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The feasibility of measuring exposure to extremely low frequency magnetic ®elds (ELF MF) in the UK Adult Brain Tumour
Study (UKABTS) was examined. During the study, 81 individuals and 30 companies were approached with 79 individuals and
25 companies agreeing to participate. Exposure data were collected using EMDEX II dosemeters worn by the participants
for 3----4 consecutive days. Data were collected over a total of 321 d, including non-occupational periods. The results showed
occupational exposure to be the main determinant of overall exposure. Moderate to strong correlations were found between
arithmetic mean exposure and all other metrics with the possible exception of maximum exposure. Signi®cant differences in
exposure were found between job categories with large variability in certain categories. Highest average exposures were found
for security of®cers (arithmetic mean, AM: 0.78 lT), secretaries (AM: 0.48 lT) and dentists (AM: 0.42 lT). Welding and
working near high-voltage power lines were associated with elevated exposure. In summary, acceptably precise measures of
ELF MF exposure are feasible at relatively moderate cost. The results were used to develop a protocol for data collection
from subjects in the UKABTS.

INTRODUCTION

Adult brain tumours present a challenging detri-
ment to modern society. Among the most lethal of
cancers, their reported incidence has been rising
steadily around the world(1----5). Although the
increase is more prevalent in the elderly, brain
tumours do impinge perceptibly on younger popula-
tions, accounting for 10.7% of all registered cancer
deaths in Scotland in those less than 45 y of age(6).
Much of the increasing incidence results from
improving detection and diagnosis(7,8). Yet the
degree to which increased exposure to carcinogens
in the environment or other factors are implicated
remains unclear(7,9----12).

In recent decades, epidemiological studies have
explored the involvement of a wide range of envir-
onmental agents in the aetiology of adult brain
cancer(13). Among the factors postulated to in¯u-
ence the onset of brain cancer is exposure to extre-
mely low frequency (ELF) electromagnetic ®elds
(EMF), in particular magnetic ®elds (MF). The

early epidemiological studies that examined this
association tended to rely on job title, often derived
from an uncorroborated death certi®cate, with
certain `electrical' occupations taken broadly to
indicate high exposure. With the advent of com-
mercially available dosemeters, more recent studies
have tended to assign exposures using job exposure
matrices, classifying jobs and relating these to
summary measures from a representative group of
workers. These exposure matrices have a number
of inherent limitations, in that only a proportion
of jobs can be classi®ed by measurements. In addi-
tion, Rodvall et al.(14) showed that occupation itself
is not necessarily a good predictor of EMF exposure
with high exposure found in various jobs in non-
electrical industries, whilst Harrington et al.(15)

found that EMF exposure can vary markedly even
in narrowly de®ned occupational groups.

In 2001, the UK Adult Brain Tumour Study
(UKABTS) was set up to investigate a number of
possible causes of brain tumours. The UKABTS is
part of an international case----control study of adult
brain tumours (the INTERPHONE study), co-
ordinated at the International Agency for Research
on Cancer (IARC), i.e. investigating the association�Corresponding author: martie.van-tongeren@man.ac.uk
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between mobile phone use and incidence of brain
cancers(16). In addition to mobile phone use, the
UKABTS will also investigate the role of occupa-
tional exposure to solvents and pesticides, and occu-
pational EMF exposure, including ELF MFs in the
aetiology of brain tumours. Information on occupa-
tion, tasks and use of equipment, will be gathered
during interviews using Computer Assisted Personal
Interview (CAPI) software. The INTERPHONE
study is developing an expert exposure assessment
method for determining occupational EMF expo-
sure through the interpretation of information
from the CAPI.

The World Health Organisation (WHO) interna-
tional EMF project recommended that in order to
aid future research EMF studies should gather as
much information relevant to alternative metrics as
possible(17). Direct measures of exposure can supple-
ment existing exposure matrices and increase the
precision of exposure estimates. In addition alternat-
ive exposure metrics can be investigated. Given
suf®cient statistical power such measures can pro-
vide alternative analyses of possible disease associa-
tion. Therefore, this study was carried out to
determine whether collecting direct measures of
ELF MF exposure is feasible in the context of the
UKABTS(18).

METHODS

Study participants

The UKABTS is operating from four study centres:
Scotland, Trent, West Midlands and West Yorkshire.
Subjects that were enrolled in the Trent region
during the period June 2001 and February 2002
were assessed as to their competence (mainly based
on their health status) to participate in the feasibility
study. To maximise the use of time and instruments
preference was given to subjects in the Nottingham
area, although subjects in the Leicester and Shef®eld
areas were also included in order to broaden the
diversity of jobs. Initially, competent subjects were
asked during the main CAPI interview whether they
would be prepared to participate. Individuals who
agreed were then contacted by phone in order to
seek permission to obtain measurements. Indivi-
duals were asked, where appropriate, for permission
to contact employers for the purpose of placing
meters with company staff. With permission
employers were approached by a member of the
research team. The employers were provided with
details about the study and a letter of endorsement
from the Health and Safety Executive. When a sub-
ject was no longer in post, the employer was asked
to select an appropriate proxy employee, based on
subject name and a job description. In addition to
the UKABTS subjects, a number of employees from

the University of Nottingham with potentially
higher exposures were selected for investigation.

Data collection

Emdex II magnetic ®eld meters (Enertech Consul-
tants Ltd, California, USA) were used to record
data. The meters were programmed to record
the resultant magnetic ¯ux density in both broad-
band (40----800 Hz) and harmonic (100----800 Hz)
frequency ranges at a sampling interval of 5 s. The
meter has a dynamic range of 0.01----300 mT with a
resolution of 0.01 mT in the frequency range 40----800 Hz,
and an overall accuracy of 10% in the dynamic
range 0.01----10 mT (�0.005 mT, accounting for the
resolution in the low range). The meter used in the
study had an enhanced memory capability enabling
the collection of data with the above settings for
about 6 d.

The meters were worn at the waist, and left at the
bedside, at bed height, overnight. During activities
where it was impracticable to wear a meter, such as
sport, bathing etc., the subjects were asked to place
the meter as close as was practicable at waist height.
Participants completed a short diary identifying
periods at work, at home or travelling to and from
work and recording when the instrument was not
worn. A short questionnaire was also completed on
a daily basis to identify potentially important MF
sources and high exposure tasks.

All meters were calibrated using a Helmholtz coil
facility that has an uncertainty of 2.5%, traceable to
national standards. Before and after each measure-
ment, meters were checked to be functioning
correctly by means of a check source generating a
nominal ®eld of 5 mT. Exposure and check source
data were downloaded after each assessment using
EMCALC software. The Emdex II meter attaches a
`bad data' ¯ag to each measurement where either
the reading is beyond the dynamic range of the
instrument or the measured ®eld is changing very
rapidly. Individual records were examined as part
of a quality control process and instances where the
data looked suspect were followed up with the
aim of identifying sources and, where possible,
repeating the measurements to re¯ect more typical
circumstances.

Statistical analysis

For each day of the measurement period, data were
divided into speci®c periods to cover work, travel to
and from work, and domestic and other activities.
The following metrics were computed in the broad-
band range: time weighted average (TWA), stand-
ard deviation (SD), geometric mean (GM), per cent
of time above 0.2 mT (% >0.2 mT), intermittency
(ITM) and maximum value (MAX). The TWA in
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harmonic range (H-TWA) was also computed.
Intermittency is the mean absolute difference
between adjacent readings, and is a measure of
®eld variation. The metrics were calculated sepa-
rately for each day and each activity period using
the 5 s interval data.

The distributions of all daily exposure metrics
were skewed toward low values and, apart from
the % >0.2 mT metric, data were log transformed
prior to statistical analyses. For % >0.2 mT, a
transformation according to [(x � 0.001)0.25] was
applied to give an approximate normal distribution.

Pearson correlation coef®cients were calculated to
determine if occupational exposure and total expo-
sure were associated, and to examine the relation-
ship between the various exposure metrics calculated
for the occupational exposure period.

Random effects models were used to estimate the
variance components for the whole occupational
dataset, and the components were subsequently
used to estimate the extent of the theoretical
attenuation of a presumed exposure----response rela-
tionship, using(19):

ORobs�OR
r2

TA
true �1�

where ORobs is the observed odds ratio for exposed
versus not exposed, and ORtrue is the real under-
lying OR. rTA is the validity coef®cient:

rTA�H
s2

bw

s2
bw��s2

ww=k� �2�

where s2
bw is the estimated between-worker variance

and s2
ww is the estimated within-worker variance

component of exposure and k is the number of
measurements on each individual. This analysis
assumes that exposure data is available for each
individual in the study. The within-worker variance
is a measure of the precision of the exposure esti-
mate, whilst the between-worker variance is a mea-
sure of the range of individual mean exposure levels
in the study. In this case, a larger between-worker
variance is bene®cial as this indicates a greater con-
trast in exposure between individuals in the study
and hence will improve the ability to accurately
determine the true exposure----response association.

Next, all individuals were grouped into job cate-
gories, based on similarity of job titles, although
these were not necessarily from the same work place.
Random effects models were used to estimate the var-
iance components for each job category. In this case,
the estimates of the between-worker variance provides
information on homogeneity of exposure within the
job categories. Large between-worker variation indi-
cates that workers are grouped inappropriately. This
can result in signi®cant misclassi®cation of exposure
when exposure estimates based on data from the whole
group are applied to each individual within the group.

Also, the exercise provides some information on the
likelihood of misclassi®cation of exposure when using
proxies in place of true study subjects. Finally, mixed
effects models were used to estimate the effects of job
and task on occupational exposure, at the same time
estimating the pooled variance components (within or
day-to-day variance and between individual variance).

All analyses were carried out using SAS for
Windows, Release 8.02 (SAS Institute Inc., Cary,
NC, USA).

RESULTS

Of a total of 81 individuals approached, 79 (98%)
agreed to participate, and 25 of the 30 (83%) com-
panies approached consented to on-site measure-
ments. Of the ®ve company refusals, four related
to requests for proxy employees, whilst the other
refusal was because of safety considerations. Expo-
sure data were available from 321 days, 229 of
which included occupational measurements (n � 62
individuals), 299 included measurements during
domestic or other activity measurements (n � 75
individuals), and 200 included periods of travel to
and from work (n � 57 individuals).

Table 1 shows the summary statistics for the daily
TWA exposure metric for occupational, travel and
domestic exposure levels for all the pilot study par-
ticipants. In addition to the arithmetic mean (AM)
and minimum and maximum values, the GM and
the geometric SD (GSD) are given. The highest
levels of exposure were observed during occupa-
tional periods. The mean occupational TWA expo-
sure was 0.2 mT, compared with 0.13 mT for travel
periods and 0.08 mT for domestic periods (including
other non-occupational and non-travel activities).
Exposure levels for the selected occupations were
signi®cantly higher than for occupational TWA
exposure for the UKABTS participants ( p< 0.05).
There were no statistically signi®cant differences
between the populations in exposure during travel
and domestic periods. The average daily exposure
(taking all measurements during all periods together)
was 0.13 mT (GM � 0.09 mT).

The correlation between exposure during occupa-
tional periods and the average exposure over a whole
day was greater than 0.8 for the TWA, SD, % >0.2 mT,
ITM and MAX metrics (Table 2). The correlation
coef®cients for GM and H-TWA were 0.73 and
0.55, respectively. Correlations between the expo-
sure at home and total daily average exposure were
generally much lower (data not shown), with the
exception of the metric GM and % >0.2 mT, whilst
the correlation between exposure during travel per-
iods and daily average exposure was poor (<0.35).
The results indicate that exposure at work is the
main determinant of total exposure.
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Table 3 gives the correlation matrix of daily
occupational exposure metrics collected from
62 individuals on 229 d. TWA exposure was
strongly correlated with exposure expressed as
GM, H-TWA and % >0.2 mT. Correlation was
also strong between SD and ITM and MAX.
Weak correlations were found between MAX and
TWA, GM, H-TWA and % >0.2 mT.

Figure 1 shows a scatter plot of the broadband
(TWA) and harmonic (H-TWA) exposure metrics.
There appear to be two H-TWA populations, one
with a fairly constant relationship between the two
metrics and one with a relatively stable harmonic
content, irrespective of the TWA level. The ®rst
group, with harmonic exposure less than half the
broadband level, includes a secretary, two dentists,
a dental nurse, a forklift driver, a mineral resources
engineer and a forecourt attendant (working
adjacent to a bank of fridges and freezers). In the

second group is a security of®cer working close to
an overhead HV line, a plastics-extrusion operator,
two engineer/machinists and an electrician. A con-
tinuing programme of harmonic measurements will
enable further exploration of such groups and may
provide more discrimination.

The potential attenuation of a hypothetical expo-
sure response association due to random measure-
ment error in occupational exposure (day-to-day
variability) was estimated for a number of metrics
based on the estimated variance components and
assuming that exposure data were available for all the
individuals in the study. Table 4 gives the within- and
between-workervariancecomponentforoccupational

Table 1. Summary statistics for daily TWA exposure estimates.

Population� N AM (mT) GM (mT) GSD Min. (mT) Max. (mT)

Domestic and other Full study 299 0.08 0.05 2.39 0.00 1.61
UKABTS 201 0.09 0.06 2.54 0.01 1.61
Interest 98 0.06 0.05 2.08 0.00 0.27

Travel Full study 200 0.13 0.10 1.93 0.01 1.58
UKABTS 107 0.12 0.10 1.97 0.01 0.38
Interest 93 0.14 0.10 1.89 0.03 1.58

Occupational Full study 229 0.22 0.11 3.04 0.01 3.05
UKABTS 131 0.20 0.09 3.15 0.01 3.05
Interest 98 0.26 0.16 2.64 0.02 1.30

Total Full study 321 0.13 0.09 2.38 0.01 1.84
UKABTS 219 0.13 0.08 2.44 0.01 1.84
Interest 102 0.14 0.10 2.18 0.02 1.09

�The analyses were carried out for the whole group (full study), and separate for study subjects of the UKABTS and for
individuals selected for interest readings, who do not participate in the case----control study (Interest).
N � number of daily measurements; AM � arithmetic mean of daily means; GM � geometric mean of daily means;
Min. � minimum result of daily means; Max. � maximum result of daily means.

Table 2. Pearson's correlation coef®cients for total and
occupational exposure for the various exposure metrics using

transformed daily exposure metrics.

TWA SD GM % >0.2 mT ITM MAX H-TWA

0.83 0.83 0.73 0.81 0.90 0.84 0.55

TWA: time-weighted average of broadband measures
across the work shift; GM: geometric mean of broadband
measures across the work shift; SD: standard deviation of
broadband measures across the work shift; ITM: inter-
mittency of broadband measures across the work shift;
MAX: maximum broadband measure across the work shift;
H-TWA: Time weighted average of measurements in har-
monic frequency range across the work shift; % >0.2 mT:
Percent of time above 0.2 mT across the work shift.

Table 3. Correlation matrix for daily occupation exposure
using log-transformed daily exposure metrics.

Exposure
metric

TWA GM SD ITM MAX H-TWA

GM 0.92
SD 0.79 0.57
ITM 0.70 0.55 0.81
MAX 0.51 0.33 0.85 0.74
H-TWA 0.86 0.79 0.66 0.62 0.40
% >0.2 mT 0.83 0.71 0.78 0.66 0.54 0.71

TWA: time-weighted average of broadband measures
across the work shift; GM: geometric mean of broadband
measures across the work shift; SD: standard deviation of
broadband measures across the work shift; ITM: inter-
mittency of broadband measures across the work shift;
MAX: maximum broadband measure across the work shift;
H-TWA: Time weighted average of measurements in har-
monic frequency range across the work shift; % >0.2 mT:
Percent of time above 0.2 mT across the work shift.
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exposures and the predicted observed odds ratios (for
each increase of 1 mT) with a presumed real odds ratio
of 1.5. The between-worker variance ranged from
0.66 for MAX to 1.02 for H-TWA, with the within-
worker variance ranging from 0.24 for ITM to 0.87
for MAX. When only measurements are available for
1 d, the ORs are reduced from 1.5 to 1.37 for TWA,
1.34 for H-TWA, 1.38 for ITM and 1.19 for MAX,
respectively. When measurements are available for
3 d, the expected observed ORs are 1.45, 1.43, 1.45
and 1.33, respectively. Increasing the number of days
only leads to marginally improvement in observed
ORs for TWA, H-TWA and ITM.

These estimates were based on measurements that
were taken on consecutive days. However, it is likely
that the real day-to-day variance is underestimated
in such data. For nine participants, repeat exposure
data were available after 2----7 months. For these
participants, the day-to-day variance was increased
when the repeat data was included, compared to that

when only data from the ®rst visit were used (data
not shown). However, the differences were relatively
small, and had little impact on the predicted
observed OR.

Next, the exposure data was summarised by job
category (Table 5). There were statistically signi®cant
differences in exposure between the job categories,
with relatively high exposures found for the security
of®cers (AM TWA � 0.78 mT), secretaries (AM
TWA � 0.48 mT), dentists (AM TWA � 0.42 mT)
and dental nurses (AM TWA � 0.30 mT). High levels
in the harmonic range were found for secretaries
(AM � 0.21 mT), dentists (AM � 0.18 mT) and dental
nurses (AM � 0.14 mT). For the ITM exposure
metric, highest levels were found for dentists
(AM � 0.06 mT) and security of®cers (AM � 0.05 mT ),
whilst for the MAX metric the highest levels were
found for fork lift truck drivers (AM � 17.8 mT),
printers (AM � 8.4 mT) and dental nurses (AM �
6.9 mT).

Figure 1. Relationship between occupational broadband and harmonic exposure.

Table 4. Within- and between-subject variance components of occupational ELF-MF exposure with validation coef®cient and
expected observed odds ratios (assuming a real OR of 1.5).

bS2
wS2 1 d 3 d 5 d 10 d

rTA ORobs rTA ORobs rTA ORobs rTA ORobs

TWA 0.92 0.26 0.88 1.37 0.96 1.45 0.97 1.47 0.99 1.48
H-TWA 1.02 0.40 0.85 1.34 0.94 1.43 0.96 1.46 0.98 1.48
ITM 0.87 0.24 0.89 1.38 0.96 1.45 0.97 1.47 0.99 1.48
MAX 0.66 0.87 0.66 1.19 0.83 1.33 0.89 1.38 0.94 1.43

bS2: between-individual variance component of exposure; wS2: within-individual variance component of exposure;
rTA � validity coef®cient; ORobs � expected observed odds ratio.
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Table 5 also provides the estimates of total GSD
and the between-subject GSD. The variance in the
exposure data was extremely high for some job
titles, e.g. in the case of TWA exposure, the GSD
for security of®cers, was 6.1 and for farmers the
GSD was 5.6. Generally, the variance was due to
the large differences in individual mean exposure
within a job category. For security of®cers, the
between-subject GSD was 6.0 and for farmers this
was 5.5. Only a few job titles could be considered
homogeneously exposed, i.e. all subjects within the
group had similar mean exposures (between-subject
GSD< 1.2). For TWA exposure, low between-
subject GSDs were found for radiographers and
warp knitters, whilst for H-TWA none of the job
categories were homogeneously exposed. For ITM,
homogeneous exposure was found for warp knitters,
secretaries and printers, whilst for MAX, the groups
of managers, lecturers/scientists and secretaries were
homogenously exposed.

Participants reported occupational activities
involving electrical equipment or tools on 199 out
of the 229 data-logging days. The majority involved
working with computers and working with tools or
equipment operated by electrical motors. Table 6
provides occupational ELF MF exposure levels for
those days when the speci®ed tasks were carried out.
When no speci®ed tasks or activities were identi®ed,
the AM of TWA exposure was 0.05 mT with a GM
of 0.03 mT (GSD 2.41). The TWA, ITM and MAX
exposures were signi®cantly increased on those days
when at least one speci®ed activity was carried out
(TWA: GM � 0.13 mT; GSD 2.80; ITM: GM �
0.02 mT; GSD 2.92 MAX: GM � 2.23 mT; GSD 3.27).

Welding was associated with statistically signi®cantly
elevated exposure for all exposure metrics, whilst
working near high voltage lines was associated
with statistically signi®cantly increased levels for
TWA, ITM and MAX. Finally, working with elec-
trical motors and with electrical transport equip-
ment was associated with statistically signi®cantly
increased levels for ITM and MAX, with working
with high-current wires being associated with
elevated levels of MAX. Working in a powerstation
was also associated with elevated exposure levels,
but this difference was not statistically signi®cant.
Most of the ®ndings in Table 5 were con®rmed
using multivariate analysis (data not shown). These
data should be interpreted with care because for
some activities few measurements were available.

DISCUSSION

The study set out to assess the feasibility of using
direct measurements of exposure in a case----control
study of adult brain tumours in the UK. The practi-
cality of making measurements and validity and
precision of exposure estimates was assessed.

Individuals were willing to undertake a 3----4 d
period of personal measurements; only two people
refused to participate and only three indicated a
reluctance to be involved in further measurements.
Of the UKABTS subjects approached 17 out of 18
(94%) cases consented as did 21 out of 22 (95%)
controls.

Another area of concern was the co-operation
of employers especially when employee anxieties
regarding potential hazards could be aroused. A

Table 6. Summary statistics for the various occupational exposure metrics by activities.

Tasks n TWA H-TWA ITM MAX

AM GM GSD AM GM GSD AM GM GSD AM GM GSD

No. EMF tasks 30 0.05 0.03 2.41 0.01 0.01 3.49 0.01 0.01 2.30 1.61 0.81 3.37

Any EMF task 199 0.25 0.13� 2.80 0.07 0.04 2.99 0.04 0.02� 2.92 4.63 2.23�� 3.27
Computer 135 0.21 0.12 2.65 0.06 0.03 2.83 0.02 0.01 2.61 3.15 1.68 3.05
Electrical transport 14 0.35 0.15 2.85 0.08 0.05 2.97 0.10 0.06� 2.71 15.19 6.79�� 3.06
Motors 99 0.24 0.17 2.19 0.08 0.05 2.42 0.04 0.03� 2.56 5.09 3.07�� 2.83
Welding 3 0.30 0.24� 2.16 0.16 0.11�� 2.84 0.11 0.09��� 1.95 17.13 15.32� 1.86
Soldering 2 0.05 0.05 1.49 0.02 0.02 1.21 0.01 0.01 1.36 1.88 1.76 1.66
Assembling 2 0.05 0.04 1.99 0.02 0.01 2.47 0.01 0.01 1.04 1.54 1.18 2.93
Other electrical tools 22 0.20 0.13 2.96 0.06 0.03 3.12 0.03 0.02 2.76 4.52 2.50 2.94
Induction heaters 1 0.07 0.07 ------ 0.02 0.02 ------ 0.01 0.01 ------ 1.18 1.18 ------
Power stations 6 0.65 0.26 3.56 0.05 0.04 1.66 0.08 0.04 3.50 8.85 3.22 3.81
Working near
high-voltage lines

28 0.59 0.27� 3.63 0.04 0.03 2.06 0.06 0.04� 2.61 6.83 4.46�� 2.51

High current wires 16 0.82 0.37 4.34 0.05 0.04 2.34 0.07 0.05 2.89 8.56 5.08� 2.96

n: number of days with measurements; AM: arithmetic mean; GM: geometric mean; GSD: geometric standard deviation.
�p < 0.05; ��p < 0.01; ���p < 0.001.
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company compliance rate of 83% points to a general
willingness to support such studies at least on a one-
off basis. Four of the ®ve company refusals con-
cerned requests for proxy employees.

The diagnosis of brain tumours carries a poor
prognosis and is more prevalent in the older popu-
lation. This means that the use of proxy exposure
data is a crucial element of any proposed extension
of the study. In two instances company refusal
appeared to be based on the view that the meter
could represent a physical hazard when carrying out
work in con®ned spaces.

Of the 17 proxy selections 14 (82%) were consid-
ered to be good primary subject matches in terms of
job description and working environment. However,
on a small number of occasions, the tasks were not
comparable with those of the primary subject for a
proportion of the dosimetic period, and it was
unclear whether the proxies were appropriate. Con-
sequently, proxy selection needs to be kept under
surveillance, with proxies asked to describe their gen-
eral duties for comparison with information provided
by the study subject. Where the information is incom-
patible, exposure estimates will need to be excluded
from the analyses. The present ®ndings are in line
with other studies(20,21) suggesting that proxy selec-
tion should ideally be based on the detailed matching
of company, job title, task and speci®c location.

Few technical problems have been encountered in
the collection of exposure data in a wide spectrum
of environments. `Bad data' ¯ags, due to a rapidly
changing environment, were found in only three of
the 79 exposure traces and then attached to less than
0.03% of the readings. The routine inspection of
exposure traces proved to be a valuable procedure,
revealing periods of questionable data, which could
be investigated and excluded if necessary. For two
individuals, overnight periods of constantly elevated
levels matched precisely when the monitor was not
worn. The high values were interpreted to be the
result of placing the monitor close to local sources
such as electrical appliances, and the data were
excluded from the exposure calculations. Consis-
tently high readings were also seen in the occupa-
tional exposure of a radiographer involved with
magnetic resonance imaging (MRI). A survey of
the work environment showed no general areas
with high levels and it transpired that the meter
had been left close to a piece of equipment with an
operating battery charger that gave readings of 3 mT
at 3 cm and 0.35 mT at 30 cm.

The WHO international EMF project(17) has
recommended that the design of EMF studies
should be such as to include as much information
relevant to alternative metrics as possible in order
to aid future research. The correlation matrix, in
Table 3, illustrating varying correlation between
the considered exposure metrics, is in broad accord

with other studies assessing exposure with the same
instrumentation in children(22) and in adults(23).
TWA exposure was highly correlated with exposure
summarised by GM, % >0.2 mT and by H-TWA,
but not with the MAX exposure. In a study carried
out in the UK electricity distribution and supply
industry, for un-transformed exposures, correlation
of TWA with median exposure, 90th percentile and
SD metrics was reported as 0.84, 0.90 and 0.75,
respectively(24). In a French----Canadian study of
electricity utilities, the correlation of TWA with
90th percentile and with maximum ®eld was
reported as 0.94 and 0.66, respectively(25). Inclusion
of highly correlated exposure metrics in exposure
response analyses will provide little additional infor-
mation, and on the basis of the results of this feasi-
bility study the use of TWA, H-TWA, ITM and
MAX will probably be suf®cient in any future exten-
sion of this work.

Adult exposure readings appear to offer a reliable
estimate of exposure over the longer term. Though
day-to-day variation may be underestimated in data
from consecutive days, the results showed that a 3-d
measurement period provided exposure estimates
with suf®cient precision to examine the presumed
exposure----response relationship for the TWA, ITM
and H-TWA exposures. However, more measure-
ments would be required to limit potential attenua-
tion when using the MAX exposure metric. It
should be noted that these analyses assumed that
data were available for all individuals in the study,
which is unlikely to be the case in the full study.

This study shows that for a range of metrics,
occupational exposure is the major determinant of
total exposure in both the full pilot study and the
smaller population of UKABTS participants. In this
light, the omission of residential exposure, in all but
the current home, from the estimate of overall expo-
sure would seem to be justi®able.

There were statistically signi®cant differences in
the exposures of certain occupational categories.
However, the between-worker variance in exposure
was high for many occupational categories, indicat-
ing that the individuals within the categories had
greatly different exposures. In any case----control
study of a disease which has a poor prognosis and
is more prevalent in the elderly, there will be a need
for proxies in order to estimate primary exposure.
In this study it was possible only to consider the
primary----proxy exposure relationship using the groups
of individuals with the same job classi®cation
(Table 5). However, most group members would
not be considered to be ideal proxies for others in
the group as the workplace and job descriptions did
not match precisely. On occasion, high variance
between workers resulted from diversity in indivi-
dual working environments that is unrelated to job
category or tasks performed. The group of security
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of®cers contained a small sub-group, working in the
proximity of a high voltage overhead line and sub-
station, that have consistently higher exposures than
the remainder of the group. For other groups the
variance in exposure could be related whether parti-
cular tasks are carried out as well as to how these
tasks were carried out. A group of dentists, working
in adjacent rooms of the same practice and generally
performing the same range of tasks with the same
equipment, would be considered as close to ideal
proxies. Yet considerable variance in individual
exposures were traced to changes in the relative
position of the equipment used. These observations
are consistent with a study reporting large differ-
ences in exposure in an apparently homogeneously
exposed occupational group(26). Within other groups
where proxies were ideal in terms of precise work-
place, job description, equipment used and working
environment (e.g. the warp knitters) exposure levels
were more consistent.

Due to the likely differential use of proxies between
cases and controls and to the high variability in expo-
sure the selection of ideal proxies, matched as far as
possible on occupation, task and workplace is essen-
tial. During the main study, the following guidelines
were used for selection of the proxies:

------ Has another employee ®lled the position pre-
viously kept by the study subject?

------ Are there other employees in the company who
carry out the same or similar job in terms of use of
equipment, at same the workplace/department?

------ If not, can you identify employees with very
similar tasks and using the same/similar equip-
ment in other departments, building, sites, etc?

------ If not, can you identify employees working in or
very near the same area as the real study subject?

It was also decided to collect, whenever possible,
data from multiple proxies. Information on general
duties will be collected that will allow inappropriate
proxies to be excluded and thereby improve preci-
sion and reduce the risk of misclassi®cation. It is
interesting to note that although electricians have
been classi®ed by a Swedish job matrix as being
highly exposed(27), the electrician in the present
study had geometric mean exposures of 0.04, 0.05
and 0.09 mT for work shifts on three successive days.
An electrician in a Finnish study(23) had the lowest
TWA and GM exposure measured, at 0.09 and 0.05 mT,
respectively.

The ability of task-based questionnaires to iden-
tify high exposure has been considered in respect of
the daily occupational questionnaire completed
alongside the diary. Welding was associated with
statistically signi®cantly increased levels for all
exposure metrics, consistent with what is reported
in the literature (see e.g. Floderus et al.(27) and
Bowman et al.(28)). Working near high-voltage

lines was associated with increased levels for TWA,
ITM and MAX, but not for H-TWA, whilst work-
ing with electrical motors and electrical transport
equipment was associated with elevated ITM and
MAX levels. However, the number of days on which
tasks were performed was often low, the variance of
exposure within task-speci®c days high and no
account was taken of the duration and personal
proximity to equipment involved in the task. Also,
sometimes very disparate activities were grouped
under one heading. An extension of exposure
measurements in the UKABTS will increase the
frequency of task-speci®c days and potentially
increase the precision of exposure estimates asso-
ciated with such days.

In summary, the study has shown that valid direct
measures of occupational exposure are possible in
the UKABTS and high levels of co-operation from
employers and employees would be expected. The
results also show that proxies need to be selected
carefully and appropriateness reviewed based on the
detailed job descriptions from primary and proxy
subjects. In addition, it is suggested to collect, when-
ever possible, exposure data from multiple proxies.
Although signi®cant differences in exposure were
observed for certain job categories and certain activ-
ities were associated with elevated exposure levels,
there was little evidence that a task-related question-
naire response would be a reliable predictor of high
exposure. Direct measurements appear to be the pre-
ferred mode of assigning accurate and precise expo-
sure estimates and results from measurements on 3 d
appeared to be of suf®cient precision to be used in
exposure response analyses, if data can be obtained
relating to all subjects in the case----control study.

The results of this study form the basis for the
further collection of data in the UKABTS and for
developing exposure estimates for ELF MFs. Valid-
ated direct exposure measures from this previously
unsampled population will add to the body of expo-
sure data available to future studies.
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