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A weak association between residential or occupational ex-
posure to electric and magnetic fields (50/60 Hz fields) and an
increased incidence of leukemia has been reported. Numerous
animal studies have evaluated the potential association be-

tween magnetic-field exposure and leukemia. These inciude!

long-term (up to 2% years) bioassays, initiation/promotion
studies, investigations in transgenic models, and tumer growth
" Exposure to 60 Hz circularly polarized magnetic fields
) 1T for 28 months did not affect lymphoma incidence
tn ..uce. The study included over 2000 C57BL/6J mice. In
another study, 1000 B6C3F, mice exposed to 60 Hz magnetic
fields up to 1000 p.T for 2 years showed no increase in lym-
phomas. Approximately 400 transgenic Ep-Pim! mice ex-
posed to 50 Hz fields up to 1000 nT for ap to 18 months had
no increased incidence of leukemia. Similarly, Trp53+~ mice
and Piml transgenic mice exposed to 60 Hz magnetic fields
- for 23 weeks showed no increased incidence of lymphoma.
Three studies in F344 rats exposed to 50 or 60 Hz magnetic
fields up to 5 mT showed no increased incidence of leukemia.,
The combined animial bioassay results are nearly uniformliy
negative for magnetic-field exposures enhancing leukemia and
weaken the possible epidemiological association hetween mag-
netic-field exposures and leukemia in humans as suggested by
epidemiofogical data.  : 3000 n Radiation Resesrch Saciery

INTRODUCTION

Historically. some epidemiological studies have suggested
a possible association between exposure to 50/60 Hz electric
and magnetic fields and increased incidence of childhood leu-
kemia or adult lymphomas, while other studies fail to find this
association (/). The recent epidemiological studies do not re-
solv~ the issue. An association between residential exposures

ar eased incidence of childhood leukemia was recently
< in southern Ontario (2), while another study found a

L .tistical increase in leukemia with 50 Hz magnetic-field

! Author 10 whom correspondence should be addressed.

627

b

exposure in Germany (3). In contrast. other recent epidemi-
ological studies have not supported S0/60 Hz magnetic-field
exposure as a risk factor for leukemia (4-8). After more than
20 vears of research and more than 40 epidemiological stud-
ies, it has been suggested that the epidemiological evidence

fails far short of that needed to conclude that a causal rela-

tionship exists (%),

The average 24-h personal 60 Hz magnetic-field exposure
for individuals in the U.S. has been estimated to be approxi-
mately 0.09 o T while time-weighted occupational exposures
in the highest exposure category are in the range of 0.1 to 4.0
1T (10). These magnetic-field intensities are several orders of
magnitude lower than those used in most animal studies.

In general. there is a good correlation ( 34%) between
agents known to cause cancer in humans and those causing
cancer in rodents (/1). Further, for many agents, the cancer
affects the same organ in humans as it does in at least one of
the animal species tested (]/). Specifically for leukemia and
lymphoma. 100% of the chemicals that cause hematopoietic
tumors in humans cause cancer when tested in rats and mice.
In 73% of the cases. chemical exposure results in leukemia
or lymphoma in rodents (//).

The goal of4his paper is to review animal studies for ev-
idence that 50 or 60 Hz magnetic-field exposure could alter
the incidence or onset of leukemia or lymphoma in rodents.
We identified 15 animal studies {Tables 1 and 2) in which the
potential effect of low-frequency magnetic-field exposure on
leukemia and lymphoma in rodent models was evaluated (/2-
25). The swudies included standard long-term animal bioas-
says. initiation/promotion smdies. studies using transgenic
mouse models. and leukemnia progression studies. Over 5000
animals and approximately 12 different exposure conditions
are included in these studies. Fach studv was evaluated for
the quality {and description) of the magnetic-field exposure
system. the documentation of the animal care procedures, and
the consistency of the pathology evaluation. The studies var-
ied widely in the number of animals per group. the length of
the Study. and the intensity of the magnetic-field exposures.
The data were evaluated for the incidence of both neoplastic
and preneoplastic lesions of the hematopoietic and lymphoid
systems. .
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Tests of Magnetic Fields in Mouse Leukemia Bioassays

Test astron Magnenc-field Number of Author's Strengths/ Refer-
wstem Rodens strain < Promotery | exposure Leagth animals vonclusions weaknesses encetsi
Promotion arkd CITBLAL. Ternaie X rradiacon. 0. 100 o T srentarly 28 months 190 10 380 group. Negative Good studv with very 125
afronic noRin- 30.40 and 5.} potarized (60 Hzi, 2660 1ot large groups: multi-
wated Gy in 3 domas 8.5 hiday, 7 gavs/ ple lymphoma types
werk 2valuaied
Promotion Sus Wrbatet, Sotn DMBA myected st B0 2T 160 Has 3 22 wesks About Migroup. <08 Negatve, it dereed  Gouod study. lirge A
PN otrth wdav, f Jaywweszk ot WL Innitranen roups: DMBA
model: limited engi-
aeering alformation
Progressinn DBA L female PO PR lew- (4200, and SO0 T 1631 days Wigrgup: 198 1ol Nezative Adequue vudy with al
kemia cxils 640 Hz 6 huday. 3 sl groups! <hort
daswenk; fatency
Muitigeneranon CFW muce Neme 25X aT 060 Hzi } zeneranons st generation—3/ Positive 1 ail 3 zener- lnadeguate sudy with 13
SMron domn- 24 hiday. T dayw group. Indt gener ations Tundamental der
stated week (details in- atien—22/group. TIENHCICS 1N COmrols.
somplate) 3rd generztion— pathology 1nd engi-
Jo/group. 142 to- asenag
tal
Proemonon CBa, emale X madiztien, F 14 15 pT 20 kHz. 131 weeks 17 6Yeroup. 227 Negative but response  Good smudy bat VDT 166)
Gy i 4 Joses pulsed, saw-tooth. totai may be samcated signals may not be
LAY Gyrmany vertical). 14 Wdav relevant to ELF ef-
et Ivtaphoma end
point mayv be saru-
rared
Mulugeneranan AKR mice ewke- None B0~ T ~pulsed 5 generations. i8~30/group, sbout Negative inadequare study with wth
chreme achin- Ma Honet magnetic field” at duration 360 ol fundamental deti-
"mated 12 Hz and 460 Hz. Siencies in controfs.
30 min. I1x/week pathoiogy and engi-
. nerring
Transgens Bimi. female None i. 100-. 1000-u.T 78 weeks 100Vgroup. 600 ttai  Negative for lym.- Good sudy with large 15
shronic continsous (50 Hzi phoma groups: no hisiopa-
and 1000-pT inter- thology on “healthy
mitent < |5 min. animals ™ conttols
onsotf avele). (56 different from com-
Hzi 20 hfiday pamon RF smdy
1683
Transgens Pintl, both s EXLU «Piml oniyr 2200, 1000 uT con- 23 weeks 30/group. 420 total Negative Good study but groups 24
and TSG-Trp33 nnoous 160 Hz are smail: pregictive
both sexes and 1000 uT. inter- value of transgenik
iniment tPim/ 1 models not well un-
00 T continu- derstood; short <tudy
ous +60 Hz;
:Tred3a 185 hiday
Eu-Pim{ females Nune 00 MHz with pulse 18 monzhs. sur- 100 conwol. 101 ex- Significant mcrease in Lack of examination of (88
fepention of 117 vivors discard- posed. less that lvmphoma in RF animals at 18
Hz. mean sxposure ad ar i% haif sxamined Zroup months limits the
l6w 12 W m months pathologically Aalue Tor late oecur-
nng [ymphomas
L 3RCIF mice. Soth None I, 200, 1000 uT con- 06 weeks Wgroup. 1000 10 Negarive, decrensed Good ~udy with kerge (7, {9

NS

aauous 6 Hz:
Jod 1000 w0 T inter-
muttent 11 h owott
cvoies 80 Hzo
18.5 hiday T daye/
week

tat

iymphoma, X peT
Esermitie fesaies

groups and muitple
expusures

Cancer in different organs and tissues in both humans and
animals may be caused by infectious agents. chemicals and

RESULTS AND DISCUSSION

Lewkemia in Humans

physical agents. Cancers that arise in the lymphoid tissues are
referred to as lymphomas, while cancers that arise within the

hematopoietic tissues of the bone marrow and secondarily en-
ter the circulating blood are referred to as leukemias (26).
Acute lymphoblastic leukemia (AILL) represents the most
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TABLE 2
Tests of Magnetic Fields in Rat Leukemia Biocassays
Mugneric-
Initiators fiehd Numper of Authory Refer-
Tast swstem Rodent sram Promotery ExXpusure Length Amimals Lonclunons Cammenis encerss
Chronic nomninated F341 s, bach None 20200 1000 a7 106 weeks H00/group. 1XX) 1o~ Neganve for leukemiad Good wudy with large 176, 79)
sexes onatiruous. tal ivmphoma sigruficant groups and muitiple
Hz and ixd) Jdecrease in monobu- SXPISUTS FrOups
uT interminent whear ceil teukemia.
o1 oworf o XX 1T nsermusient
wler el Hzn Maies
i8.F haday
Chrome soninstiateg F333/N s, fee None 20200 20, 260 2 vears H¥group. 15N total  Neganve Guod smdy with sde- (151
maie wT 8 Hrzo 20 quldle ITOUR wies
Fuday
Chrome auniradiated Figl mas. Doth None H¥). 5000 uT 50 2 vears d8igroup, 188 ek Negaine Goud sty with ade-  « 20
“exes Rz 216 twday quats sroup Sizes
Progression F3ii, maie LI 0 LGL WG w72 2 nT 160 18 weeks +22) [ &group. 72wt Negunve Good study with ade- {22 39
iruketia ceils Hz: 10 hvday 20 Quate JYoup sizes;
positive controls;
limtitedt 1 scope 10
progression
Progresswon Fiad, maje 3ot M0 ams 22 1000.uT continge 38 weeks |8igroup. (14 ol Sigmificant for imtermit.  Good study with ade. (24
“ 40" LGL leu- aus. 100C-u T in- teng Aedds for 1.2 < quate group sizes;
kemua goils termittent (60 1 inpected LGE lew. positive conerods:
Hzwn 3 min ons kemia ceils. Neganve fimitsd sh scope w0
off cycle, 20 by for other conditions progression
day

1on form of childhood leukernia (27) and includes both

-l and T-cell leukemias. In the U.S.. the diseasa incidence
peaks between 2 and 6 years of age. with leukemia being
twice as common in Caucasians as African-Americans (27).

For childhood leukemia, a number of genetic syndromes
have been associated with increased risk. although they ac-
count for a small percentage of the cases {273, In acute child-
hood leukemia, chromosomal translocations are common, but
there is conmsiderable heterogeneity (28-30). Recently up to
85% of infant acute leukemias were found to have 1123/
MLL gene rearrangements (37). and it is possible that some
infants are born with leukemia.

In aduits, lymphomas and leukemias are more diverse and
include Hodgkin's and non-Hodgkin's lymphomas, and acute
and chronic leukemnias of both lymphoid and myeloid origin
(26). Large granular lymphocytic (LGL) leukernia is an un-
common T-cell variant in adults (32) characterized by prolif-
eration of antigen-activated cytotoxic T cells (3.3).

Despite impressive advances in our understanding of the
process of leukemogenesis, lintle is known about the etiology
or rsk factors for childhood or adult leukemia (34-36).
Among environmental factors. prenatal exposure to X rays is
the best-established risk factor for leukemia (27, 3. The in-
creased nisk of lenkemia after treatment with alkylating agents
is also established (26). Magnetic-field (50/60 Hz) exposure

' proposed as a risk factor (5, 37). Other potential risk
-§ include benzene (adult bur ot childhood lenkemia),
birth weight, prior history of fetal loss in the mother,
pesticide exposure, and viral and other infections. The role of
infectious agents, including the Epstein-Barr virus, in the eti-

ology of leukemia is an area of ongoing research (38). A

fecent report suggests that children who change residences .

more frequently are at greater risk of developing leukemia,
and the author speculated that this is consistent with an in-
fectious etiology (7). For the vast majority of leukemias, nei-
ther the risk factor nor the mechanism is well known.

Animal Models of Leukemia

Animal models have a long history of predicting known
human carcinogens (39). For many chemicals that cause can-
cer in humans. there is a target organ in common between
humans and at least one animal species {11). The reported
associations between magnetic-field exposture and childhood
(4042} and adult leukemias (43-45) have led 1o the conduct
of a significant number of rodent studies. Since leukemia ap-
pears 1o be the only cancer end point potentially associated
with magnetic-field exposure (/). it appeared worthwhile to
review the animal literature for evidence of enhanced leuke-
mia with exposure 10 magnetic fields.

In a review of the known human carcinogens (46), it was
found that benzene., azathioprine, myleran. chlorambucil, cy-
clophosphamide. diethylstibestrol and melphalan have caused
leukemia or lymphoma in mice. Of the carcinogens causing
leukemia in humans, benzene, vinyl chloride, azathioprine,
myleran, chlorambucil, methyl-CCNU, cyclophosphamide
and melphalan also cause leukemia/lymphoma or other rodent
tumors. Various types of radiation cause leukemia/lymphoma

‘in both humans and mice.

In mice, lymphomas and leukernias are usually considered
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Magnetic Field Exposure

F1G. 1. Incidence of malignant lvmphoma in B6C3F, mice exposed
1o sham tields or 60 Hz magnetic fields for 18.5 W/day for up 10 2 vears.
Diagnoses confirmed histologically. 100 animals/exposurs or contro
group. There was a significant decrease (*} in lvimphomas in female mice
exposed to 1000-pT intermittent (I h on/l h off) fields when compared
to controls (17, [9),

together in evaluating a response to a chemical (47). Leuke-
mias in mice often show a similar distribution and pattern 1o
analogous diseases in humans. In voung mice. lymphomas
often arise in the thymus (usually of T-lymphocyte origin),
while later in life, they arise in the spleen and lymph nodes
(usually of B-cell origin). The mouse gene Tcl! is analogous
> the breakpoint gene TCL! found in human T-cell prolif-
erations and chronic lymphocytic leukemias (48). Mice used
to study genetic instability in radiation-induced leukemias
show genetic instability similar to de nove multistage carci-
nogenesis (49). Mouse leukemia models have been used in
drug development to evaluate various chemotherapeutic reg-
imens prior to their use in humans (50).

Large granular lymphocytic leukemia is the most common
leukemia in the F344 rat (51. 52). In contrast to leukemia.
lymphomas are very rare in the F344 rat. The LGL leukemnia
in the F344 rat has similarities to the human chronic lympho-
cytic leukemia of T-cell origin. Large granular lymphocytic
leukemia may have some similarities to the disease found in
the F344 rat (57). However. the rat has not been as widely
used in levkemia research. in part because the disease in the
mouse appears more analogous to the disease in humans.

Most carcinogenic agents can be characterized as either
genotoxic or nongenotoxic. Genotoxic agents (or their metab-
olites) cause direct DNA damage such as mutations or DNA
adducts. while nongenotoxic agents affect the process of car-
cinogenesis through receptor-mediated mechanisms, by mod-
ulation of growth factors. and by other means. Nongenotoxic
agents include drugs. hormones and agents that may also pro-
mote the process of carcinogenesis. in some cases by sus-
tained cell proliferation. The lirnited data indicating that mag-
ietic-field exposure may alter the cancer process are more
uggestive of a nongenotoxic than a genotoxic mechanism
33~35). It is. hypothesized that if magnetic-field exposures
alter the cancer process. it is more likely to occur through a
promotional mechanism.

Magnetic Field Exposure

FIG. 2. Incidence of mononuclear cell leukemia in F344/N rats ex-
posed to sham fields or 60 Hz magnetic fields for 18.5 h/day for upto 2
vears. Diagnoses confirmed histologically. 100 animals/exposure or con-
trol group. There was a significant decrease (%) in mononuclear cell leu- -
kemia in male rats exposed to 1000-p. T interminent (1 h on/1 h off) fields
when compared to controls (16, /9).

Long-Term Rodent Models with Magnetic-Field Exposures

In four studies, rats and/or mice were exposed to magnetic
fields for periods varying from 24 to 28 months (Tables 1 and
2). Groups of 100 male and female B6C3F, mice and groups
of 100 male and fernale F344/N rats were exposed to 0. 2-,
200~ or 1000-uT continuous or to 1000-wT intermittent 60
Hz magretic fields for up to 2 years (16, 17. 19). Complete
pathology examinations with audits of pathology specimens
and an independent peer review of pathology diagnoses were
performed. In mice. there was no increase in leukemia/lym-
phoma, and a significant decrease in lymphomas in female
mice in the 1000-.T intermittent group was observed (Fig.
1}. Increased hyperplasia of the lymphoid tissues was not
found with magnetic-field exposure. In rats, there was no in-
crease in mononuclear cell leukemia in any group (Fig. 2).
The only significant leukemia finding was a decreased inci-
dence of mononuclear cell leukemia in male rats exposed to
1000-uT intermittent fields. There was no evidence of in-
creased incidence of preneoplastic lesions of the lymphoid
tissues in the exposed groups in rats.

In a second swudy. groups of 50 female F344 rats were
exposed to 0. 2-. 20-. 200~ or 2000-p.T magnetic fields ar 60
Hz from day 20 of gestation 1o 2 years of age (/8). This srudy
was done in a blind fashion and included complete pathology
evaluation with independent peer review of the pathology di-
agnoses. The incidence of leukemia was similar between ex-
posed and control groups (Fig. 3).

In a third study, groups of 48 F3:44 rats were exposed to
0. 500- or 5000-pT magnetic fields at 50 Hz (20). The en-
gineering was well documented. which is critical at the high
exposure intensities above 2000 1T that were used. There was
no difference in leukemia incidence among groups. with the
highest incidence observed in the control groups for both gen-
ders (Fig. 4).

- A fourth study, designed to evaluate the potential promo-

tional effect of magmetic-field exposure after exposure to ion-
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FIG. 3. Incidence of mononuclear cell leukemia in female F344/N
rats exposed from day 20 of gestation to sham fields or 60 Hz magnetic
tields for 20 hW/day for up to 2 vears. Diagnoses confirmed histologically.
30 animals/exposure or control group. There was no significant effect of
magnetic-field exposure on incidence of mononuclear cell leukermnia { /8),

izing radiation. also included three groups of mice not receiv-
Ing an initiating dose of ionizing radiation (25). CS7BL/6J
mice develop lymphomas with aging (or after exposure o
ionizing radiation), and lymphomas were the focus of the
study. A group of 190 female mice (sham controls), a group

"0 female mice (room controls), and a group of 380 mice

ssed w0 60 Hz 1.400-uT circularly polarized magnetic
ids) were followed for 28 months. The large number of
mice (940 total) makes this study relatively sensitive to de-
tecting a potential effect of magnetic-field exposure on leu-
kemia (25). The lymphomas were classified as to cell of or-
igin (56, 57). The majority were B-cell lymphomas, and there
was no effect of magnetic-field exposure (Table 3). Histiocytic
sarcomas were the second most frequent tumor diagnosed.
Lymphoblastic lymphoma and lymphocytic lymphoma, which
may be of either B- or T-cell origin. occurred at an incidence
of 2% or less (Table 3). A small percentage of lymphomas
were not classifiable as to cellular origin. and only four gran-
ulocytic leukemias were found. No effects of magnetic-field
exposure on either total lymphomas or any lymphoma subtype
were observed.

In a small study. groups of 8 10 15 male and female CFW
mice were exposed to 60 Hz magnetic fields ar 25.000-pT
field intensity. which can create both heat and vibration (73),
The authors did not adequately explain how these potential
confounders were addressed. A magnetic-field effect was re-
ported in the second generation of the exposed female mice:
however the age of the exposed and control animals differed.
The control females were 49 to 102 days old, while the ex-
posed females were up t0 418 days old (J3). In second-gen-

n males (controls, 51 to 103 days old. exposed, 55 to
days old), leukemia was not found in either exposed or

rol groups. The third generation involved larger groups
animals (16 to 25 for controls; 44 to 48 for exposed
groups), but age-related risk was not given. The criteria for
selecting pups for studies of subsequent generations were not

500 pT
Magnetic Fieid Exposure

5000 ut

FIG. 4. Incidence of mononuclear cell leukemia in F344 rats exposed
10 sham fields or 50 Hz magnetic fields for 21 h/day {monthly average)
for up to 2 vears. Diagnoses confirmed histologically. 48 animalsiexpo-
sure of control group. There was no significant effect of magnetic-field
exposure on incidence of mononuclear cell leukemia (20).

given. Some of the figures in the article were more suggestive
of hyperplasia than neoplasia. The controls and exposed ani-
mals were housed in different areas that tay not have been
comparable. These factors make the reported effects difficult
to interpret,

Magretic-Field Exposures after Initiation by a Physical or
Chemical Agent

A large initiation/promotion study used ionizing radiation”
in fractionated doses to evaluate the potential effect of mag-
netic fields on radiation-induced cancer (25). The study with
2660 female CS7TBL/6J mice evaluated 60 Hz circularly po-
larized magnetic fields at 1400-uT field intensity. The
C57BL/6] mice were initiated by exposure to 0. 3.0, 4.0 or
5.1 Gy ionizing radiation in four fractions at about 4 weeks
of age followed by either sham or 60 Hz magnetic-field ex-
posure for 18.5 h per day. The animals were allowed to live

TABLE 3
Effect of 60 Hz Magnetic Fields on Leukemia in
Female C57BL/6J Mice

Sham
Room controls  controls  1.400-pT MF-

Diagnosis (n =380y t(n= 190 {(n=380
Lymphoblastic lvmphoma~ S(1.3%y F0.5%) i (0.3%)
Lymphocytic Iymphoma- 5¢1.3%) MWL T2.0%)
B-cell lymphoma- 110 (29%) 57 (30%)  119¢31%;
Lymphoma. NOS- 9 (2.4%} 6 (3%} 13¢3.4%)
Lymphomas. combined 129 (34%) 66 (35%) 130(37%)
Granulocvtic feukemia 2{0.5%) 0(—) 2i0.5%)
Histtocyvtic sarcoma 109 (29%) A2(22%) 90 (24%)

Note. For complete details. see ref. (23),

“MF = 60 Hz circularly polarized magnetic fields.

" Both B- and T-cell origin.

* Number of affected rnice {%).

* Includes follicular center cell, plasma cell and immunoblastic lym-
phomas. -

*NOS = not otherwise specified.
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FIG. 5. Incidence of lvmphobiastic lymphotna or total lymphomas in
female C37BL/6) mice exposed beginning at 4 weeks of age 1o four
weekly fractionated doses of ionizing radiation (0. 3. 1, 5.1 Gy) followed
by exposure 10 sham fields or 60 Hz circularly polarized magnetic fields
for 18 hiday for up o 28 months. Diagnoses confirmed histologically.
190 mice/comrol group with 380 mice/magnetic-field exposure group.
The lymphoblastic Ivmphomas were almost entirely of thymic origin and
increased with increasing dose of ionizing radiation. There was no sig-
nificant effect of magnetic-field exposure on incidence of Iymphoblastic
lymphoma or total lymphoma (23).

until moribund or until 29 months old. at which time the
remaining animals were sacrificed. Major lymphoid tissues
wnd organs. usually affected by lymphoma, were examined
.or the presence of leukemia/lymphoma. The leukemia was
classified into morphological types (57) that represent the cell
of origin [i.e. T cells. B cells, histiocytes (histiocytic sarcoma)
or myelogenous (granulocytic leukemia)]. The pathology di-
agnoses were reviewed by a second and third pathologist with
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discrepancies resolved by an independent review panel, lend-
g credibility to the diagnostic classification. The strength of
the study is the large group size (this part of the study in-
volved over 1700 mice). A limitation of the study design is
the use of one field intensity. No effect of magnetic-feld ex-
posure on the incidence of total lymphomas or on lymphoma
subtypes was found (Fig. 5. Table 4). This finding is important
since this mouse model has been widely used to study the
process of Jeukemogenesis. which in the mouse has many
similarities to the disease in humans (58-60).

A second initiation/promotion study used dimethyl-
benz(ajanthracene (DMBA) to induce thymic lymphoma in
Swiss Webster mice (/4). The mice were injected with
DMBA at birth and at 14 days of age were exposed 1o 50 Hz
1000-p.T fields for 16 weeks (/4). There were 155 sham-
exposed and 165 magnetic-field-exposed mice. The overall
incidence of lymphoma was similar between groups (Table
5). The group size {over 150 mice per group) is a study
swength, but the sensitivity of this model for detecting a pro-
moter is not well known, and the short time (16 weeks) may
not be adequate to detect a promoting effect of magnetic
fields.

Magnetic-Field Exposures Using Transgenic Mouse Models

There is currently comsiderable interest in tumor-predis-
posed transgenic mouse models for identification of potential
environmental hazards. However, the utility of such models
to detect chernical carcinogens is still open to debate (61, 62).
Certain strains of transgenic mice have been shown to develop

TABLE 4
Effect of 60 Hz Magnetic Fields on Leukemia in Irradiated Female C57BL/6J Mice
30 Gy 4.0 Gy 51 Gy

Conrrol ME MF Control MF
Diagnosis n = 190 n = 380 n = 190 n = 330 noe 190 n = 380

Lvmphobiasiic ivinphoma* T 7 9 24 55 i
. i37%, (1.8%) (4.7%) {6.3%) (28.9% 21 0%)

Lymphocyiic lymphoma“ 3 i1 7 i2 4 8
(2.6%) (3.0 (3.7%) (3.2%) (215 {2.1%)

B-cell lvmphoma- 39 101 54 108 38 77
(31.1%; {26.6%) (28.4%) (28.4%) (20.0%%) 120.3%

Lymphoma NOS 6 11 z 12 3 12
13.2%%) {2.9%) {1.1%) (3.2%) (1.6%) (3.2%)

Lymphomas. all 7 130 72 156 100 177
(40.5%) {34.2¢%) (37.9%) (41.1%) (52.6%) {46.6% )

Granuloceytic leukemia 3 0 0 0 I 1
11.6%) — — — 0.5%) (0.3%)

Histdoecvtic sarcoma 36 74 36 73 28 52
(18.9%) (19.5%) (18.9%) (19.2%) (14.7%} (13.7%)

Note, For complete details. see ref, 125).
“MF = 60 Hz circularly polarized magnetic fields.

" In irradiated mice. occurred aimost exclusively in the thymus and thus probably of T-cell origin.

* * Number of affected mice (%).
“ Both B- and T-cell origin.

< Includes follicular center cell. plasma cell and immunoblastic lymphomas.

"NOS = not otherwise specified.
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TABLE 5 TABLE 6
Lymphoma/Leukemia in DMBA/Magnetic-Field- Lymphoma in Ep-Pim! Transgenic Mice Exposed
Exposed Mice to 50 Hzx Magnetic Fields
Sham controls MP-exposed Exposure Lympho- Noniym-
Males  Females Males  Females L » blastic _phoblastic Total
Diagnosis n=80 na=75 =8 n=1716 Conrol 1t 6 26 32(28.8%p
Thymic Ivmphoma 18 28 24 26 L 105 3 =6 31129.5%)
b s 100 103 8 19 27126.2%,
225% 37.3% 27.0% 34.2% -
. . - 1000 1935 g 23 32430.5%)
Granulocvtic leukemia 1 3 3 2 1000 (Iy 104 7 79 36 (34.6%
1.3% 1.0% 3.4% 2.6% - 20 {3%.0%)

Note. Data from Shen et al. ( [4),

+35 pg DMBA injected subcutaneously within 24 h of birth,

30 Hz 1000-uT fields for 16 weeks or sham exposure beginning at 2
weeks of age. »

cancer when exposed to X rays (63) and ultraviolet radiation
(64).

Pimi mice are highly sensitive to ethyl nitrosourea (ENU)
and have a high incidence of lymphoma within 4 to 5 months
after ENU wreatment. Without ENU weatment. lymphomas
generally develop after 12 months in Pim/ mice. The activity
of the Piml oncogene is associated with the development of
murine lymphoma: the hurnan P/M] oncogene has yet to be
implicated in human leukemia/lymphoma (2, 65). The
T 53~ mouse is considered a good leukemia model because

s and mutations in TP53 are common genetic alter-

s in human malignancies (2]). The Trp53~~ mouse has

a very low incidence of lymphoma in 4 w0 5 months, with

nearly all tumors occurring after 12 mounths of age. Three

studies evaluated the potential of magnetic fields to alter leu-
kemia rates in Pim] and Trp53+'~ transgenic mice.

In the largest fransgenic mouse study, groups of approxi-
mately 100 Ep-Pim/ transgenic mice were exposed to 50 Hz
- fields at 0, 1-, 100- and 1000-pT continuous and 1000-p.T
intermitient exposure (15 min on/15 min off) for up two 18
months (15). Animals dying during the study were examined
histopathologically for the presence of leukemia At 18
months, the study was terminated and the remaining animals
were discarded without examination. This study did not show
an association between magnetic-field exposure and the inci-
dence of leukemia (Table 6). The large and multiple exposure
groups are a study strength. while the lack of histopathological
examination of the mice at the end of the study is a weakness
of the study design.

In another study. groups of 30 male and female Pim/ wans-
genic mice were given a single dose of ENU followed by
exposure to 60 Hz fields at 2-, 200~ and 1000-.T continuous
and 1000-uT intermittent exposures (1 h on/1 h off) for 23
weeks (21). An increase in lymphoma incidence was not
fonnd in the exposed mice (Table 7), although male mice

xd to 1000-uT intermittent magnetic fields had signifi-

, fewer lymphomas (P < 0.05). The study did not show

. .ssociation between magnetic-field exposure and the inci-

dence of leukernia (2/). A weakness of this study is the small
number of animals. '

Groups of 30 male and female Trp53+~ mice were ex-

Note. Data from Harris er al. (15).
~ Number of affected mice (%),
* Fifteen minutes on/15 min off.

posed to O or 1000-uT 60 Hz magnetic fields for 23 weeks
(21). The lymphoma incidence was 3% in the control males
compared t0 0% in the magnetic-field-exposed animals. In
females, the lymphoma incidence was 3% in controls com-
pared to 7% in the magnetic-field-exposed animals. Neither
the decreased incidence in males nor the increased incidence
in females was swtistically significant. There are small
numbers of animals in this study and the sensitivity of the
Trp53~"~ wansgenic mouse model to detect leukemogenesis
has not been well smudied.

Magnetic-Field Exposures Using Transplanted Tumor
Models

Magnetic fields may also affect the growth of cancer afier
it has developed. Three studies evaluated tumor growth in
rodents injected with leukemia cells and then exposed to mag-
netic fields.

Groups of 18 male F344 rats were injected with fresh
mononuclear leukemia cells (107 cells) and exposed to sham
fields (<0.1 pT), ambient fields (approximately 2 pT), 60 Hz
fields at 1000-pT field intensity, or whole-body irradiation
(positive control) (22, 23). This study evaluated the growth
of leukemia by serial sacrifice and repeated bleeding for up
to 10 weeks by taking multiple blood samples and performing
hematological examinations. Consistent significant differences
were not found between the magnetic-field- and sham-ex-
posed animals. The authors concluded that 1000-.T magnetic
fields did pot alter the clinical progression of mononuclear
cell leukemia in the Fischer rat (22, 23).

TABLE 7
Effect of 60 Hz Magnetic Fields on Lymphoma
Induction in Piml Mice

Males Females

Exposure (u.T) n = 30 n =30
Sham control .15 {49%) 14 (47%)
2 14 (47%) 13 (45%)
200 13 (43%) 13 (45%)
1000 (continuous) 7 (23%y 14{47%)
1000 (intermittent) 17 (57%) 16 (53%)

Note. Data from McCormick er al. (21).
* P < 0.05 compared 1o controls, Student’s 7 test.
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In a second study, groups of 18 rats were exposed to 1000-
» [ magnetic fields with either continuous or intermittent (offf
on at 3-min intervals) exposures for 20 h per day, 7 days per
week or sham fields (24). Exposure to 5 Gy of ionizing ra-
~diation was used as a positive control. All rats were imected
intraperitoneally with either 2.2 X 107 or 2.2 X 10* mono-
nuclear cell leukemia cells at the initiation of the magnetic-
field or sharn exposure. Rats from each weatment group were
bled and evaluated five to eight times during a 14 (2.2 x
107 or 16-week (2.2 X 10r) exposure period. Significant dif-
ferences in the body weight or red blood cell indices {number
of red blood cells. hemoglobin. hematocrit) for either the con-
tnuous or the intermittent magnetic-field exposure groups re-
ceiving either 2.2 X 10° or 2.2 X 107 cells were not found
t24). Combining the sampling days and using an analysis of
variance. significant effects were found on red and white
blood cell indices for the intermittent exposure group receiv-
ing 2.2 X 107 cells. Groups receiving continuous magnetic-
field exposure with either 2.2 X 10°® or 2.2 X 10° cells did
not show an effect using analysis of variance. Groups of rats
receiving intermittent exposure and 2.2 X 10 cells did not
show an effect with analysis of variance (24). Animals ex-
posed to whole-body irradiation (positive control) did show
more rapid growth of leukemia as measured by white blood
~~ll and red blood cell indices. These are relatively large stud-
but the sensitivity 1o detect subtle effects. as might be
-dicted with magnetic-field exposures, is not known
In a third study, groups of 10 female DBA/? mice were
unplanted with P388 leukemia cells and exposed to 60 Hz
fields at 1.4, 200 and 500 pT within 2 to 3 h after implan-
tation and then for 6 h per day until the animals died (/2).
There was no effect of magnetic fields on disease progression;
however, all mice died within 3 weeks, limiting the oppor-
tunity to demonstrate an effect.

Magnetic-Field Exposures Other than 30 or 60 H-
Sinusoidal Fields '

Groups of 47 to 64 CBA mice were initially exposed (o
3.24 Gy X rays and then subjected over their lifetime to either
=00 kHz saw-tooth 13-uT magnetic fields or no magnetic
fields (66). In parallel studies. groups of mice were either
exposed 1o saw-tooth 15-p T fields over their lifetime (without
ionizing radiation) or sham-exposed. No statistically signifi-
cant differences between the magnetic-field-exposed animals
and their corresponding controls were found (66). In a follow-
up study. it was reporied that CBA mice continuously exposed
or sham-exposed to 50 Hz magnetic fields for 54 h showed
no difference in cell proliferation in the various organs ex-

‘ined (67 ).

Jroups of 100 to 101 transgenic Ep-Pim/ mice were ex-

sed o pulsed 900 MHz elecromagnetic fields for 18

months (68). The exposed group (43/101) had a significantly

increased (P > 0.01) incidence of lymphoma compared to
control mice (22/100) (68). The authors conclude that 900
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MHz field exposure may have an effect on the incidence of
leukemia (68).

Groups of leukemia-prone AKR mice were exposed to 6-
mT “pulsed magnetic fields™ at repetition frequencies of ei-
ther 12 Hz or 460 Hz for 30 min two times per week, and
the mice were followed for five generations (69). Weights of
the spieens and thymus at postmortem were used to Judge the
presence of lymphoma. No difference in leukemia or survival
curves over five generations was found (69). However. the
fack of histopathology and the sparse description of the mag-
neuc-field exposures make this study difficult to evaluate.

SUMMARY AND CONCLUSIONS

Four long-term magnetic-field studies with exposures for
2 years or more ([6-18, 20) were reviewed. The four studies
included exposures beginning prior to or after birth. field in-
tensities up to 5000 uT. both linear or circularly polarized
fields. and over 3000 animals (F344 rats, B6C3F, and C57BL/
6F mice). There were 9 control and 25 exposed groups. There
was no increase in.the incidence of lymphoma or leukemia
in any exposed group compared to controls, and two exposed
groups had significant reductions in ieukemia/lymphoma in-
cidence compared to controls.

Two studies evaluated the potential of magnetic fields to
promote leukemia induced by physical or chernical agents. In
one study, female mice were exposed to ionizing radiation
followed by exposure to magnetic fields for their lifetime,
while in a second study, DMBA was used to induce thymic
leukemia in male and fernale mice. Neither study showed an
effect of magnetic-field exposure on the promotion of leuke-
mia.

Three studies evaluated the potential of magnetic fields to
alter leukemia in 7rp33~~ and Pimli transgenic mice. The
studies varied from 23 weeks to 18 months of magnetic-field
exposure. One study used Pim/ mice that had been initiated
with ENU to induce leukemia (27). Magnetic-field exposure
did not increase leukemia incidence in these models: ope ex-
posed group had significantly fewer lymphomas.

Three studies involved an evaluation of tumor growth in
rodents that were injected with leukemia cells and then ex-
posed to magnetic fields. These studies failed to demonstrate
an effect of magnetic fields on mmor growth.

Several studies involved higher-frequency fields. One study
showed an increase in leukemia in mice exposed 1o pulsed
magnetic fields at 900 MHz (68), whereas all other smdies
were negative for an effect on leukemia incidence.

When considered in totality, the animai studies provide an
adequate and sufficient evaluation of 50 and 60 Hz magnetic-
field exposures. The animal data are cohesive, consistent and
uniformly negative for showing any increased incidence of
leukemia in a variety of rodent models after magnetic-fieid
exposure. It is noteworthy that in several instances, the ex-
posed groups had significantly reduced leukemia incidence
compared to the controls. The potential association between
50/60 Hz magnetic-field exposure and increased rates of leu-
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3 suggested by some epidemiological studies (7, 2) is

weawiied by the lack of an effect in animal studies. Without
further understanding of possible mechanisms through which
magnetic fields may exert an effect on biological systems. it
is unlikely that additional animal smdies will resolve the dis-
crepancies in epiderniological findings.

Note added in proof: A major UK case—control childhood

cancer study found no evidence that exposure 10 magnetic
fields associated with the electricity supply increases the risks
for childhood leukemia or any other childhood cancer (Lancer
354, 1925-1931. 1999).
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