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Abstract The relationship between occupational expo-
sure to extremely low-frequency electromagnetic fields
and adult leukaemia has been studied extensively during
the last decade. The first studies were based on crude ex-
posure assessments, estimated through job titles, with no
or only limited control of confounding factors. The results
were often inconsistent, indicating no effectsin about 50%
of the studies, while the other half showed only small to
moderate effects. Concern has been raised that crude ex-
posure-assessment methods might have diluted the effect
estimates, and that improvement of the methods used for
exposure assessment would result in more consistent as-
sociations. The present review emphasises the latest stud-
ies with considerably improved exposure assessments, as
well as the control of confounding factors. Results from
studies where exposure was assessed through measure-
ments of the magnetic fields at the workplace are still in-
consistent. These studies provide some support for the hy-
pothesis of an association between magnetic field expo-
sure and adult leukaemia, especially for chronic lympho-
cytic leukaemia, but inconsistencies between and within
studies weaken the evidence. The lack of consistency re-
garding the type of leukaemia associated with magnetic
field exposure might be explained by differences between
the study designs or the populations studied, but based on
the existing evidence, no firm conclusions can be drawn.

Introduction

The interest in a possible association between extremely
low frequency (ELF) electromagnetic field exposure and
cancer dates back to 1979 when Wertheimer and L eeper
[1] reported an excess of cancer mortality among children
living in homeswith presumedly elevated magnetic fields.
Since then, a large number of epidemiological studies of
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the association between residential or occupational expo-
sure to electromagnetic fields and cancer has been pub-
lished. Severa reviews of this research have been per-
formed by different task groups, such asthe Oak Ridge As-
sociated Universities panel in the USA and the British Ra-
diological Protection Board, and by independent research-
ers [2-6]. This review will focus on studies dealing with
the association between occupational electromagnetic
field exposure and adult leukaemia which were published
between 1993 and 1995 [7-14].

Magnetic fields are able to penetrate buildings, trees
and other objects, in contrast to electric fields, which are
easily shielded. Therefore, studies of residential exposure
to electromagnetic fields have focused on magnetic field
exposure. In general, occupational exposure is due to a
combination of both magnetic and electric fields, although
most of the epidemiological studies have limited the expo-
sure assessment to the magnetic fields.

It isdifficult to evaluate the existing research on a pos-
sible association between occupational exposure to mag-
netic fields and adult leukaemia. Today, no mechanismis
known which describes a potential interaction between
ELF magneticfieldsand biological systemsthat could pro-
duce leukaemia. As a conseguence, the biologically rele-
vant aspectsof magneticfield exposure areunknown. Even
if the majority of the later studies focused on magnetic
fields, the electric fields might also be relevant, and more-
over, different patterns of magnetic field exposure might
produce different effects. For example, it is unknown
whether the effect of along-term exposure to moderately
elevated magnetic fields is comparable to that of a short
term exposure to very high fields. Intermittent magnetic
field exposure may be morerelevant, or perhapstime spent
above acertain magnetic field strength level . Furthermore,
magnetic fields are ubiquitousin the environment, and no-
body is unexposed. Thus, there is always a certain amount
of misclassification of the exposure in studies of possible
health effects due to magnetic field exposure.

The first group of studies performed can be character-
ised as ones exploring existing data with regard to indices
of magnetic field exposure. Only those studies published
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within the last few years have utilised thoroughly devel-
oped methods for exposure assessment. This review will
focus on research concerned with occupational exposure
estimated through actual measurements of magnetic fields
in workplaces. Readers who are interested in a more com-
prehensive overview of the first generation of studies are
referred to earlier reviews (e.g. [6]).

First generation of studies

The first generation of studies used rather crude methods
to assess magnetic field exposure, mainly through job
titles [15-31]. Virtually no direct measurements of the
magnetic fields in different occupations were performed,
and the grouping of job titlesinto “electrical occupations’
was made rather intuitively. Separate analysesfor occupa-
tions believed to be highly exposed, such as electricians,
linemen and welders, were often provided. Later studies
designed to investigate the exposure within different oc-
cupations confirmed that workerswithin occupationsorig-
inally classified as“electrical” generally have ahigher ex-
posure to magnetic fields than workers in other occupa-
tions [32]. There may, however, be alarge variation in the
level of exposure within and between “electrical” job ti-
tles, which would create a non-differential misclassifica-
tion of the exposure. In most studies, no or only alimited
control of potential confounding factors was made. Sev-
eral of these early studies were designed as proportional
mortality (or morbidity) studies, while others were cohort
studies based on historical registries containing informa-
tion about occupation, such as census registries. In some
case-control studies, magnetic field exposure was one of
the risk factors studied. In these studies, the occupational
history among cases was compared with that among con-
trols, but assessment of the exposure was still based on job
titles alone.

Results of the first generation of studies

Approximately 20 studies were published before 1991. In
about one-half of those reporting resultsfor all leukaemias
combined, a modest increase of risk for “electrical occu-
pations” was found, the risk estimates ranging from 1.2 to
1.5. Theother half did not report any association. The same
holds true for acute myeloid leukaemia, although fewer
studies are available, and the risk estimates are slightly
higher when elevated and less precise. Several studies de-
scribe results for specific occupations assumed to be asso-
ciated with high magnetic field exposure. For electricians,
about half of the studies found slightly increased risk es-
timates for total leukaemia, whereas for linemen, the as-
sociation with total leukaemia was more consistent, with
nine of ten studies showing risk estimates >1. In several
studies, modest associations were found for electrical en-
gineers, but virtually none for welders.

The majority of the studies provide no or only limited
information on potential confounding factors, yet con-
founding may have affected the results in several of the
studies.

The possibility that non-differential exposure misclas-
sification may have diluted therisk estimatesin studies us-
ingjobtitlesasthebasisfor exposureassessment have been
discussed. If thisis true, higher and more consistent risk
estimates would be expected in studiesin which the expo-
sure assessment has been improved.

Measurement studies

During the last few years, a number of studies have been
published in which a considerable improvement of the as-
sessment of occupational exposure to magnetic fields was
achieved, aswell as of potential confounding factors. This
review will focus on eight studies based on magnetic field
measurements for exposure assessment. Table 1 presents
some design characteristics of these eight studies. That by
Savitz and Loomis [11] and one of them by Tynes et al.
[14] are cohort studies, that by Sahl et al. is both a cohort
and a case-control study and all others are case-control
studies. Themajority of studieswereperformedwithin cer-
tain industries, while those by Floderus et al. [7] and by
London et al. [8] were based on the general population.
The study by Matanoski et al. [9] involved telephone and
telegraph workers, the studiesby Sahl et al. [10], Thériault
et a. [12], and Savitz and Loomis [11] involved electric
utility workers, the case-control study by Tyneset al. [13]
involved railway workers, and the cohort study by Tynes
et al. [14] involved hydroel ectric power workers. The two
studiesby Tyneset al. [13, 14] and the study by Sahl et al.
[10] are based on rather small numbers of cases, and give
results only for all leukaemia diagnoses combined. Mata-
noski et al. [9] excluded all cases of chronic lymphocytic
leukaemia, and reported resultsfor all other leukaemiadi-
agnoses combined. The other studies present results for
subgroups of leukaemia.

Matanoski et al. [9], Sahl et al. [10] and Savitz and L oo-
mis [11] examined mortality as the outcome, while the
other studies investigated incident cases.

None of the studies measured the magnetic field
exposure for each individual subject included, but rather
for categories of occupations, through a number of work-
ers within each job category or through a representative
sample of workdays within a job category. The exposure
estimate for the job category was assigned to each in-
dividual worker within that category. The mgjority of the
studies estimated the cumulative exposure for the in-
dividual workers, with the exception of the studies by
Floderus et a. [7] and London et al. [8], the first one
estimating the average exposure for thejob task held long-
est during the 10 years preceding diagnosis, and the latter
including only the latest occupation.



Table1l Design characteristics of studies of occupational exposure
to magnetic fields and adult leukaemia, with exposure estimates
being based on measurements of the magnetic fields at the work-
place. (All = all types of leukaemia combined, AnL = acute non-
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lymphocytic leukaemia, AML = acute myeloid leukaemia, ALL =
acute lymphocytic leukaemia, CLL = chronic lymphocytic leukae-
mia, CML = chronic myeloid leukaemia)

Study Study design Type of outcome Location Industry Number of
(leukaemia subgroups) eligible cases
Matanoski et al. 1993 [9] Case-control Mortality USA Telephone 124
(All excl. CLL) and telegraph
Sahl et al. 1993 [10] Cohort and Mortality USA Electric utility 44
case-control (All)
Floderus et a. 1993 [7] Case-control Incidence Sweden Community-based 325
(All, AML, CLL)
London et al. 1994 [8] Case-control Incidence USA Community-based 2355
(All, AnL, CLL, CML)
Thériault et al. 1994 [12] Case-control Incidence Canada Electric utility 140
(All, AnL, AML, ALL,
CLL, CML)
Tynes et al. 1994a[13] Case-control Incidence Norway Railway 53
(Al
Tynes et a. 1994b [14] Cohort Incidence Norway Hydroelectric 11
(All) power
Savitz and Loomis 1995 [11] Cohort Mortality USA Electric utility 164

(All, AML, CLL)

Results of measurement studies

Table 2 presents the results for all leukaemia diagnoses
combined, with exposure assessment based on measure-
ments. Effect estimates were slightly elevated in four of
the eight studies. Anindication of doseresponsewasfound
inthestudiesby Floderuset al. [7] and Thériaultetal. [12],
but not inthe others. Thériault et al. presented inconsistent
results among the participating utilities, showing elevated
risks for two of them, but not for the third one.

Four of the studies presented results based on job titles.
London et al. [8] found asmall increase in leukaemiarisk
for subjects working in “electrical occupations’, but this
finding was not supported by the other three studies. Sa-
vitz and Loomis [11] and Sahl et al. [10] noted elevated
risks for electricians, but not for other occupations. Mata-
noski et al. [9] did not observe an association with any of
the occupations believed to involve exposure to magnetic
fields, but when the material was restricted to active or re-
cently retired workers, resultsindicated an associationwith
line work.

Table 3 presents results for subgroups of leukaemia,
based on magnetic field measurements. The elevated risk
for leukaemia found in the Floderus study [7] was totally
confined to chronic lymphocytic leukaemia, with a clear
dose-response pattern. No association at all was found for
acute myeloid leukaemia. In the London study [8], an el-
evatedrelativerisk for chroniclymphocyticleukaemiawas
found only in the intermediate category, but the number of
casesinthehighest exposurecategory wassmall. A slightly
increased risk for acute non-lymphocytic leukaemia was

Table 2 Occupational magnetic field exposure and all leukaemia
diagnoses combined, results from studies with exposure estimates
being based on measurements

Study Exposure All leukaemias
combined

Matanoski et al. 1993 [9] =Median 2.5(0.7-8.6)
Cumulative exposure 2nd quartile 14

3rd quartile 4.6

4th quartile 25
Sahl et al. 1993 [10] >3.5 uT-years
Cumulative exposure (median) 1.0(0.8-1.4)
Floderus et a. 1993 [7] 0.2-0.28 uT 1.2(0.8-1.9)
Mean exposure >0.29 uT 1.6 (1.1-2.4)

>0.41 uT 1.7 (1.0-2.7)
London et al. 1994 [8] 0.18-0.8 uT 1.2 (1.0-1.6)
Mean exposure >0.8 uT 1.4 (1.0-2.0)
Thériault et al. 1994 [12]  =3.1 uT-years 1.5(0.9-2.6)
Cumulative exposure (median)

3.1-6.89 uT-years 1.3 (0.7-2.4)

6.9-15.69 uT-years 1.9 (1.0-3.8)

>15.7 yT-years 1.8 (0.8-4.0)
Tynes et al. 1994a[13] 0.1-310 uT-years 1.0 (0.5-2.1)
Cumulative exposure >310 pT-years 0.6 (0.3-1.2)
Tynes et al. 1994b [14] <5 uT-years 0.95
Cumulative exposure 5-35 uT-years 0.74

>35 uT-years 1.04
Savitz and Loomis 1995 RR per uT-year 1.0(0.9-1.1)

(11]
Cumulative exposure
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Table3 Occupational magnet-
ic field exposure and subgroups

of leukaemia, results from stud-
ies with exposure estimates
being based on measurements

Study Exposure AML or AnL CLL
Floderus et al. 1993 [7] 0.2-0.28 uT 0.8 (0.4-1.6) 2.2(1.14.3)
20.29 uT 1.0 (0.6-1.9) 3.0(1.6-5.8)
2041 uT 0.9 (0.4-2.1) 3.7(1.8-7.7)
London et al. 1994 [8] 0.18-0.8 uT 1.3(0.9-1.9) 1.6 (1.2-2.3)
>0.8 uT 1.3(0.7-2.3) 0.8 (0.4-1.5)
Thériault et al. 1994 [12] 23.1 uT-years 3.2(1.2-8.3) 1.5(0.54.4)
3.1-6.89 uT-years 4.0 (1.4-12.0) 1.1(0.3-3.9)
6.9-15.69 uT-years 2.2(0.7-7.3) 2.2 (0.6-8.3)
>15.7 uT-years 2.7 (0.5-14.5) 1.7 (0.4-6.7)
Savitz and Loomis 1995 [11] RR per uT-year 1.0(0.9-1.2) 1.0 (0.8-1.1)

found, with wide confidence intervals, especially for the
highest exposurecategory. Londonet al. 8] found thehigh-
est relative risk estimate for chronic myeloid leukaemia,
with an odds ratio of 2.5 (range 1.4-3.8). Thériault et al.
[12] found elevated risks primarily for acute myeloid leu-
kaemia, but no dose-response pattern. Therelative risk for
chronic lymphocytic leukaemia was slightly elevated but
imprecise. Savitz and Loomis [11] found no association
for any of the leukaemia subgroups when measurements
were used to estimate exposure. Elevated risk estimatesfor
both chronic lymphocytic and acute myeloid leukaemia
were noted for electricians, the occupation with the high-
est exposure in the Savitz study.

No control for confounding was made in the studies by
Matanoski et al. [9] and Sahl et al. [10]. In the other stud-
ies controlling was done for exposure to solvents[7, 8, 11,
13, 14], benzene, ionising radiation [7, 8], gasoline exhaust
[8], herbicides[8, 13, 14], polychlorinated biphenyls[11],
smoking [12, 13] and urban/rural residence [7]. Thériault
et al. controlled for each chemical and physical agent listed
as carcinogenic by the International Agency for Research
on Cancer, and for socioeconomic status.

Discussion

To summarise the results of studies using measurementsto
estimate occupational exposure to magnetic fields is not
an easy task. For al leukaemia diagnoses combined, half
of the studies noted moderately elevated risk estimates,
while the other half found no association. For leukaemia
subtypes, the results are inconsistent, even if some trend
can be seen for chronic lymphocytic leukaemia. However,
several of the results for this subgroup of leukaemia are
based on a small number of cases.

There are no obvious explanationsfor the discrepancies
among the results. There may be systematic or random er-
rorsin individual studies, but there may also be real dif-
ferences among the popul ations studied. Three of the stud-
ies in which no association was found were based on a
small number of cases[10, 13, 14]. Furthermore, there may
beadifferenceintheexposure patternin studiesof the gen-
eral population, compared with studies of workers within
aspecificindustry, such aselectric utility workers. Therel-

evant aspect of the exposure is unknown, and average or
cumulative exposurein one study might express something
different from the average or cumulative exposure in an-
other study. The prevalence of other risk factors for leu-
kaemiaislikely to differ between the different popul ations
studied. Assuming that magnetic fields act as a promotor
rather than as an initiator, this may be crucial for the re-
sults.

The studies could include a varying degree of misclas-
sification of the exposure. None of the studies estimated
the exposure for each individual, but rather for occupa-
tional categories. Inthisway, the variation of the exposure
within occupational categorieswas not taken into account.
Exposure estimates in the cohort study by Tyneset al. [14]
were based on spot measurements, and the exposure lev-
elsin both the cohort and the case-control study by Tynes
etal. deviateconsiderably from exposurelevelsintheother
studies. Inthe London study [8], measurementswere made
primarily for electrical occupations, as originally defined
by Milham [20], while only a random sample of non-
electrical occupations was measured.

Other characteristics of the individual studies may af-
fect theresults. Thelack of datainthe Matanoski study [9]
was considerable; only 61% of cases plus at least one
matched control had some type of information on job, and
information on job history was available for only 35
matched sets. The controls in the London study [8] were
subjectswith cancer of other typesthan leukaemiaand ma-
lignancies of the central nervous system. In the other case-
control studies, controlswere selected from the popul ation
generating the cases. In the cohort study by Tynes et al.
[14], the incidence among the Norwegian male population
was used for comparison, which means that the “healthy
worker effect” islikely to alter the results.

The type of outcome studied may influence the com-
parability between studies. Studies of mortality may not
be suitable for looking at subgroups of leukaemia, such as
chronic lymphocytic leukaemia. Thismay explain thelack
of an association in the Savitz study [11], and also in the
study by Sahl et al. [10]. Matanoski et al. [9] did not even
include chronic lymphocytic leukaemia due to this prob-
lem. Inthe study by Thériault et a. [12], persons above 60
years old were underrepresented due to restrictionsin one
of the subpopulations. This may also affect the results for
chronic lymphocytic leukaemia.



Different assumptionsabout latency could also givedif-
ferent results. Most of the studies collected information
about work histories and calculated a cumulative lifetime
exposure. Floderuset al. [ 7] considered the exposurein the
10 years preceding diagnosis. In the study by Thériault et
a. [12], arelative risk estimate of 4.1 (95% Cl 0.9-18.0)
was found for chronic lymphocytic leukaemia when the
exposure window 0-20 years before diagnosiswas consid-
ered, quite comparable to the results of Floderuset al. [7].
However, this pattern did not occur in the study by Savitz
and Loomis[11].

Confounding as a possible explanation for the varia-
tions between studies must also be considered. However,
there are only a few known or suspected risk factors for
leukaemia, and in the studies where control was made for
confounding, the results remained virtually unchanged.

It is noteworthy that all efforts towards a better assess-
ment of the exposure through extensive measurement pro-
gramsdid not result in more precise and consistent risk es-
timates, as would have been expected if misclassification
of the exposure was reduced.

Conclusions

There is some evidence for an association between occu-
pational magneticfield exposureand leukaemia, especially
for chronic lymphocytic leukaemia, but the inconsisten-
cies between and within studiesweaken the evidence. Cur-
rently, no firm conclusions can be drawn regarding the as-
sociation between occupational magnetic field exposure
and adult leukaemia.

Future studies need to improve the exposure assess-
ment, preferably assessing the exposure for each subject
inthe study, and including al so exposure outsidework. Ac-
cess to historical exposure levels would also improve the
assessment considerably. Apart from that, new studies
should be designed to study chronic lymphocytic leukae-
mia, as well as other subtypes of leukaemia. Studies that
are simply repeating the design features of previous stud-
ies, especially regarding methodsfor exposure assessment,
will probably not add much information concerning the
guestion of an association between magnetic fields and
adult leukaemia.
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