0.13-0.53). The Kw for the reduced sample increased by

12.5% from 0.64 to 0.72 (95% CI = 0.62-0.82). The agreement based on the categorica1

data also declined with the increasing distance from the transmission Iines.
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DISCUSSION

The measured MF in the present study presumably came exclusively from extemal electric

power sources, such as transmission, distribution, and substation equipment, since ail

measurements were conducted in a situation where the household power or at least major

appliances were tumed off. The estimated MF, on the other hand, considered only the MF

emined from high-voltage transmission lines. Not surprisingIy, the residences close to the

transmission Iines tended to show a higher estimated MF, since the distance from the Iines

is one orthe most important e1ements in the equation to caIcuIate MF (Olsen et al. (1994».

The negative association between measured MF and the distance from the transmission

lines was also observed in this analysis, which suggested that the previous studies using

the distance from power Iines to estirnate residential MF were justifiable at Ieast to some

e."l.1ent.

The agreement between measured and estimated MFs appeared to be bette:, though not

statisticalIy significant, for the residential groups Iocated near the tranSmission Iines. Two

indices, ICC and K, consistently indicated that modeling power information to estimate

MF was not precise for the residences in locations which were distant from t~e

transmission Iines. Based on the anaIysîs of the reduced sampIe, there was an excellent

agreement for continuous data (lCC = 0.90). The agreement was much Iower (1(=0.64)

for categorical data with cutoff points of 1 mG and 2 mG, suggesting a possibility that

exposure misclassification may have occurred in previous epidemioIogical studies which

used power information to assess MF exposure. The increase in overall agreement after

considering the partial agreement indieated that some estimated MF mjssed exact
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prediction by only one exposure category.

Our data showed that the magnitude of estimated MF was lower than that of measured

MF for most residences irrespective of their locations. However, the magnitude of

deviation of estimated MF from measured MF for individual residence was neither

systematic nor predietable. The underestimation by modeling power information of the

transmission lines was likely due to an incomplete consideration ofMF sources other than

transmission lines, such as distribution lines and transformers. Additionally, because the

EMDEX II meter can receive the signais with frequencies ranging from 40 to 800 Hz, and

the model considers only 60 Hz MF in the calculation, tne harmonic fields that

accompanied the 60 Hz MF from distribution lines (the harmonic content for transmission

lines is praetically zero) could have contributed to the underestimation as well. It was

noted that the smallest value of measured MF among ail study residences was 0.17 mG,

which suggested that the extemal sources of MF other than transmission lines may have

contributed sorne 0.2 mG to the residential MF in the study area.

It was of interest to observe that the deviation of estimated MF from measured MF .

appeared to be smaller for the residences with higher measured MF, say 2 mG. Because

most ofthe residences with measured MF of2 mG or more were near transmission lines. a

pOSSlble explanation ofthe above findings was that MF ofthese ..esidences were mainly a

function of nearby transmission lines and to a much lesser extent of distnbution lines

supplying these residences. Specifically, our findings may suggest that the transmission

lines would outweigh the distnbution line in determining the MF ofthe residences located

near the transmission lines. For the residences far away from the transmission lines. on the

other band, MF might be contnbuted by the transmission and distnbution lines with equal
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weight or even with greater weights from the distribution line. It is known that currents in

a transmission line can be a dominant source of MF in a home located near the right of

way, even though the distance from the transmission lines may be greater than that from

the distribution lines supplying the residence.

It should be recalled that the two indices ofagreement, K and ICC, are not only influenced

by measurement errors but also by the distribution oftrue residential MF (measured MF in

the present study) among study residences. Even ifthe instrument used for measurements

had the same error variance in the two populations, the measures ofK and ICC would be

smaller in the population with least variation in true exposure (Armstrong et al. (1992».

Therefore, the differences in ICC, K, and Kw between residential groups were not

completely attributable to the measurement error, since the variance in measured MF was

not the same among residential groups. The use of these coefficient to express

measurement error bas been criticized (Altman and Bland (1983». Although measurement

errors due to mode1ing power information were recognized in the anaIysis, we were not

capable of drawing any firm conclusion, based on our data, concerning the association

between measurement errors and the distance from the transmission lines.

According to this anaIysis, the use ofpower information to estimate categorical residential

MF was subject to exposure misc\assification. Given an agreement level of 0.64, a

question emerged as to whether modeling power information from major power lines may

be used to deterrnine the residential MF in future epidemiological studies. The answer is

apparently beyond the issue of measurement validity. The selection of exposure

assessment methods in epidemiological studies might have other "logical" or "practical"

considerations, albeit the validity is unequivocally the most important one. Easy
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• implementation is one ofthe most important reasons for surrogate methods to be used in

the epidemiological study wlùch usually requîres a fair number of study subjects and long­

term monitor of MF exposure. However. it should keep in mind that a lack of satisfactory

validity will compromise any strength of the exposure assessment methods and lead to an

invalid risk estimates. It is therefore suggested that a careful evaluation ofvalidity for any

surrogate method wlùch has been and will be used in the epidemiological studies should be

seriously considered.

The use of power information to estimate residential MF has severa! advantages. First. it

provides a more direct measure of MF exposure than the other (wo frequently used

methods • i.e., wire configuration and distance from power lines. Additionally, MF are

theoretically predietable, since, unlike electric fields, MF are not slùelded by electrically

conductive materials and will penetrate buildings, tree5, and organism (Kaune et al.

(1982)). Second, based on the routinely recorded current load of major power lines, the

approach can be used efficiently to assess MF for a large number ofstudy subjects over a

long period of time. Third, the completeness ofrecords makes it possible to estirnate the

MF in the remote past, wlùch is very helpful for retrospective studies. Although our

analysis suggested a possible exposure rnisclassification resulting from using exclusive\y

power information of the transmission lines to charaeterize residential MF, modeling

power information can sti1l be considered a good alternative for on site measurements in

future studies. Meanwhile, our analysis is also suggestive that more efforts should be

devoted to improve the techniques of modeling power information tbrough a thorough

consideration ofall possible MF sources.
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Table 1. Distributions a ofmeasured and estimated MFs (mG) of407 residences by lateral

distance from the transmission lines.

Lateral N Min. QI Med. Q3 Max. Mean S.D. C.V.

Distance Cm)

MeasuredMF

0-49 97 0.78 3.02 4.30 6.42 22.13 5.36 4.05 75.56

50-99 133 0.51 1.13 1.65 2.41 14.32 2.23 2.20 98.65

100-149 87 0.31 0.72 0.93 1.31 3.12 1.12 0.61 54.46

~ ISO 90 0.17 0.34 0.48 0.82 3.12 0.73 0.61 83.56

Reduced sample 114 0.17 0.39 0.64 1.40 7.11 1.08 1.21 111.60

EstimatedMF

0-49 97 0.81 2.86 3.97 6.11 20.64 5.09 3.93 77.21

50-99 133 0.15 0.95 1.49 2.00 9.76 1.77 1.36 76.84

100-149 87 0.09 0.21 0.59 1.14 2.51 0.76 0.62 81.58

~ 150 90 0.00 0.01 0.05 0.11 2.03 0.17 0.38 223.53

Reduced sample 114 0.00 0.02 0.08 0.80 8.53 0.63 1.31 207.64

a N, number of study residences; Min., minimum, Ql=2S% percentile; Med., median;

Q3=75 percentile; Max., maximum; SD=standard deviation; CV= coefficient ofvariance
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• Table 2. Analysis of variance and Intra-c1ass Correlation Coefficients (ICC) by lateral

distance from the transmission lines.

Lateral Variance components (mG) ICC
Distance (m)

Between Between Residual
. a residences errorInstruments

0-49 0.03 14.88 1.01 0.93

50-99 0.10 2.58 0.76 0.77

100-149 0.06 0.26 0.12 0.68

~ 150 0.15 0.11 0.15 0.42

Reduced sample 0.10 1.43 0.16 0.90

• a Dosimeter and computer software
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• Table 3. Categorical data of measured and estimated l\1Fs for 407 study residences \\;th

cutoff points of 1 and 2 mG by lateral distance from the transmission lines.

EstimatedMF

MeasuredMF Low
a a Hi h n TotalModerate g

0-49m

Low 1 2 0 3

Moderate 2 4 2 8

High 0 5 81 86

Total ~ 11 83 97"
50-99 m

Low 22 5 0 27

Moderate 12 39 2 53

T-llgh ~ 19 31 53"
lotal 37 63 33 133

100-149 m

Low 48 5 1 54

Moderate 6 16 1 23

High 3 4 3 10

Total 57 25 S 87

~ IS0m

Low 71 1 0 72

Moderate 10 3 1 14

High 2 2 0 4

Total 83 6 1 90

Reduced sample

Low 76 2 0 78

Moderate 11 9 1 21

High 2 3 10 lS

Total 89 14 1J 114

a Low,< 1 mG; Moderate, 1 - 2 mG; and High > 2 mG.
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• Table 4. Kappa (K) for each category ofTable 3.

Lateral Distance (m) N II d e f
K S.E. (K) 95% CI for K

--'--'

0-49 97 0.89 0.77 0.51 0.11 0.29-0.73

50-99 133 0.69 0.34 0.53 0.06 0.41-0.65

100-149 87 0.77 0.49 0.55 0.08 0.39-0.71

~ 150 90 0.82 0.75 0.29 0.12 0.05-0.53

Reduced sample 114 0.83 0.54 0.64 0.07 0.50-0.78

II Number ofresidences

b The overall proportion ofobserved agreement

e the overall proportion ofchance-expected agreement.

d kappa
e standard error
f confidence interval
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• Table 5. Weighted Kappa (Kw) for each category ofTable 3.

Lateral Distance (m) Na Pe C Kw d S.E.c(Kw) 95% CI f for Kw

..._---_...__..._..__...._.......•........

0-49 97 0.94 0.90 0.60 0.09 0.42-0.78

50-99 133 0.83 0.59 0.60 0.05 0.50-0.70

100-149 87 0.86 0.69 0.56 0.08 0.40-0.72

~ 150 90 0.89 0.85 0.33 0.10 0.13-0.53

Reduced sample 114 0.91 0.67 0.72 0.05 0.62-0.82

a Number ofresidences

b The overalI proportion ofobserved agreement

c the overalI proportion ofchance-expected agreement.

d weighted kappa

e standard error

rconfidence intervaI
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Figure I.Deviation ofestimated MF !Tom measured MF
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• CONCLUSION M'D SUMMARY

One of the most significant changes that have occurred in our society over the past

centul)' is the development and use of electric power. Its increased generation and use

have caused radical changes in human e:'Cposure to virtuaIly the entire electromagnetic

spectrum. including non-ionizing radiation such as radio-frequency signais (RF) and the

extremely low frequency (ELF, 30-300 Hz) electric and magnetic fields associated \Vith

power generation, transmission, and substation systems. Considerable epidemiological

studies have been carried out during the past 15 years to explore the potentiaI biological

interactions between the human body and power frequency (50 or 60 Hz) eIectric and

magnetic fields. Even 50, both the evidence concerning the carcinogenic effects of power

frequency magnetic fields (MF) and the understanding of the mechanisrns by which MF

interaet with living organisrns are still lirnited. Questions as to the causal Iink between

power frequency MF and human cancers are unanswered at this time.

This thesis appraised the epidemiological evidence from the studies of aduit cancers in

relation to residential exposure to MF. These studies have been less weIl reviewed than

the studies ofchiIdren and workers. The summarizing resuIts from seven studies indicated

an inconsistent association between MF and leukernia. Brain tumors and breast cancers,

two other cancers wbich were frequently suspected of being associated with MF in the

studies of chiIdren or workers, have rareIy been investigated by the residential aduit

studies. Although the studies of chiIdren and workers are unable to provide convincing

evidence can5'l1ly linking MF with cancers at this time, they tend to consistently sugge5t a

moderate association ofMF with brain tumors, and a stronger association with leukernia.
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• This tendency should be carefully examined in future studies and should not be considered

the mere play of chance. The only direct way to answer whether the results from

residential adult studies would show the similar tendency as those from the studies of

children and workers is to condue! additional studies with careful avoidance of

methodological flaws.

The main contribution of this thesis was the results from three case-control slUdies with

identical methodology and the same population base, which investigated the risk of

leukemia, brain tumors, and female breast cancers, respectively. Adult leukemia was the

only cancer under study to possess a significantly elevated risk (50%) from residential

e,'llosure to 60 Hz MF. These studies possessed severa! methodological strengths,

including a large number of study subjects recruited in the studies of leukemia and female

breast cancers, complete blindness during exposure assessment, and calculation of MF

from presumably stable power information. Considering the identical methodology and

population base of three case-control studies, the findings tend to strongly suggeS! a

possible association between residential MF and adult leukemia. However, based sorely

on the results ofthe present study, neither the causal relation between residential MF and

leukemia nor the absence of the association of residential MF with brain tumors and

female breast cancers can be confirmed at this stage. Nevertheless, given a very high

statistical pGwer for the study of female breast cancer, the findings may suggeS! that the

causal relation, ifany, between MF and female breast cancer should be very SI:la!l.

The other integral part of this thesis was an ana1ysis ofthe vaIidity ofMF estimated from

power information ofhigh-voltage power lines, a method which was occasionally used in

previous epidemiological studies to assess residential MF, but was rarely vaIidated
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• empirically. Due to an incomplete consideration ofall possible sources ofindoor MF such

as distribution lines and appliances. the MF estimated e.xclusively !Tom transmission lines

tended to underestimate the real MF actually measured by dosimeters. There appeared to

be a tendency for the agreement between measured and estimated MFs to decline with the

distance !Tom the transmission lines. The agreement. based on the categorized MF with

cutoff points of 1 mG and 2 mG. was estimated to be somewhere between 0.50 and 0.78

for a sample residences presumably representative of all residences in northern Taiwan

with respect to the distribution of residential MF. The results suggested that using only

power information oftransmission lines to estimate residential MF may result in e.xposure

misclassification.

Because the epidemiological study usually requires a large number of subjects to stabilize

the fluctuation ofrisk estimates and a long period of time to obtain a stable MF e.xposure,

it is very unlikely, if not impossible, to perfo:m large-scale and long-term on site

measurements ofMF in epidemiological studies. It can be foreseen that surrogate methods

like mode1ing power information will still be alternatively used to perform exposure

assessment in future studies. From this perspective, the present study strongly suggested

that more efforts should be devoted to further improve the accuracy of estimated MF by

taking into account the other sources ofMF. Meanwhile, a careful evaluation ofvalidity of

any surrogate method of MF exposure assessment which will be implemented in future

epidemiological studies is aise recommended.

The resu\ts from the present thesis do not unequivocally demonstrate that MF emitted

from power lines cansa\ly increase cancer risks. However, given the methodological

improvements this study does provide valuable epidemiological evidence for t.'lis
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• important debate. In order to answer whether or not power frequency MF may contribute

to increased cancer risks, it is important to conduct additional scientific studies that will

reduce the uncertainty currently associated with the question ofpower lines and cancer.
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• APPENDIX: FORMULA FOR CALCULATlNG MAGNETIC FIELDS OF POWER

UNES WITH SPECIFIED CURRENT

The EU magnetic fields ofa power line are related to electric currents on the line. For Ne

horizontal conduetors, a simple formula that accounts also for the induced eddy currents

in a conducting earth is

B =_2~>.{[(y-=d.)
"-1 rew

mG(RMS)

•
Tao =~(x-h.)= +(y-dj, r.. =~(X-h.)= +(y+d. +a~)=

a. = .J2ô~ e-J
"· , Ô. = 503~p~ 1f ,

il. and ily are two veetor units

p. is the earth resistivity (0 m),jis the frequency in Hertz, ln is the conduetor current

(amps-RMS), and ail distances are in meters. The n th conduetor is located at (hn, dn).

Note that the earth current for each conduetor is equal in magnitude and opposite in

direction to the conduetor current. In addition, each earth current is buried in the earth at

a complex depth proportional to ô.' the skin depth ofthe earth.

In the computer program MAGFLD 2.0, nominal currents are specified for each phase

conduetor. In the deterministic case, the earth retum current (assuming no neutral

conduetor) is automatically set equal to:
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•

•

where Np is the number ofphase conductors./ ph is the vector sum ofthe currents on the

phase conductors. and / carlh is the eanh retum current (the above teX! was paniaily

extracted !Tom the publication bl' Olsen RG et al. Developmenr and validation of

software for predicting ELF magnetic fields necr power lines. presented in the IEEE

Power Engineering Society Summer Meeting. San Francisco, CA, 1994).

It is also noted that the above deterministic analysis was employed in this thesis to

estimate residential 60 Hz magnetic fields. in wruch no current arnplitudes variation and

neutral conductor was considered .
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