Scand J Work Environ Health 1993;19:29—34

Chromosome aberrations in lymphocytes of high-voltage

laboratory cable splicers exposed to electromagnetic
fields
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SKYBERG K, HANSTEEN I-L, VISTNES AL Chromosome aberrations in lymphocytes of high-volt-
age laboratory cable splicers exposed to electromagnetic fields. Scand J Work Environ Health 1993;
19:29—34. Thirteen high-voltage laboratory employees and 20 referents participated in a cross-sec-
tional, matched-pairs study of cytogenetic damage. During cable testing the workers were exposed to
static, alternating, or pulsed electric and magnetic fields. The alternating magnetic field levels of 50 Hz
were 5—10 puT, occasionally much higher. Chromosome aberrations, sister chromatid exchanges, and
aneuploidy were studied in peripheral blood lymphocytes. In addition, chromosome aberrations were
investigated in lymphocyte cultures treated with hydroxyurea and caffeine, to inhibit deoxyribonucleic
acid synthesis and repair. Among seven smoking laboratory employees the mean number of chromo-
some breaks/200 cells was 2.3, as compared with 0.7 for the job-matched referents. The comparable
figures for inhibited cultures were 12.0 versus 6.0. No increase was detected in nonsmokers with either
method. The other genetic parameters showed no differences between the exposed workers and the
referents. The results support, to some extent, the hypothesis of an increased risk of genotoxic effects

among high-voltage laboratory workers.
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During the last decade several studies have focused
on adverse health effects from exposure to electro-
magnetic fields (1). Some epidemiologic studies of
workers exposed to electromagnetic fields have
shown an increased risk of leukemia, and some found
an elevated risk of brain tumors among “electrical
workers” (2). In a mortality study of workers exposed
to electromagnetic fields, Milham (3) found elevated
mortality from lymphatic and hematopoietic cancers.
The highest risk was observed for power station op-
erators (proportionate mortality ratio 195). It has also
been suggested that pulsed magnetic fields produce
teratogenic effects in chicken embryos (4, 5)

In a high-voltage laboratory in Oslo, the manage-
ment and workers were concerned about several
cases of cancer (although at various sites) among the
employees. However, the number of workers ever
employed in the laboratory was not sufficient for a
cancer incidence study. In a cytogenetic study of oil-
exposed cable workers (6) a subgroup consisting of
four cable test splicers from the laboratory showed
signs of increased chromosome aberrations in blood
lymphocytes. The present study was performed to
investigate this observation further. The hypothesis
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was that high-voltage cable testing may be genoto-
xic, as indicated by an increased number of chromo-
some breaks.

Exposure

Exposure to electromagnetic fields was estimated
from information on work practice, obtained through
five interviews, and from direct measurements, us-
ing four different probes. Great care was taken in the
construction of the equipment, in the calibration pro-
cedures, and in the software integration procedures
of the 25.4-MHz sampled signal (for high-frequen-
cy signals after pulse testing) to obtain reliable meas-
urements.

The workers were exposed to electromagnetic
fields during three different main types of cable test-
ing, namely, direct current (DC) tests, alternating
current (AC) tests, and pulse tests. The tests were
typically performed on a piece of cable 15-m long.

In the DC and AC testing, high voltages (up to
1000 kV DC or 900 kV 50 Hz AC) were used across
the insulation of the cable. Periodically, the cable was
heated by the circulation of a high current (DC or
50 Hz AC) up to 2000 A through the cable. During
high-voltage DC or AC testing, there was an esti-
mated static or alternating electric field of 5—
10 kV -m™' at a distance of 1 m above the floor of
the test hall. During heating, there was either a stat-
ic or 50-Hz alternating magnetic field of about 5—
15 uT in the control room and in the resting room
for test splicers. Workers sometimes touched the ca-
ble during the testing and could then be exposed to
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a magnetic field of ~500 uT (body) and ~ 10 000 uT
(hand).

During pulse testing, a voltage pulse of up to 2000
kV was suddenly applied to the cable. Typically, the
rise time for the voltage across the insulation was 1—
3 us, and the half-time for the following exponen-
tial decay was 50 ps. The peak current during the
pulse was about 10 000 A. During such testing an
electric field of up to about 2 kV - m™' was measured
in the shielded control room. The field oscillated in
a “ringing” pattern for a few microseconds with a
broad range of frequencies in the 0—3 MHz range.
Magnetic field pulses in the control room were mea-
sured to be about 20 UT with a maximum rate of
change in the magnetic field (dB-dt™" of about
8 T - s”'. During and after the testing, the workers of-
ten felt spark discharges. Especially DC testing often
resulted in charged objects that gave sparks at touch.

It has been difficult to get a reliable picture of the
exposure time for different fields for each category
of employees. With few exceptions, there was only
moderate testing activity during the last weeks prior
to the blood sampling. AC testing, followed by DC
testing, was probably the most dominant test in this
period. During AC and DC testing, the vartous fields
were present for several hours every day. During
pulse testing, a worker might produce up to 100
pulses during a workday, but for most workers the
mean exposure time to such pulses was less than
1 d a week. Test splicers were definitely more ex-
posed to electromagnetic fields during AC and DC
testing than the engineers were, and probably also

Table 1. Description of the study groups.

during pulse testing. Spark discharges seemed to be
more common for the test splicers than for the en-
gineers.

Subjects and methods

The study was cross-sectional with additional retro-
spective information about exposure. It compared
all of the employees in the high-voltage laboratory,
on 1 June 1990, at Alcatel STK in Oslo to matched
referents in pairs or triplets. Four engineers, one fore-
man, and one engineering assistant (treated as one
group, called “engineers”) and seven test splicers
participated. To match the engineers, other office
employees (“job-matched” referents) were selected.
For each test splicer, two referents were selected.
One reference group (“‘job-matched”) consisted of
other production workers. In addition, a second ref-
erence group of office workers was selected. The ref-
erents were chosen according to the following match-
ing criteria: same age (%3 years) and same smoking
status at the time of the examination (present smok-
er/nonsmoker). The referents were not exposed to
any possible genotoxic chemicals at work and had
no more occupational exposure to electromagnetic
fields than the general population. All of the exposed
subjects and the referents received a questionnaire
with which to record occupational and nonoccupa-
tional exposures with possible influence on chromo-
some damage.

Table 1 shows the characteristics of the exposed
and reference groups. The test splicers had a higher

All exposed  Referents® Test splicers Referents®® Office referents®
(N=13) (N=13) (N=7) (N=7) (N=7)
N) N) (N) (N) (N)
Work category
Engineers 6 .
Test splicers 7 7
Employment time in company (years)
0—10 2 3 — 1 4
11—20 4 5 3 3 2
>20 7 5 4 3 1
Exposure time (years)
0—10 7 3
>10 6 4
Age (years)
24—40 6 6 4 4 4
41—50 4 4 2 2 2
51—61 3 3 1 1 1
Total smoking (pack-years)
o} 3 2 1 — 2
1—10 5 4 3 2 1
>10 5 7 3 5 4
Present smoking (cigarettes/day)
0 6 6 3 3 3
1—15 3 5 3 2 2
>15 4 2 1 2 2

@ Job-matched referents.
> Referents for the test splicers.
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coffee consumption than the referents. As for alco-
hol consumption, use of prescribed medicine, infec-
tions during the last three months, off-work chemi-
cal exposure, chronic discases, and diagnostic radi-
ography, there were only minor differences between
the exposed subjects and the matched referents. The
mean exposure time in cable testing was 11 (range
1—20) years; the test splicers had a mean employ-
ment time of 12 years, and the corresponding value
for the engineers was 9 years.

Blood samples were collected by venipuncture.
For each matched pair, the sampling was performed
within 90 min on the same day. If one member of a
matched pair suffered from an acute infection, the
blood sampling was postponed until at least two
weeks after recovery. Sample pairs were sent by mail
to the Department of Occupational Medicine, Tele-
mark Central Hospital, and analyzed with the same
procedures that were used in a previous study (6).
Cytogenetic scoring was performed by three persons,
without knowledge of the exposure status of the sub-
jects. Samples from the exposed subjects and the
matched referents (duplets or triplets) were treated
simultaneously and always scored by the same per-
son.

The cytogenetic analyses included assays for sis-
ter chromatid exchanges, chromatid and chromosome
aberrations, and aneuploidy. Sister chromatid ex-
changes were scored in 30 cells, and the other pa-
rameters in 200 cells, per person. In addition, chro-
mosome aberrations were scored after deoxyribonu-
cleic acid (DNA) synthesis and repair were inhibited
in vitro with hydroxyurea and caffeine (7). Hydroxy-
urea and caffeine were both added at a concentra-
tion of 7.5 - 10 M, together with colcemid (0.3 g -
ml™ culture medium) 3 h prior to harvesting. Since
a considerably larger amount of cytogenetic damage
per cell was expected than in conventional cultures,
50 cells per person were scored. For comparison
purposes, the counts have been given as per 200
cells.
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Statistical analysis was performed with the use of
SPSS PC+ (statistical package for the social sciences,
personal computer+), version 3.0 (8). Mean values
and standard deviations were calculated. The levels
of cytogenetic damage were compared by the Wil-
coxon matched-pairs signed ranks test. Most of the
tests were two-sided. However, in the evaluation of
chromosome breaks, one-sided tests were found to
be appropriate, considering the hypothesis of the
study.

Results

Table 2 shows the cytogenetic parameters for all 13
employees in the high-voltage laboratory and for the
referents. When all of the exposed employees were
compared with the job-matched referents, no dif-
ference reached a level of statistical significance. The
mean number of chromosome breaks among the test
splicers was 2.1, as compared with 1.1 among the
job-matched referents (P =0.17). The numbers of
chromosome gaps, sister chromatid exchanges, and
aneuploid cells were similar in all of the sub-
groups.

Table 3 shows the mean number of chromosome
breaks among the employees in the cable test labo-
ratory in relation to the work category, recent expo-
sure to electromagnetic fields, and smoking. Five of
the employees who had been on sick leave had been
recently transferred to other departments or had ad-
ministrative work only were defined as having no
recent exposure. In the subgroup of three smoking
test splicers with recent exposure, the mean number
of chromosome breaks was 3.7, as compared with 1.3
among the job-matched referents. These three test
splicers smoked less than the referents did. The sub-
groups of the engineers were also compared with
their matched referents. The number of subjects in
each subgroup was small, and there were no differ-
ences that approached the level of statistical signifi-

Table 2. Cytogenetic parameters for employees in the high-voltage test laboratory and the referents — conventional

cultures.?
Chromatid Chromosome Aberrant  Aneuploid ch?ésntl%rtid
N Gaps Breaks Gaps Breaks cells cells®  exchangese
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
All exposed 13 52 3. 09 13 1.0 0.8 15 16 26 28 50 37 6.0 1.
Job-matched referents 13 6.2 42 1.2 14 1.2 1.1 09 1.4 3.1 25 41 45 56 1.0
Test splicers 7 6.4 4.2 14 15 0.7 0.8 21 1.9 3.6 3.5 7.0 33 59 1.7
Job-matched referents 7 8.1 5.0 14 15 1.6 1.1 11 1.7 3.7 29 5.7 45 57 141
Office referents 7 80 44 0.6 08 04 038 1.9¢ 29 26 0.8 71 37 68 23
Test engineers 6 7 26 03 05 13 08 08 0.8 1.5 1.2 6.2 3.9 6.1 0.7
Job-matched referents 6 40 14 1.0 13 0.7 0.8 0.7 1.2 23 20 6.7 45 56 1.1

2 All parameters scored in 200 cells, except for sister chromatid exchanges (scored in 30 cells). No differences significant
at the P = 0.05 level (Wilcoxon, two-sided, exposed versus matched referents).

> Cells with more than 46 chromosomes.
¢ Exchanges per cell.

9 Mean value 0.8, if one outlier (>mean + 2 SD) with a value of 8, is excluded.
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Table 3. Number of chromosome breaks in relation to work
category, recent exposure to electromagnetic fields, and
smoking — conventional cultures.

Job-matched

Exposed referents
Mean SD Mean SD
All employees 13 1.5 16 09 1.4
Engineers 6 08 08 0.7 1.2
Test splicers 7 21 19 14 1.7
No recent
exposure 5 08 08 038 1.3
Recent exposure 8 20 18 1.0 1.6
Engineers 3 0.7 06 03 0.6
Test splicers 5 28 18 14 2.0
Nonsmokers 6 07 12 1.2 1.5
Engineers 3 03 06 13 1.5
Test splicers 3 10 1.7 1.0 1.7
Present smokers 7 23 15 07 1.5
Engineers 3 1.3 06 0.0 0.0
Test splicers 4 30 16 13 1.9

3 P =0.04; calculated with Wilcoxon’s matched pairs signed
rank test, comparing the exposed and job-matched refe-
rents.

cance. In a comparison of all of the laboratory em-
ployees with the job-matched referents, the smokers
showed a more than threefold increase in chromo-
some breaks. The mean values were 2.3 and 0.7, re-
spectively (P =0.04).

Table 4 shows the cytogenetic parameters after in
vitro DNA synthesis and repair inhibition for all of
the exposed employees and for the job-matched ref-
erents. All of the outcome parameters showed larger
values than the conventional cultures did. The mean
number of chromosome breaks among the exposed
employees was twice that of the job-matched refer-
ents, 7.4 versus 3.7 (P =0.08), while the other pa-
rameters showed only minor differences. The mean
number of chromosome breaks was higher among the
test splicers than among the job-matched referents
(9.1 versus 5.1) (P = 0.05). An effect of smoking was
also present in this assay. [The mean number of chro-
mosome breaks in the smoking splicers was 12.0, and

that of the smoking job-matched referents was 6.0
(P =0.05)].

Discussion

Previously, only one cytogenetic study of high-volt-
age laboratory workers has been reported (9). In that
study workers in a university electricity laboratory
had slightly elevated total chromosome changes and
sister chromatid exchange rates than radiologists did.
In the present study the hypothesis-generating obser-
vation from our previous study (6) was repeated. In
both of these studies the frequency of chromosome
breaks among test splicers divided by that of refer-
ents was approximately three. The elevated number
of chromosome breaks seemed to be confined to
smokers. In a Swedish study of electrical power
switchyard workers (10) the number of chromosome
breaks was, as in our study, the most elevated among
exposed workers who were current smokers. The
observed effect in the present study, using conven-
tional cultures, was further strengthened by the re-
sults from DNA synthesis and repair inhibited cul-
tures. Again the difference was mainly present
among smoking test splicers as compared with their
job-matched referents. Enhanced detection of cytoge-
netic damage with the use of this method has been
shown for smokers (7). Previous in vitro studies have
indicated that unrepaired DNA lesions exist in mu-
tagen-treated cells until the cells enter mitosis. The
repair of these lesions can be effectively inhibited in
the G 2 stage (the last 3 h in culture) (11, 12). Kihl-
man & Andersson (13) have suggested that chromo-
some aberrations as such cause delay or block in the
G 2 stage. The block is removed by caffeine, the
result being an increased number of damaged cells
in mitosis.

In their work, test splicers are exposed to electro-
magnetic fields, cable oils, organic solvents, and
ozone. The size of this study does not permit any
advanced statistical analysis of the importance of
combined exposure. Our previous study (6) indicated

Table 4. Cytogenetic parameters for employees in the high voltage test laboratory and for the referents — inhibited cultures.?

Chromatid Chromosome Aberrant
N Gaps Breaks Gaps Breaks cells
Mean SD Mean SD Mean SD Mean SD Mean SD
All exposed 13 282 112 16.9 9.5 6.2 6.9 7.4 8.1 19.1 7.5
Job-matched referents 13 283 16.5 16.3 104 5.2 4.7 37 4.2 17.2 115
Test splicers 7 29.7 10.8 22.3 9.8 6.3 8.0 9.1 4.5 24.0 5.7
Job-matched referents 7 309 214 23.4 8.8 5.1 5.0 5.1 4.5 246 107
Office referents 7 33.1 204 17.7 29.6 6.3 5.1 10.9> 14.0 149 11.3
Test engineers 6 28.7 128 10.7 4.1 6.0 6.1 53 11.2 13.3 4.8
Job-matched referents 6 25.3 9.0 8.0 3. 5.3 4.8 2.0 3.4 8.7 3.9

a All parameters scored in 50 cells, but for comparison purposes, given in 200 cells. No differences significant at the two-
sided P = 0.05 level (Wilcoxon, exposed versus job-matched referents).
® Mean value 6.0, if one outlier (>mean + 2 SD) with a value of 40 is excluded.

¢ Mean value 0.8, if one outlier with a value of 28 is excluded.
* P =0.05, one-sided (exposed versus job-matched referents).
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that exposure to cable oils alone is not genotoxic, as
the cytogenetic parameters in cable splicers doing
field installation did not differ from those of refer-
ents. Exposure to cable oils and organic solvents is
higher among installation splicers than among labo-
ratory test splicers. As for the significance of expo-
sure to ozone, one study (9) indicated that the ozone
levels experienced in high-voltage laboratory work
are not related to any increased risk of chromosome
damage. The workers in the high-voltage test labo-
ratory were exposed to various electric and magnet-
ic fields, as well as to spark discharges. The 50-Hz
magnetic fields during both DC and AC testing are
comparable to fields experienced by people living
close to power transmission lines. At present, the
evidence for cytogenetic damage from such exposure
levels is lacking (1). However, occasional exposure
is considerably higher, when cables are touched dur-
ing long-time cable testing. In addition, the pulsed
electric and magnetic fields experienced during pulse
testing differ from the experience of most other
workers in our society.

In a Swedish study of 20 high-voltage substation
maintenance workers, indications of work-related
reproductive hazards were found (14). This result
was followed up in two studies of power substation
workers exposed to electromagnetic fields with tran-
sient currents (10, 15). The results from both studies
were pooled, and an increased number of chromo-
some aberrations was found. Electromagnetic fields
and electric discharges were considered to be the
most probable causes of the findings. In contrast to
the Swedish study, another human study of 380-kV
switchyard workers showed no damage to chromo-
somes (16). It has been argued that the level of ex-
posure was not the same in the two studies.

Several in vitro studies of human lymphocytes ex-
posed to pulsed alternating electromagnetic fields
have shown increased numbers of chromosome ab-
errations (17—19), but some studies have been neg-
ative (20, 21). Sister chromatid exchanges were usu-
ally not elevated (21—23), except after longer ex-
posure times (17).

Concluding remarks

In summary of the literature and the present study,
it seems that electromagnetic fields may be capable
of producing chromosome aberrations, but not ele-
vated sister chromatid exchanges in human lym-
phocytes, depending on the type and dose of elec-
tromagnetic field exposure. Our study and the Swed-
ish studies are unable to exclude spark discharges as
a causal factor. Until further studies of similar ex-
posures are published, cable test employees should
be advised to avoid unnecessary exposure to elec-
tromagnetic fields during pulse testing and not to
touch the cable during long-time tests. They should
also avoid spark discharges by sufficiently ground-
ing the cables after testing.
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